METHOD FOR ATTENUATION OF MULTIPLE REFLECTIONS IN
SEISMIC DATA Background of the Invention Field of the Invention [0001]
The invention relates generally to the field of seismic exploration. More
specifically, the invention relates to methods for processing seismic data
to attenuate the effects of multiple reflections. Background Art [0002] In
seismic e éloration, seismic data are acquired by imparting acoustic

enerd¢EihtdOhe Baith/hEAERSEATIENNE H6tSLing hEoRSTH SHETJDINS [N
is reflected from boundaries begv}%ﬁ Maﬂﬁé nﬁ:&/ers of subsurface earth
formations. Acoustic energy is reflecte re is a difference in
acoustic impedance between adjacent layers to a boundary. Signals
representing the detected acoustic energy are interpreted to infer
structures and composition of the subsurface earth structures. [0003] In
marine seismic exploration, a seismic energy source, such as an air gun,

or air gun array, is typically used to impart the acoustic energy into the
earth. The air gun or array is actuated at a selected depth in the water
typically while the air gun or array is towed by a vessel. The same or a
different vessel tows one or more seismic sensor cables, called
"streamers", in the water. Generally the streamer extends behind the
vessel along the directiorBiackiichuting sfrdaciBiveneiwed. Typically, a
streamer includes a plurality of hydrophones disposed on the cable at
spaced apart, known position$'izldngf the kableti¢tydrophones, as is

known in the art, are sensors that generate an optical or electrical signal
&Bpr(gslpondmahﬁ) iHepiesgalecsf ghrecwBreicothd firdtinfesgiradiemtwbtitéon. More

pressusgeiifihgiyvaiennTheivesseldal s dhes rﬁ?o@éﬁif?é%e%ﬁﬁ@%@eﬁo attenuate
typlcall%ln%}w%es ec ollnrge | ment to make a record, indexed with

respect to time orthe’ ighals geﬁ%rated by the hydrophones in response

to the detected acoustic energy. The record of signals is processed, as
previously explained, to infer strpglures ef andcompositions of the earth
formations below the locations at

[0002] In seismic exploration, seismic data are acquired by imparting acoustic energy

into the earth near its surface, and detecting acoustic energy that is reflected from
boundaries between different layers of subsurface earth formations. Acoustic energy
is reflected when there is a difference in acoustic impedance between adjacent layers
to a boundary. Signals representing the detected acoustic energy are interpreted to

infer structures and composition of the subsurface earth structures.

[0003] In marine seismic exploration, a seismic energy source, such as an air gun, or
alr gun array, is typically used to impart the acoustic energy into the earth. The air
gun or array is actuated at a selected depth in-the water typically while the air gun or
array is towed by a vessel. The same or a differeﬁt vessel tows one or more seismic
sensor cables, called “streamers”, in the water. Generally the‘streamer extends behind
the vessel along the direction in which the streamer is towed. Typically, a streamer
includes a plurality of hydrophones disposed on the cable at spaced apart, known
positions along the cable. Hydrophones, as is known in the art, are sensors that

generate an optical or electrical signal corresponding to the pressure of the water or



which the seismic survey is performed. [0004] Marine seismic data often
include two particular artifacts that require techniques to account for in
order to more accurately infer the structure and composition of the
subsurface earth formations. These two artifacts, known as ghosting and
water layer multiple reflections, arise because water has a substantially
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downwardly where it passes through the sea floor and into the subsurface
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acoustichrieedande howdamnegohetaeen layers of the earth formations,
as previously explained. Reflected acoustic energy travels generally
[00p4lardly, adatiseukinsatielyddetected bydhdsdismipasangarsartifacts that require
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reaches the streamers, however, it continues to travel Upwardly unti

reachRBRpBtRRALEF SiffauBsurrs wardr Kurratienias Ressyteensgidiets, known as

refleghivitihgreflectian: aorfficiantyRaraldai J4Biti Wit JasRacHt? #A€a substantially
upw r%; etr?veling, acoustic energy. Therefore, nearl){Yall the upwardly
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downyparally berce sagstimtifEHe dbusticenstigyirgiidated tframbtheavlatormations at

surfage %%xﬂ@?‘cf?&?ﬁﬁ@?&@?ﬁ%& by about 180 degrees from the

upwardly traveling incident acoustiC energy. The surface-reflected,
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signal. The ghost sit%nal causes a distinct "notch", or attenuation of the
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known in the art. 2 [0006] T ownwardly traveling acoustic energy

refleBESCRDAPIE Ml eaiafsmatons, as previously explained. Reflected acoustic

energy travels generally upwardly, and is ultimately detected by the seismic sensors
(hydrophones) on the one or more streamers. After the reflected energy reaches the
streamers, however, it continues to travel upWardly until it reaches the water surface.
The water surface has nearly complete reflectivity (reflection coefficient equal to
unity) with respect to the upwardly traveling acoustic energy. Therefore, nearly all
the upwardly traveling acoustic energy will reflect from the water surface, and travel
downwardly once again. The acoustic energy reflected from the water surface will
also be shifted in phase by about 180 degrees from the upwardly traveling incident
acoustic energy. The surface-reflected, downwardly traveling acoustic energy is
commonly known as a “ghost” signal. The ghost signal causes a distinct “notch”, or
attenuation of the energy within a limited frequency, in the acoustic energy detected
by the hydrophones. The’frequency of the notch in the detected acoustic signal is
related to the selected depth at which the streamer is disposed, as is well known in the

art.



well as acoustic energy emanating directly from the seismic energy source
may reflect from the water bottom and travel upwardly, where it is
detected by the hydrophones. This same upwardly traveling acoustic
energy will also reflect from the water surface, once again traveling
downwardly. Acoustic energy may thus reflect from both the water
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resultinl in so-called water layer reverberations. Such_ reverberations can
havewsel?ba&a%%gfl%?ﬂﬁﬁm*&wﬁlﬁﬁ SO o B ST TUE GRBE L sy, may reflect
masking the weusticcenergytthal iswefigiedhtoen sulisenfatsylalyehydrophones.

bo“”ﬁﬂ??ﬁn@ﬂ%@%ﬁ%&ﬂg ‘ta&%%cdmi& ol in & gt%%arg%he water surface,
St 10007

structures an_d com ‘OSItIOI‘IS rom seismic C ere are a
numBefcotetBgrySting Jandwrdbr [arepustie cngtnuatichussefipigdies both the

One whieh $eehaique is-eeiibadn iR Batant Ber A48 BRSisseddRlting in
Ruehic. P%iés of det?ctors each comprise a geophone and a hydrophone.

p .
A filte TUSB phEH o HE OISR A ast BB JPYHEGREBoFRIghave substantial
hydresmipohelénédhoh thaitosd dthatdhe doasgienoy gomntesitiof the filtered energy that

sign% 'r%ﬁgd{?éﬁt%ﬁ_ Q&M%rﬁgéé%&%ﬁl%ﬁgﬁ %%Q%Xﬁsg%ﬁ[ﬁﬁésl Lrﬁ:ol}et Qﬁ'%ﬁcult to

when the filtered signal is com ith the signal fr e other sensor,
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[001 ‘2 U. S. patent no. 4,979,150 discloses a method for marine seismic
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geophonescardsubisctede ighassedlectastotaddeg collocated hydrophones

and geophones can be positioned at the sea floor or above the sea floor.
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acquisition techniques to date
[0009] U. S. patent no. 4,935,903 issued to Sanders et al. discloses a method for

reducing the effects of water later reverberations which includes measuring pressure
at vertically spaced apart depths, or by measuring pressure and particle motion using
sensor pairs. The method includes enhancing primary reflection data for use in pre-

stack processing by adding ghost data.

[00610] U. S. patent no. 4,979,150 discloses a method for marine seismic exploration
in which output of substantially collocated hydrophones and geophones are subjected
to a scale factor. The collocated hydrophones and geophones can be positioned at the

sea floor or above the sea floor.

[0011] Much of the subsurface below bodies of water is impractical to survey using
water bottom cables, further, practical marine seismic acquisition techniques to date

make use of hydrophone sensors. Still further, there are large volumes of such
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make use of hydrophone sensors. Still further, there are large volumes of

such 3 hydrophone marine seismic data that could benefit from improved
techniques for separating multiple reflections. Accordingly, there

continues to be a need for techniques for attenuating the effects of water
layer multiple reflections on seismic data. Summary of the Invention
100134iApReth etk ol aitemuatingamidifeurefiection Sishseispis &loRalSiques for
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filteréebbeismicisigiiasiating freqifsnty detedte dasecmifian]subStatitiadlyn seismic
only mujtiple reflections exist in the seismic signals above the frequency.

A mask is generated having unity value where the high pass filtered

signal amplitude exceeds a selectegﬁhres old. The mask has unity value

for all other filtered signat& ALY (B LREERERBlied by the low pass

filtered signals. The multiplied signals.are added to the high pass filtered
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requenc requency.is selected such that substantially only multiple
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other filtered signals. The mask value is multi ow pass filtere
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to generate:rppdatelithesmulipieiseflections. The multiple reflection

model is subtracted from the coherency filtered seismic signals. [0014]
[001B¢r aspedisoand agvanifgesialdhednveatiompileberappaletirbom theomputer

readable medium. The program includes logic operable to cause a programmable

computer to perform certain acts including low pass filtering and high pass filtering
seismic signals at a selected frequency. The frequency is selected such that
substantially only multiple reflections exist in the seismic signals above the
frequency. A mask is generated having unity value where the high pass filtered signal
amplitude exceeds a selected threshold. The mask has unity value for all other
filtered signals. The mask value is multiplied by the low pass filtered signals. The
multiplied signals are added to the high pass filtered signals to generate a model of the
multiple reflections. The multiple reflection model is subtracted from the coherency

filtered seismic signals.

[0014] Other aspects and advantages of the invention will be apparent from the

following description and the appended claims.



following description and the appended claims. 4 Brief Description of the
Drawings [0015] FIG. | shows an example of marine seismic data
acquisition including water layer reverberations. [0016] FIG. 2 is a flow
chart of an example implementation of a method according to the
invention. [0017] FIG. 3 shows a general purpose programmable
computer with readaBieisfddegeription.ob ¢hai Ex-Deiegption [0018] An
example of marine seismic data acquisition that may be used with the
[G®l&ntion isF$GolvehselematicalpldrvFiGride Actrismictsurpisivieasatliding water
movquglqmrgp&%ﬂace 18A of a body of water 18 such as a lake or the
ocean:. The survey vessel 10 includes equipment shown at 12 and
[opakgctively rriered. A% dhafeePIHIDgSYSIeRY i dRRRINRIHAES HRYicR:{ARHing to
showg separately) for actuating a seismic energy source 14 at selected
time<$dP §8t¥ ining geodetic position of the vessel 10, the source 14
each o p%ur lity of seismic sensors 16 at time, and fgr
g el B By SE e Lem e TR i agarte st
deviceedihat may-be included in the recording system 12 are well known
in the art and do not need to be described in any detail. [001.9] The

seismic sensors 16 are typigadiaivdr nRpgsLR5Pther pressure or
pressure gradient responsive sensor. Other types of seismic sensors may

[0eag)sed in aihek.exANBtas.SHERASRatigle QSR IESRANSINE BENSAISwith the
The seismic sensors 16 are ,diﬁpo,sel% §t spaced apart locations alon
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streatmesuidacelabity dfabediiudtration] Hatdhesnulaiteerrahesiceamdils; thevey vessel
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is towed by the survey vesse or a different vessel are not limits on the
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the seisrpicigensscldl AR dQWed Btdmining geodetic position of the vessel 10, the
source 14 and each of a plurality of seismic sensors 16 at any time, and for recording
signals generated by the seismic sensors 16. The various devices that may be
included in the recording system 12 are well known in the art and do not need to be

described in any detail.

[0019] The seismic sensors 16 are typically hydrophones or other pressure or pressure
gradient responsive sensor. Other types of seismic sensors may be used in other
examples, such as particle motion responsiv‘e sensors. The seismic sensors 16 are
disposed at spaced apart locations along cables referred to as streamers. The example
in FIG. 1 shows only 1 streamer for clarity of the illustration, but the number of
streamers, the number of sensors on the streamers and whether one or more streamers
is towed by the survey vessel 10 or a different vessel are not limits on the scope of the

present invention.

[0020] The seismic energy source 14 and the seismic sensors 16 are towed at a
selected depth below the surface 18A of the water 18. During seismic data
acquisition, the source 14, which may be an air gun or array of such guns, for

example, is actuated at selected times and the signals produced by the seismic sensors



selected depth below the surface 18A of the water 18. During seismic data
acquisition, the source 14, which may be an air gun or array of such guns,

for example, is actuated at selected times and the signals produced by

the seismic sensors 5 16 in response to seismic energy emitted by the
source 14 are recorded by suitable devices in the recording system 12.
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upon actuation thereof and moves downwardly, shown at 22, through
watéf 1% ettt ddachesrromniePhsHit SEcThaparisinng erferggmic sensors.
[0 (ﬂtinues ownwardly through the subsurface until it reaches one or
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sensors 16 and continue to travel downwardly. The downwardly traveling

seisfiic EHEFgY, WMo AREIE FRISPThe OWiRbrsdradet s Ay kiRt eTnerey
travebngodire ctlyttrarh the sdlyrcatldit maylals thbew sefl ecteéat érafnthernateismic
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B may continue for a number o cycles, creating artifacts in the sel

signdfs deEEtdd BytHe sdedrd DB dhnetwitetdrspss rdverderatibhi & travel
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the effects of such "water Ia%er mult:gles",in the seismic signals, [0022]

The WEhSH 6P tis nENtIBR ST S8 THGR tHE BRI O PRy may also be

reflected from the water bottom 18B. Reflection between the water surface 18A and
water bottom 18B may continue for a number of cycles, creating artifacts in the
seismic signals detected by the sensors 16 called “water layer reverberations” or
“water layer multiples.” The method of the invention is intended to reduce the effects

of such “water layer multiples” in the seismic signals.

[0022] The method of this invention relies upon the bandwidth of “primary
reflections”, that is, seismic energy reflected once at boundaries in the subsurface,
e.g., such as shown at 24 in FIG. 1, being limited to lower frequencies (for example,

less than about 40 Hz), while the bandwidth of multiple reflections is broader.

[0023] Referring to FIG. 2, at 31, a first process element in a method according to the
invention is to sort the seismic signals as originally recorded into common trace
attribute gathers. A “trace” as used in connection with seismic signal processing

means a record, typically with respect to recording time of amplitude of a seismic
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reflections”, that is, seismic energy reflected once at boundaries in the
subsurface, e.g, such as shown at 24 in FIG. 1, being limited to lower
frequencies (for example, less than about 40 Hz), while the bandwidth of
multiple reflections is broader. [0023] Referring to FIG. 2, at 3 1, a first
process element in a method according to the invention is to sort the
seism'gnsliglaal@t@sb@rigjmimlm@ei&ﬂﬁ'd ratei canunen dfaceh attebieie) in an array of
Ganeien ARER; ABUSEAUN CONIRFIANNINCEIBNG SIUMALRIRCORRIN: can be
means a recor , typica it respect to recording time ampm,u a
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noisen@eenaxampte @fist gothmson attribute gather is common
source-to-receiver offset gathers. Other examples include common mid
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repres NS & same distance aonmg‘%ﬁ%1 Water Surfa eseﬁéﬁ Tl = ety e

betw@éﬁﬁﬁér&mréégﬁo'gitﬂﬁ}ahbhﬁéf@@isﬁhﬁcsgmdvom@mmd Prénseisynic sensor
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common offset gathers, that is, high amﬁlltu e eyents evident in the

signals Y6 CRERTER QSR8 BRRESY PLISBHENATBLIISCY HHeSans Wighe signals

amplhitiitl digpenteandothe aeguisitidinpdeometyitefisahe [2mhpALRR avents and
process called[ coheren l)g(;ltﬁn , which one example can be FX-

CCLLIST IOII
deconvo ution Is p r OI’ on the common offset gathers to attenuate
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appear to have any relationship to acquisition eometry
FX- d%‘?f&ﬁ\‘/’ﬁ bitiom IsprtRimed gn1ibe ﬁamraaw%@ﬁ&é%f%?@m%w%émm noise,
windenwsiand sieguteGveRmillise SeRES indors afpapub sigralsyak@ationship to

acquisition geometry. In FX-deconvolution, spatial (e.g. 10 individual sensor signals
or “traces”) windows and time (e.g. 20 milliseconds) windows of input signals are
Fourier transformed to the frequency-position (F-X) domain. Deconvolution operators
are designed in the position (X) dimension to predict coherent parts of the signal.
Subtracting the coherent parts will leave incoherent parts (random noise) which can
then be inverse transformed and subtracted from the original signal. Succeeding
windows are then similarly processed. Preferably there is some time and/or space
overlap between windows. The result of the coherency filtering will be used later in

the process as explained below.

[0026] At 33, a low-pass filter is applied to the seismic signal recordings. The cut-off
frequency of the low-pass filter equal is selected to be the highest frequency expected
to be contained in the primary reflections. The signals output from the low-pass filter

contain the primary reflections (e.g., 24 in FIG. 1) essentially in their entirety and the
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Fourier transformed to the frequency-position (F-X) domain,

Deconvolution operators are designed in the position (X) dimension to

predict coherent parts of the signal. Subtracting the coherent parts will

leave incoherent parts (random noise) which can then be inverse

transformed and subtracted from the original signal. Succeeding windows

are then-Siikatly pootessecherefeiablyetheriens Gosedmeraad/or SpacRw pass
overlap hetween windows. The r t of the coherency filtering wil
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Mj"oh, The high-pass filter may be ined as strongly attenuating

frequitiitids Betiveien B aohsn Féﬁléﬁ%@gm RBPak AT EHAeR fribe (esulting
passiigpiieguepeiaaafidognd antngher ol iR diRAsIEO nﬂﬁﬂ@ﬁa (rolérofhoafd also

the I%WP as3 ﬁ”ter nd tsrc])eashrll t'tg a}sls f”t thed a{tﬂgqg tﬁeu rf:tsgactlve in &F}j‘mgnals

respectlve? shou érf)e Selected such atw en their amplittidé spe

[odssPuUmmeg, the gesulting, ARlitugdR SPegHUM s %%Q%HQ WOItYRfor Al foregoing

frequencies. The two filtérs should also- be zero-p ase Is so as not

changigmaPHESERE Hrecmivnpiekiset tive it sl Q?\d@lm%]i%h%hﬂ%f If the
magniiigesdabselttey/atgs) Widater sanpipssafier the aregeidng trace output

sample is set equal to unity. If the trace magnitude is less than or equal to threshold 1,
the corresponding trace output sample is set equal to zero. The foregoing procedure
generates a map (or “mask”) whose sample values are either unity, indicating a
sample of a multiple wavelet, or zero, indicating a sample of a primary reflection
wavelet or a sample indicating the absence of a multiple reflection wavelet. Because
the sample values contained in the traces of a common-trace-attribute gather can be
very different from one seismic survey to another, the numerical value of threshold 1
may be calculated, for example, as an average absolute value of all the trace samples
in each frace gather. In practical examples the value of threshold I can be selected by
an interpretive process. For example, the average amplitudes [average absolute
values] of the data values in a time window containing reflections just prior to when
any multiple reflections could arrive, i.e. just before two times the ocean bottom

reflection time, as the initial value, and the results of the foregoing process can be



high pass filtering are compared to a threshold value designated as

threshold 1. If the magnitude of a trace sample is greater than threshold

1, a corresponding trace output sample is set equal to unity. If the trace
magnitude is less than or equal to threshold 1, the corresponding trace

output sample is set equal to zero. The foregoing procedure generates a

map éeammaskt) wkiagk samplenvelties gatkeeitME cUfilygdicaling: aepeated using
Samql%rgrfng‘n[cghlltllplge\rlvg‘ry elt 81[.5 Eftrig %gltt%?etk lg ? .awgl%logxgﬁ{%{ Irrt‘i%lr“ymay result
reflection wavelet or a sample m&ca%lng &*Hbserice ofa mMu |[5’[ae
reflecticpianéveréts BPaeaatertéoddrmpiet vahgers cphmdhéd mabrssirecds oftire set

aco m%ttfﬁ%@}t{&wwig@é_BEHig@}ﬂ@%ﬂﬁ%@ﬁﬁ@%&@&%@@ﬁiﬁ@% zer0s,
survey to angther, the numerical value of threshold | may be calculated

for efAlE AR Anva TaragReKsai de Chmiaatchiieme bemedel mibidgespold 1 is st

eachttratevgathem plitpdaciiepl @xaniplesdhenalumofihrashod feqasmbedata are
selected by an interpretive pracess. For.example, the,average itudes
con au{c)ﬂaa in krﬂe np ei fatp %zé? ésa?gz%)glve? seb%’fx%eél%ﬁx agneg %yg ﬂﬂf?gom the

I
[average a solute values| 0 uesinat oW conta
reflectii] st tosteamehnany sholtipéneeaionsrroeftbaivivelioe. gsprocess
beforg,fyye. times the ocean bottom reflection time, as the initial value, and
the results of the foregoing process can be 8 examined on a single

[0@gimon-offecigyatbeiad henfaregaingsapibeyepaptebyshtbutput of the low pass
incrementally lower. and, higher values for threshold 1. Visual examination .
ey LR LR odih o o VA 0 L At SBPSEHE SPURA T enie
procésismgy thdletitire wetelbidaral 1éahirashold thédevefthigienthepartiptitofimultiple

map LORSIRISONOthing,RULZETES, %‘ﬂlﬁﬂ: afHedaw ft e&ﬁ'@&&éﬁg AR primary

eliminated_from the model. If threshold | is set too low, the amplitude map

consTSEEBi gy eLesipansaiamisn rreelse il ditacaral dritsinaenipihgose two

modelglataghab imadaptivel)s suhiyastiads(exptainedpelow), from the
original data, thus attenuating or eliminating the primary reflections from
[a030processADiftptit (RORO DRth3 8y thplnapois fioultisiscusanmyd|ev by the output) of

sample, ythe.output of the low egaﬁﬁﬂg%%ﬂlﬁm%@ﬁ{mﬁ : 11?&12%%%, Moy

should esSentially eliminate samples representing primary reflection

wavetetdandnaviiy diiy-the- low brequanitydseradntiet Mutiple wavelets can be
refleciionsniMilylredNota, that ifomitipley refliectandaSomeaap! Witheexample of
pnmaé%erenoy filtering that may be used is FX-deconvolution. Assuming the Pyeraps
amplitudes are fragmented by the previously applied mask, then the Poyeriaps
amplitudes should appear to be random with respect to the coherency filter (e.g., FX-
deconvolution) within the frequency range that the primary reflection amplitudes
exist. Any primary reflection energy will therefore be attenuated, thus preserving it in

the adaptive subtraction process described below.

[0031] At 41, the process includes applying an amplitude ramp to each trace so that
there will be no adaptive subtraction (explained below) performed at times where
there can be no multiple reflections (that is, at time values less than two-times the
water-bottom reflection time). The value of that ramp can be zero from time equal to
zero (source actuation time) to t= twice the water bottom reflection time less a
preselected lag time. The ramp value can increase linearly to a value of 1.0 at a time

of twice the water bottom reflection time. The ramp value can remain equal to 1.0 to
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reflection, the resulting seismic wavelet will be equal to the sum of those
two wavelets. So the output of 38 maybe designated as Mio,, Pooerraps.
[0030] At 39, the output of the multiplication from 38 is summed with the
output) of the high pass filtering, from 32, resulting in full-bandwidth
multiple reflections, Mio,e + Mh(gh (plus any Pave lays). The amplitudes

of thm@amtmaalwmletsmaadqei§ﬂh&ﬁ@ﬁé@llyanqd6¢@ohaaﬁa&hewmaﬁrﬁﬂ,t trace
by coheren f|| erln Onee a f_caoherency filtering that.may b
use d’il Spﬁ@c%\é Q'h xt I’T}pl[ e ra1rl._190 \;e rp 1¥ ?d gc ? 1S a trace gather

convolution. ssuming the amplitudes are
fragsersssttivg tagsikdvabihsyoapiplieseAvatin ﬂ’v{éﬁetﬁfé Pnairgpdn dmpligidelgrace
shoylghipppear to be random with respect to the coherency filter (e.g., FX-
deconvolution) within the frequency range that the primary reflection
[Omuplitudesaex'nsttmrfwegim@rynmfw@fqneamargmwuﬂbﬁr@i@r@obe41 is adaptively

attenué‘ttedga(tih Yo Ser % AHP? HB? (?ec%fl)\t/l(\)/ %tlSUb &%Qﬁgrp ffermg) performed at

desciibed below. [ hé process inclu &3 app
ampﬁ?ud‘éllmnmb@atbh me\wmh@rameawmdwmﬁdapﬂwshmrﬁher at

(explaingd halou Redouned FhEmesSheIe, NEFSEANTRE-AR MUMRIL at 45 t0 a

reflections (that is, at time values less than two-times the water- bottorg
reflettlEfiediasiThesGaling of thatrawh i dah BB FERSH AT ha" dquaittp “scale™ is
zero@awm:@ actiationHineehorts-tatoavbietwater Hotiem sefiection dme cases it

less a. cted lag time. T valu an increa elln to.a
value ﬁ % g?rsﬁreag}) %’he %) E‘om re?le%%on gﬁ am data The

valueugawt r@'rﬁbmmqmlsxcﬁu Htds 9hes ghak dlagachutitde. Ifﬂeomma@ostantlaﬂy
multiglied.sample by sample, by the input trace amplitude value. The
output of the ramping performed at 41 is a trace gather representing a

[003aglel of tha andiiple 4gfiection WavelRls E&ﬁﬁ%ﬂ@%ﬁ]ﬂﬁ\ﬁd@riﬁ‘ﬁg@iﬁ@%md in a
gather Oq[ (} b% the foregﬁi modelr% h;f ’ﬂ le reflections from lained
41is & |ve?y %UB lr%ecc%mgl from rmgﬁ?p iFthe'F "qeEoRVBIHiGh™® “*P aine
(cohefnénwsmtérmg}f@rfbrmecbatembodihé outpuhoftihecaddyitivede stored on a
Subtralion. a0 % RIARLSHAd éaxhaagq*iﬁe SNawllar, @b-ARNPEEXAMBSetic hard

FX-deconvolution. The output of such ring is added, at 45 to a

seleétdt fRfctiormisgarat) @# thefRpi tGLtlﬂP@S@oﬁé?@ﬁWWﬂ?@nﬁ@“é@%TﬁQe The

"scal@niButer 50, as known in the art, can include a central processing unit 60, a user
input device such as a keyboard 68 and a user display 52 such as a flat panel LCD
display or cathode ray tube display. The computer may include suitable devices for
interrogating the floppy disk and CD-ROM, as shown respectively at 58 and 56.
According to this aspect of the invention, the computer readable medium includes
logic operable to cause the computer 50 to execute acts as set forth above and

explained with respect to FIG. 2.

[0034] The invention may provide improved capability to separate multiple

reflections from primary reflections in marine seismic data.

[0035] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
that other embodiments can be devised which do not depart from the scope of the
invention as disclosed herein. Accordingly, the scope of the invention should be

limited only by the attached claims.
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used only to limit where the FX-deconvolution is applied, because in some
cases it might not be desirable to apply FX-deconvolution to short time
(shallow) data. The output of the process, at 45 is traces that have

multiple reflections substantially attenuated. [0033] In another aspect, theyg| | p
invention relates to computer programs stored in a computer readable

medium. Referring to FIG. 3, the foregoing process as explained with

respect to FIG. 2 can be embodied in computer-readable code stored on a
computer readable medium, such a€flapmsdisk 64, CD-ROM 60 or

magnetic hard drive 66 forming part of a general purpose programmable
wampytelabled s'e computer 50, as known in the art, can include a central
processing unit 60, a user input device such as a keyboard 68 and a user
display57,sughas e f@b%ﬂﬁ%‘—&&ﬁ&hﬁ%ﬁé&ﬁﬂ@%ﬂ%&&lﬁ% diSRIAN: signals,
The computer may Include suitable devices for interrogating the floppy

disk arf@ CHLRG\MNEcsHBMEFespectively at 58 and 56. According to this
aspect gftheninyentian e cumpyier feadable,nediumdngbides dodifed from a

operable to cause the computer 50 to execute acts as set forth above and

explained witigpBeOfosERBYS spoeaus] damdorRrb HtidrbRTy HrdiAtss in response to

improved capghilifyda seRIEARMUIRS ssilestinnsciemprimary
reflections in marine seismic data. [0035] While the invention has been

descridey Rag FEEpES thes st rnaibat dFekrs8 diRIsRS hose skilled

in the afihayinorrerefit obthissdisclasnie wiliRppesisterthakathelhe frequency
embodiments can be devised which do not depart from }he scope of the

invention as diS8EddHEPe R CHBYEMEH)Y 1ol Seapd B thashivdiftfn oxist in the

should be limjteehaplydhathevatiaahedeaéms, to MCSILL.P Claims What
is claimed is: 1 A method for separating uItipIiégI%ﬁgon from m

seismi€GRAIEE Corfking Bhta Cpldys W el pass iered signa

amplitude exceeds a selected threshold, the mask having zero value for
all other high pass filtered signals;

multiplying the mask value by the low pass filtered signals;

adding the multiplied signals to the high pass filtered signals to generate a model
of the multiple reflections;

subtracting the multiple reflection model from the coherency filtered seismic
signals; and

at least one of storing and displaying a result of the subtracting.

2. The method of claim 1 further comprising sorting the seismic signals into

common trace attribute gathers prior to the coherency filtering, low pass filtering

and high pass filtering.

3. The method of claim 1 wherein the coherency filtering comprises F-X
deconvolution.

4, The method of claim 1 further comprising coherency filtering a result of the

subtracting.
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coherency filtering the seismic signals, the seismic signals acquired from
a plurality of seismic sensors deployed in a body of water in response to

actuation of a seismic energy source in the water; low pass filtering the MCSLLP

seismic signals at a selected frequency; high pass filtering the seismic

signals at the selected frequency, the frequency selected such that
substantially only multiple reflections exist in the seismic signals above

ghe frequengstpeneatingna Mmaskeleaying wokyréabie vhengstie:hightRrREsn result
filtered signal a O%t} de exceeds a selected threshold, the mask having

zero vaitie¥ors rl?p Lé?ct?lﬁhoﬁﬁboélﬁltered signals; multiplying the mask

value by the low pass filtered signals; adding the multiplied signals to the

thigh paBscfifterbollsigbistd gdvecardha sbtiettivithenmultisledafiectiondracting.
subtracting the multiple reflection model from the coherency filtered

Beismicrighals. #06 3kileasteReof sloriegwrad,dispiyingoaresult of the
subtracting. 2. The method of claim 1 further comprising sorting the

seismig signals info_commop trace attribute gathers prior to the
SaheretBs AT 9o DA HBHHE AntPHETNBALC MG SBeeHgn of & roll of
methodoftiiaimf thwhiereipihe odaigneyd filtetigotd mptisastheXigh pass filter is
deconvolgtéogﬁitélnThe method of claim 1 further comprising coherency

u

filteringsg e o?’tﬁ%lt%‘ubtracting. 11 MCSLLP 5. The method of claim 4

wherein the coherency filtering the subtraction result comprises F-X '
YeconvbhgtivatedTieclnisthbtvbdreiaithel l ovk eesinftHergbarak thghigh pass filtering

compriggéﬁggﬁﬂﬁgl?pgfgﬁﬁg& 7. The method of claim | wherein the

frequency Is about 40 Hz.

10. A computer readable medium comprising a computer program, the program
having logic operable to cause a programmable computer to perform acts,
comprising:
coherency filtering the seismic signals;
low pass filtering the seismic signals at a selected frequency;
high pass filtering the seismic signals at the selected frequency, the frequency
selected such that substantially only multiple reflections exist in the
seismic signals above the frequency;

generating a mask having unity value where the high pass filtered signal
amplitude exceeds a selected threshold, the mask having zero value for
all other high pass filtered signals;

multiplying the mask value by the low pass filtered signals;

adding the multiplied signals to the high pass filtered signals to generate a model
of the multiple reflections;

subtracting the multiple reflection model from the coherency filtered seismic
signals; and

at least one of storing and displaying a result of the subtracting to generate

multiple reflection attenuated seismic data.
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8. The method of claim 1 wherein a combined amplitude spectrum of a roll
off portion of the low pass filtering and a roll off portion the high pass filter
is substantially unity. 9. The method of claim 1 wherein the low pass MOSLLP
filtering and the high pass filtering are substantially zero phase. 10. A

computer readable medium comprising a computer program, the program
having logic operable to cause a programmable computer to perform acts,
1GOMprigiRg: &Qb@iwa%aiimeqﬁe&ﬁﬁismi%ﬁmam @W&@S&ﬂﬁﬁﬁklﬁg%rting the
seismic signals at a selected frequency; hi ass filtering the seis

signals StTHE s¥aksq! ‘f?@qﬁ@ﬁ‘tfﬁ}of‘r}ér?rc@q g%ﬂ%&}“‘se% 3 SN thtad e coherency

substanriiahhgniywnsitiple keflectionfigkishin iierisgismic signals above
the frequency; generating a mask having unity value where the high pass

f tered.sjgnal amp Iltude eeds a sel r h e mas
zﬂero vaﬁ% forma?ﬁlo erh E:%Cpass%l H{grg%%s?grqgl? multipl g?ngﬁ%hg%ﬁegsﬁw filtering
value byothpriesw Eé?ésimm‘d@@mals adding the multlplled signals to the
high pass filtered signals to generate a model of the multiple reflections;

gubtracting thesmulticleJefiaetigrmadebiremithe eohergrey digpading coherency

seismic_signals; and at least one of storing and displaying a result of the
subtracfﬁﬁarlﬂéggae‘i?é\"étté HeRIE e tion attenuated seismic data. 12

MCS8LIP 11. The computer readable medium of claim 10 further

lenmprisihg sattingethe skiskniasignals frleiso e teacehattidbetergatiiéesing the

prior to the coherenc filterin ss filterin and high pass filtering.
12. The't tfﬁﬁmélrrﬁg 58@%%%??#\#) Eﬂ&f}\ﬂ‘lereln the coherency

filtering
15. The computer readable medium of claim 10 wherein the subtracting comprises

adaptive subtracting.

16. The computer readable medium of claim 10 wherein the frequency is about 40
Hz.
17. The computer readable medium of claim 10 wherein a combined amplitude

spectrum of a roll off portion of the low pass filtering and a roll off portion the

high pass filter is substantially unity.

18. The computer readable medium of claim 10 wherein the low pass filtering and

the high pass filtering are substantially zero phase.

19. A method for seismic surveying, comprising:
deploying a plurality of seismic sensors at spaced apart locations in a body of
water;
at selected times, actuating a seismic energy source in the water;
recording seismic signals detected by the seismic sensors;
coherency filtering the seismic signals;

low pass filtering the seismic signals at a selected frequency;

13



comprises F-X deconvolution. 13. The computer readable medium of

claim 10 further comprising coherency filtering a result of the subtracting.

14. The computer readable medium of claim 10 wherein the coherency

filtering the subtraction result comprises F-X deconvolution. 15. The ~ MCSLLP
computer readable medium of claim 10 wherein the subtracting comprises
adaptive subtracting. 16. The computer readable medium of claim 10

whereipifie flegyBREIS t@i@@é‘iﬁ*@ic"&igﬂb?s I’hﬂlé%]@d;t@f fea@ialls, the frequency
medium of claim 10 wherein a c%bmed de spe trungg)of a roll off

portion of the R edsSHRR g a P SAYIROH oH“fHEP LORR SISt in the

substantially ujaitymiSsidie sCopLIRE fﬁaldabd@ :medium of claim 10
wherein the low pass filtering and the high pas fllter e substa aII
zero pHESSTHEIE B P8V QssHILYSs HRIESIng Sh § d%?ﬁ%ﬁ rgd signal

plurality of selsmmlﬁmsms&ﬂsm&aﬁammmmmmmabbdm\aﬁgmﬁ@r,Value for
at selected tlm?il g #g 3} %% energgl source in the water;

recording seistnic grﬁ tHe' S&ismic sensors; coherency
filteringriindtipéyamichsigrals yiowe [bastha‘llwvmgssh@l&eesmgragnals ata

selected f e%é%rre;%mfl% f%_L T to%%rhp ssafsllstg[! e sel mlc SI nﬁ%éa model

t
at the seC}ec eque cy, requency &&{8d sUch that su subs tBhtia
only multiple refléctiomstgiéstafichionseismic S|gnals above the frequency,

generating a ma K}?ea\rlﬁn t¥e‘@5’t 1‘%(586?1% %81%1;81[1(32 hiiaG i seismic

amplltu € exceets a selec e thresho & mask avmg zero v
all other high passifittendd signals;

at least one of storing and displaying a result of the subtracting.

20.  The method of claim 19 further comprising sorting the seismic signals into

common trace attribute gathers prior to the coherency filtering, low pass filtering

and high pass filtering.

21.  The method of claim 19 wherein the coherency filtering comprises F-X
deconvolution.

22.  The method of claim 19 further comprising coherency filtering a result of the
subtracting.

23.  The method of claim 22 wherein the coherency filtering the subtraction result

comprises F-X deconvolution.
24.  The method of claim 19 wherein the subtracting comprises adaptive subtracting.
25.  The method of claim 19 wherein the frequency is about 40 Hz.

26.  The method of claim 19 wherein a combined amplitude spectrum of a roll off
portion of the low pass filtering and a roll off portion the high pass filter is

substantially unity.
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multiplying the mask value by the low pass filtered signals; adding the
multiplied signals to the high pass filtered signals to generate a model of
the multiple reflections; subtracting the multiple reflection model from th%

! R g . CSLLP
coherency filtered seismic signals; and at least one of storing and
displaying a result of the subtracting. 20. The method of claim 19 further
comprising sorting the seismic signals into common trace attribute

gathersrprerdmiae cengrengy-ftesinghdavmppassitesing antthigl ddassss filtering
filtering. 21. The method of claim 19 wherein the coherency filtering

comprid&sSEbRAGERENSHIRS92. The method of claim 19 further
comprising coherency filtering a result of the subtracting. 23. The method
of claim 22 wherein the coherency filtering the subtraction result
comprises F-X deconvolution. 24. The method of claim 19 wherein the
subtracting comprises adaptive subtracting. 25. The method of claim 19
wherein the frequency is about 40 Hz. 26. The method of claim 19
wherein a combined amplitude spectrum of a roll off portion of the low
pass filtering and a roll off portion the high pass filter is substantially unity.
14 MCSLLP 27. The method of claim 19 wherein the low pass filtering
and the high pass filtering are substantially zero phase. 15
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