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Background of the Invention
Field of the Invention
[0001] The invention relates generally to the field of marine seismic data acquisition

and processing. More particularly, the invention relates to methods for processing
marine seismic signals to determine certain characteristics of subsurface rock

formations.

Background Art

[6002] Seismic surveying is known in the art for determining structures and acoustic
properties of rock formations below the earth's surface. Seismic surveying generally
includes deploying an array of seismic sensors at the surface of the earth in a selected
pattern, and selectively actuating a seismic energy source positioned near the seismic
sensors. The energy source may be an explosive, a vibrator, or in the case of seismic
surveying performed in a body of water such as a lake or the ocean, one or more air

guns or water guns.

[0003] Seismic energy which emanates from the source travels through the subsurface
rock formations until it reaches an acoustic impedance boundary in the formations.
Acoustic impedance boundaries typically occur where the composition and/or
mechanical properties of the earth formation change. Such boundaries are typically
referred to as "bed boundaries." At a bed boundary, some of the seismic energy is
reflected back toward the earth's surface. The reflected energy may be detected by one

or more of the seismic sensors deployed on the surface. Seismic signal processing



properties of rock formations below the earth's surface. Seismic surveying generally includes
deploying an array of seismic sensors at the surface of the earth in a selected pattern, and selectively
actuating a seismic energy source positioned near the seismic sensors. The energy source may be an
explosive, a vibrator, or in the case of seismic surveying performed in a body of water such as a lake
or the ocean; one or more air guns or water guns. 1100031Seismic energy which emanates from the
source travels throkgiwihe subat aces rackdbamatibarsol ntijdttieadhe slaarateuishconipediaice
B e o B0 Afe IS psranchRauIKe IeR Y lcall e eI i spmosTion
and/or mechanical pro erties of the earth formation ¢ ange. Such boundaries are typl‘%a ly referred to

as "bed boundariedocaios pebicdwdrivandasiesrie infomed Seighibe Baerhyns péflectedbiaciuetalaed the
earth's surface. Thg ¢eflesiss @R MaYIDE detested Ry |pe preaore of the seismic sensors deployed
on the surface. Seismic signal processing known in the art has as one of a number of objectives the

determinatiofpobdine deptbsisatid geagraghit Ipeatiansiofbead bakntlaias hedovwdbreartvatstrface. The
depth and location ef the bed. boundaries s Infetred fram the tavel fme ol e seismic energy to the
bed boundaries antd DAcK to the Sensors 4t the sur ace.e[(f %ﬁ]glelsmic surveying is 6)eﬁormed in the
ocean and other baeisduiatatay (enarihe seisnbigtsomidying yeordisterrmina gy seractunevarid acoustic
properties of rock frmatiang RelANBEWHAE T RAD JMARSSSIREG S MEYIREs SYRIaRIS Jpown in the

art include a vessel which tows one or more seismic energy sources, and the same or a different
vessel which tows Bh& YFFiEHe St ahiss IOXSSHREhEIIS aff&Hag of SeidimiskRsBtiraYable that
is towed by the vessaimiypiealty iaseismitaassehvdlbjane aghaalityphBuch sikgamerserkanged to be
separated by a selgted Iateral disiancs from each.other, in @ patiar sejeted to enable relgively
complete determination of geo%glc SHUCLUres In three |menS|ons.p?ryp|ca Y/ e’ sensors i the
streamers are pres$igtan¢esponsiveckenibors such agthydreghtstriedo Mordleecelatlyslstreampdets have
been devised whichdRelifgiBRt; BLERISRIRRISVEISE AR A PRIRIAINAHORFESRR iU sensors.

In some of the foregoing streamers, the pressure responsive sensors and motion responsive sensors

are substantially coSEREY. ThEFPY Of SIRNLtFe s Sreshett toYALRPMGS sMHEBresidhmer is

described in U.S. Ratemiddohav2 3R/ deiseeaviach engihamboet aleanetassigneddaandaffiliate of the

assignee of the present invention. OOOS\%One charzilcteristic fflgt%bsurface formatioqs of interest is the
r

" . aru otion r ONnsive SENsors. in some 1 Oregoing streamer, C pressurc
so called "quality fr;{)ctor.lg e quality factor Is a measure o equengy &%pené%nf’a eRuation of

seismic energy, thaesgorsiviesgnsres ghthapéleitiorsshilsibetresers sesstnbsteriandy fedlgorindy a@ne the

attenuation rate of gadigulaifosmations rdualityfastaraas Reentiser as. digstindicaton af the
presence of hydrocarbons amoné;r{%ther uses. Estimation of attenuation of seismic waves can he as

important as the estHFRtOW of Mi&rvAl Vshsdite st shameRi 8k o it esth it iSRS AT Eimates of

attenuation of seisnricigayesth@videnamaadiional perspective of the lithology (rock mineral
composition) and reservoir characteristics (rock pore space fluid content, fluid composition, fluid
pressure and(9@k] perme&loitith don figit flowl) sY0QO6EL Eingananing isgisystics shgnalsadrdestimiating quality

factor has proven diffigylt bcanse (NAING SGISIIC AR 1S SHSSRRURIE AsHadNgAs A result of
Seismie energy, that is, a measure of the relationship between seismic energy frequency and
the attenuation rate of particular formations. Quality factor has been used as a direct
indicator of the presence of hydrocarbons, among other uses. Estimation of
attenuation of seismic waves can be as important as the estimation of interval
velocities in the field of seismic data interpretation. Estimates of attenuation of
seismic waves provide an additional perspective of the lithology (rock mineral

composition) and reservoir characteristics (rock pore space fluid content, fluid

composition, fluid pressure and rock permeability to fluid flow).

[0006] Using marine seismic signals for estimating quality factor has proven difficult

because marine seismic signals are susceptible to degrading as a result of seismic

2



energy reflection from the water surface. Such reflection can destructively interfere with detected
-upgoing seismic signals reflected from subsurface features of interest. The frequency spectrum of the
seismic energy is typically attenuated within a band referred to as the "ghost notch." Presence of the
ghost notch makes interpretation of frequency dependent attenuation difficult and inaccurate.
[00071There continues to be a need for techniques for estimating quality factor of subsurface
formations from managyseifneidodgiamSimwiasy wf five. | rfiehtief 060 8AA drrtinot dhr iestifaating

formations from toceinnStmmasy afthe. et !
presere waveleld B S RS STEd il o e L e A

motion responsive Se&h&segasiosRasEa Sblbetedstepiisren idaniefaéanpi ngomg beadetield has

the spectral effect afpwalerswface - ghrstibgpttenuated by meRiningtheRIRssHRfRaRRASIYE Signals
and motion responsive signals. The quality factor is determined by determining a difference in

amplitude spectra BSAREEY deRrefeniafaiaiant tHerS YetBAE U Emic event in the upgoing pressure

wavefield. [0 methag, for seiﬁmic S| r\()eyinlgea&%orqmgnto anather ASPS ct of th? il%v%ntiop includes
. Nere, Continues to 0¢” a eqd .Jor techniques Tor estim (ljnﬁ]glfmhy aclor o . .
deploying a plurality of collocated pressure responsive seismic Sensors an lon‘responsive seismic

sensors at spaced syyavtfiasditonstiona houynefingatesmicsieismic energy source is actuated in the body
of water at selected times. Signals produced in response to seismic energy by the collocated sensors
are recorded. An upgoing pressure wayefield is determined hayving the spectral effect of water surface
ghosting attenuated by combining coll ?éﬂ’ﬂré'sgﬁfg‘?(z&ﬁ'msignals and motion responsive

signals from of the plurality of collocated sensors. Quality factor of a formation below the bottom
of the body o@aﬁagbr is est?tﬁ’é?é[vﬁ’%)goagfé?ﬂ?ﬁﬁ?ﬁ ATEHRPIER Y BiRTiATGY YRR L BetREERA first
seismic event and ¢éhsecandseisohidewizndrinitie: woggipgmyesssnecwavefield of 6810 kCGibeslaspects

and advantages of e YeRtion il e ARPAIENI TSI i (R\Rwine.deseretion.aasdve aqagnded

claims. Brief Descriptio e Drawings v
deployed at a selected depth in a body of water. The upgoing wavefield has the

spectral effect of water surface ghosting attenuated by combining the pressure
responsive signals and motion responsive signals. The quality factor is determined by
determining a difference in amplitude spectra between a first seismic event and a

second seismic event in the upgoing pressure wavefield.

[0009] A method for seismic surveying according to another aspect of the invention
includes deploying a plurality of collocated pressure responsive seismic sensors and
motion responsive seismic sensors at spaced apart locations in a body of water. A
seismic energy source is actuated in the body of water at selected times. Signals
produced in response to seismic energy by the collocated sensors are recorded. An
upgoing pressure wavefield is determined having the spectral effect of water surface
ghosting attenuated by combining collocated pressure responsive signals and motion
responsive signals from each of the plurality of collocated sensors. Quality factor of a
formation below the bottom of the body of water is estimated by determining a
difference in amplitude spectra between a first seismic event and a second seismic

event in the upgoing pressure wavefield.

[0010] Other aspects and advantages of the invention will be apparent from the

following description and the appended claims.



100111FIG. 1 shows an example of acquiring seismic data for use with a method according to the
invention. [0012]FIG. 2 shows a flow chart of processing dual sensor data. [0013]FIG. 3 shows an
amplitude spectrum of a typical marine seismic source towed at 7 m depth, with signals recorded at
normal incidence at 8 m depth, and an amplitude spectrum for signals from the same marine seismic
source with the filtering effect of the receiver ghost removed. [0014]FIG. 4 shows the effect of filtering

of subsurface formations on the angRijifdgeseeRiFoeWh NI Hpwin fR015]FIGS. 5A and 5B show,
respectively, normalized amplitude spectra for contemporaneously acquired up-going pressure field

and total preggaurg field sigials. fetalled DasqiptendQRLEl-Esdishawsangxamnle efasauiring
marine seismic data thaf, can be used with methods according to the invention. A seismic vessel 101
moves along the sAFfREE"E08 BFABSHPEE water 102 above a portion 103 of the subsurface that is to

be surveyed ath th r.bottom 104, the portion 103 of the subsurface contains rock
formations OF‘%?Q est su&%2%?3%&%?&&%%gir?gg%é%\l/%éﬁ%ﬁea%oﬁga a(’)undary 106 and lower

boundary 10fghsfect. Thageimis.yeseliidhasdisnesed sreen seivninaruaon cepro

equipment, designated generally at 109. The seismic acquisition control equipment 109 includes (none
shown separately) HaligatiShtRoRtidI, Seigkhitcetidrgy s oiveerbdptitineeidmicBetiith-capfrah and
signal recording equipmentsphcaimitighigan st typeswelaldrewsnsinithe@ts with the filtering

effect of the receiver ghost removed.

[0014] FIG. 4 shows the effect of filtering of subsurface formations on the amplitude

spectra shown in FIG. 2.

[0015] FIGS. 5A and 5B show, respectively, normalized amplitude spectra for

contemporaneously acquired up-going pressure field and total pressure field signals.

Detailed Description

[0016] FIG. 1 shows an example of acquiring marine seismic data that can be used
with methods according to the invention. A seismic vessel 101 moves along the
surface 108 of a body of water 102 above a portion 103 of the subsurface that is to be
surveyed. Beneath the water bottom 104, the portion 103 of the subsurface contains
rock formations of interest such as a layer 105 positioned between an upper boundary
106 and lower boundary 107 thereof. The seismic vessel 101 has disposed thereon
seismic acquisition control equipment, designated generally at 109. The seismic
acquisition control equipment 109 includes (none shown separately) navigation
control, seismic energy source control, seismic sensor control, and signal recording

equipment, all of which can be of types well known in the art.

[0017] The seismic acquisition control equipment 109 causes a seismic source 110
towed in the body of water 102 by the seismic vessel 101 (or by a different vessel) to
actuate at selected times. The seismic source 110 may be of any type well known in
the art of seismic acquisition, including air guns or water guns, or particularly, arrays
of air guns. One or more seismic streamers 111 are also towed in the body of water

102 by the seismic vessel 101 (or by a different vessel) to detect the acoustic



[0017]The seismic acquisition control equipment 109 causes a seismic source 110 towed in the body
-of water 102 by the seismic vessel 101 (or by a different vessel) to actuate at selected times. The
seismic source 110 may be of any type well known in the art of seismic acquisition, including air guns
or water guns, or particularly, arrays of air guns. One or more seismic streamers 111 are also towed in
the body of water 102 by the seismic vessel 101 (or by a different vessel) to detect the acoustic
wavefields initiatedway¢fielgeismicegonrare ldand seflected framriflerfac éonn thieréwironment.

Although only one seisie stieamer L sisnonn nEle- 4 fonlusiiatve purposes, ipipaly a pluralit
of laterally spaced apart seismic streamers'111 are t_owedq’ ehind the seismic vessel 101. The seismic
streamers 111 contdisisdisdrerposdatbntienbyrafbeteldveiatiedly iritieaddnay tresseisiresetsrce 110.
In the present exanppiea&féetcw&%nu&ﬁaeafa%é%ﬂqkl &&Eﬁﬁ'fbpﬁf}ﬁu5@1:5@&9@9@&\’1%%9%9“@0%%@ as
hydrophones 112, and water particle motion responsive sensors such as geophones 113. The

hydrophones 112 aRBgEdpHisHat e s Hrated oy dds Guts iy gam SoHaire Brsehbolhifays at
regular intervals alprgdinecsaigsiticiatremersttthitoweMetptinatypesoafrseasorsild 2¢dd3; anchtheir
particular locations algng e seismic stisamersill arsnet iniended o b mitations.an e scope of
the present invention. 1tis o b6 ¢ ea’rfi/ understood that the pressure responsive sensof can be any
type of device that eherageeydreiinnsydibientogsrebsoee il manznieady ieptinseteftadienirs or

Correspondingly, thaimQHQmLiesRORAIE é@%@ﬁ&%ﬂ@e@&%@@ﬁé’k@%ﬁh@%ﬁé%&dﬁ@ Meta0er,
acceleration or velocity. Non-limiting examples of such devices include velocity sensors (geophones)

and accelerometerd {00 ] ESE titrld thb! SSRMRPERFEEMH dOw Rt At HF SdtstitwiVaeld
travels in sphericallyl &xpandlihgendsdedrientisn ildnepropagaiiopeafftihe prascatfrortsioill esHostrated
herein by ray paths ywhich are per icular to_the wave fronts. An ardly traveling wavefield,
designated by Tay %Yé%igll %%Afd%\;\%??%f E%t%]%f %%’ Sv\l/lgtéeﬁ%?rllsrlﬁeer Ace at tﬁ\gev‘v‘é‘ﬁi‘?@ﬁr?g@gvi@{ Eaarlgld then
travel downwardly, £e8¢riety patignab, gt the Wasafieldomaie bavdletectediBy thee hyardishiones 112
and geophones 112 in-thg,aissnc G eamersrddbnsichaLeilostion fmidbravalersydaee:408, as in
ray path 115 contains no usefyl information about the subsurface formations of interest. However,
such surface reflecTSHS aRSRAGH & JRSE act 3% WSS ERIS it Sitr sy ifRtni iR delay
from initiation of thedeismiesouw ¢g:dldn3P1:9] bbe dawrgeardly traveling wavefield, in ray path 116,
will reflect off the earth-water interface at the water bottom 104 and then travel upwardly, as in ray path
117, where tiROWBIvefield Raaly o addtestisthisysthehydiophonesd B2 agnigsophehiel! 1B3¢Sich a

reflection at the waigy batigpn gnﬁﬁgi‘nv@yepggﬁty?phgo&t?ég _HHQVB?EHQ?\?QB%M%V‘@?@%Oﬁom
at is, a reflection originating from a

104. Ray path 117 is an example of a'primary" reflection, i
boundary in the subdtifais. THENSWAinarhRiraEih FiraReRend A& Pajhpatt 1oL 198y Hansmit

through the water hgftaid.Qdagiiy rayveatd 1 d&iseiteetnfta lpyarbaundaryfistichraged Gaweef a layer,

such as 105, and then. travel upwardly, as in ray,path 119. The upwardly traveling wavefield, ray path
:ﬁa y%] i%an&' en trahelll%owli\ié{agl mqrae§ﬂ g%%gel%

119, may then be aaelfécr:l%fér 5% teeh§/v F%rpsl%ﬁg% ]18 and geophones alhar ion Off a layer

boundary 107 ponta‘ihsr@lﬁm‘uvaméﬁnﬁaﬁ@m @b@nﬁccaeﬁbhnatm@fdphenesﬂ 1@5@@@@8@3&1 Fxample of a
primary reflection. [Q2Q]Ihe JEEURLS Wavekglds wilkroninue jp drlicaloTnirEaeRs Rugh:as the

water bottom 104, water surface 108, and layer boundaries 106, 107 in combinations, For example,
the upwardly travelPigiwdvetnaiging ngy sl forpniicamriaub it atBr s irrmatiats icBififtie traveling
downwardly in ray pastveéh20), smay siefleet effdhnmatesdpitom 104haned eontinyetiavseingisipiwardly
again in ray path 121, where the.wave{iel may é%?tg%tgggd b% the hxdro qunes 112 and geophones

113. Ray path 121 thgﬁeéfgmf)lltel% ger% i% e reflection, alss ca]l%(sjosfrgr?py a "multiple”, having

muliple reflegipps rom infgifages, STl eIt TRVEIngRYeleldin fapatpl g9 wil

reflect off the'water surface 108, continue traveling downwardly in ray path 122, may reflect off a layer
boundary 106 and E8Fitirtact el aplartncagaiiom red pathapBavsherw arbnai/efiedntiay be

detected by the hydrophorgs &b2anerBePRRONRSdble3tdday RRdMId3isoaBother axampldei.a multiple
reflection, also havin%mgltiﬁle reflﬁcti,ons in the subterranean %arth. ) )
1T3. Such a reflection at the water bottom 104, as in ray path 117, contains
information about the water bottom 104. Ray path 117 is an example of a “primary”

reflection, that is, a reflection originating from a boundary in the subsurface. The



[0021]For purposes of the present invention, the ray path of principal concern is the reflection of
-seismic energy from the water surface in the vicinity of the hydrophones 112 and geophones 113.
Such reflection causes attenuation of certain frequencies of the seismic energy as detected by the
‘hydrophones 112. Methods according to the invention make use of the signals detected by the
geophones 113 to reduce the effects of such "ghost notch" in the hydrophone signals. [0022]For
purposes of simplifgisvehihedelpwing explataionstherterps ' hysrephangsandhgegpbieneatill be used
as shorthand descriptjons the types gf signals, being. processed. It is to be clearly understood that
the term "hydrophol’l?%{pllﬁ fdg%lllgv%/!%gp %%s?c&%gtfgnefs %&e%ggartoorlﬁnélg ’aSllegn%ﬁ g@{ég eao(l? %Yfrany form of
pressure responsivadr prddsuradithengrasiénipresgbn sivéensensathAofreEpomdingily "geapinene”
signals are interned, 3 e &, N3 dSIREI ALY A QD0 AR sRAUO TR SRPASINR: RSO

including accelerometers, velocity meters, geophones and the like, [0023]A method according to the
invention begins usihgs M?&Eﬁ%ﬁ“%a%ﬁﬁ@ﬁé e den o e Cbia&ysrgry A eath
actuation of the souregailficomarigingsssimauichibe sompapraied famheireRspestive sensor and
recording channels' impulse responses and the transduction constant of each type of sensor used.
Each such rd6628 pf hydrdphcreuvatic geoihedite wdtoitigs correSpandihinteraqearticilarsabtuation of

the source may be teferied: 19,392 \GAMMIAINDYs TSEPIA 9 MR $H6L 1SRN fiGiSianal

recordings may be indexed with respect to time of actuation of the seismic source, and may be

identified by the gebtlefeBRds Oh ofeweR B diaralgerasiigidtie fmeah rebbmiRgefss gddphone

signals may be normabizedmith iespaatie-thevangleiohinadence @f thenseismicyvwavedtemt gietected by
each geophone. See, for exam . Patent No. 7,359,283 jssued to Vaag%(%et al. and assigned to

e, U.
an affiliate of the asSigRe 16?%% 5888 SPTHUNS BN FOP R BECEHPEA B L G8h HdPmali A8, Hhe
hydrophone responsevigisidostantialiie tocri-bir datibpddophchdo é $2natd eguptecarrd®ioRgr pohmalization

forangle of inidenge, OZAIREIENNG 0GPl e1ae aulining an Sl Rroggsg for using

geophone and hydrophone signals may include, at 21, transforming the h bhone and geophone
signals from the spﬁb%t-lﬁ}ﬁé’%% it tB e gy N EVEn T EP ALl ReydiRdEG. 2, the
transformed hydrophgopetandogenphere: signmisyiltangdtza; 43 reshaciively. framithedaain transform
at 21 are corrected for relgt&lﬁhdiffere?gees gﬁtmgen Lhe s(gnsgrr?gané:fer functions, which co {espond to
sensor impulse resHBn&&Y it th& RS EShiain® SHEh BT orTS dB0IE IHEHEL S B SMFE Correcting
the amplitude and plgaiseinfdhedilydeSphdre signats ¢baiately thedgeophdyalsignedlsptaneedtifig the
geophone signals tg aleifihydioRa0Ns 9asls, arRUaaling Rah Setsf ARG, aggmmon

basis. Correcting for relative differences’in sensor impulse responses is well known in the art. Finally,
an amplitude scalintpégaarisipherrlrstisaontie stvestmeampatiance in the water may be applied to the
geophone si%@ﬁ\ésigto correct for the relative differences in amplitudes %qurpress,ure and particle velocity.

Such scaling o well KTORH RN SHC B8 M S P B &5© 5258 R S REREPEEEPIEME S IBRals from
22 are further correcifictfon afigiesnidraiden cenyWhile adiydripbangeeddnis tifatiotaldprplssire

wavetield, a 112 and geophones 113. Such reflection causes attenuation of certain frequencies of
the seismic energy as detected by the hydrophones 112. Methods according to the
invention make use of the signals detected by the geophones 113 to reduce the effects

of such “ghost notch” in the hydrophone signals.

[0022] For purposes of simplifying the following explanation, the terms
“hydrophone” and “geophone” will be used as shorthand descriptions for the types of
signals being processed. It is to be clearly understood that the term “hydrophone” in
the following description is intended to mean a signal detected by any form of
pressure responsive or pressure time gradient responsive sensor. Correspondingly,

“geophone” signals are interned to mean a signal detected by any form of particle



vertical geophone will only record the vertical component of the particle motion wavefield. The vertical
-part will be equal to the total particle motion wavefield only for signals which are propagating vertically,
i.e. for which the angle of incidence equals zero. For any other angle of incidence the geophone
signals need to be scaled, for example, substantially as described in the Vaage et al. '283 patent.
[0026]At 24 in FIG. 2, a low frequency part of the geophone signal can be calculated or estimated

from the recorded hygdraphaps:signalnddheifRIeaninaprY.alsRBeReIERYMesURSIMAtalY A% explained
in the Vaage et al. '283 patent. [0027]At 25 in FIG. 2, a full bandwidth geophone signal can bc

calculated or estimgi%HI%y merging the calculated low frequency portion thereof with the measured

geophonc si in an ugper part of the frequency spectrum, including,some overlap. The foregoing
oy also be LEAS hmed sub Ot na o Lo & e B B et o pic
2, a fall bandwidth gebpbrphordatigsas epreeshentie tdedchyastopione danacietard kuttedrdingubtracted

to calculate a full bandiidih dRsgoiseANS dewR-gelea wavelis|o,the Jraaging kAN peitermed
substantially as explained in the Vaage et al. '283 patent.CEgOZQ]A result of combining the full

bandwidth geophor& RigstandithedrenpirpiHsHELihRErac Mpe i gemer predstre ok ietarthat has
reduced effect of ther sudfagkoghast. Mepeospesiticallys thadspsupneyofitertgueffactafithestidface ghost

is reduced. The combirggd gﬁggp%ne %?gl stdc%ghone ignals may be integgrs%to d‘tgﬂget,errgrﬂge two

. . sc%ur rln CIIC 2% mmon spot’” record’or (ﬁ)mli(l %I'.
way seismic energy trave es from the water surtface to seismic reflectors in the subsurface, e.g.,

104, 106 and 107 inif1@ thebisingssuel twondexetraviél tienesst itdstipes sibisttetestinfatee ferimaition quality

factor ("Q") for S_Ub%Hﬁf@&%ﬁ&%Q&‘%@%é&;%%&n@Qﬁé%@&&W?éWﬁ’éW@Y SEHEGHORIMESorla@ld 42.
Amplitude of seismic energy as_a function of frequency is related to attenuation characteristics of the

subsurface formatitiee 2L e tHe RIRBRAIAG WK S80S TORREDZAD Y HhTAPqFjd e angle

of incidence of the seismic wavefront detected by each geophone. See, for example,
U.S. Patent No. 7,359,283 issued to Vaage et al. and assigned to an affiliate of the
assignee of the present invention for a description of such normalization. The
hydrophone response is substantially omni-directional and does not require correction

or normalization for angle of incidence.

[0024] Referring to FIG. 2, a flow chart outlining an example process for using
geophone and hydrophone signals may include, at 21, transforming the hydrophone
and geophone signals from the space-time domain to the frequency-wavenumber (f -
k) domain. At 22 in FIG. 2, the transformed hydrophone and geophone signals, Hy 5
and Gy p, respectively, from the domain transform at 21 are corrected for relative
differences between the sensor transfer functions, which correspond to sensor impulse
responses in the time domain. Such corrections could include, for example,
correcting the amplitude and phase of the hydrophone signals to match the geophone
signals, correcting the geophone signals to match the hydrophone signals, or
correcting both sets of signals to a common basis. Correcting for relative differences
in sensor impulse responses is well known in the art. Finally, an amplitude scaling
equal to the inverse of the acoustic impedance in the water may be applied to the
geophone signals to correct for the relative differences in amplitudes of pressure and

particle velocity. Such scaling is also well known in the art.

[0025] At 23 in FIG. 2, the corrected geophone signals from 22 are further corrected

for angle of incidence. While a hydrophone records the total pressure wavefield, a

7



Q AN\ Q = In2( 77f(t2.- t1)A1 (f) 100301If both sides of the second expression for Q above are
‘multiplied by the frequency/ the resulting expression is: 1A,f) hi{() - (2f (t2 - t,)A;(f) (2)

vertical geophone will only record the vertical component of the particle motion
wavefield. The vertical part will be equal to the total particle motion wavefield only
for signals which are propagating vertically, i.e. for which the angle of incidence
equals zero. For any other angle of incidence the geophone signals need to be scaled,

for example, substantially as described in the Vaage et al. 283 patent.

[0026] At 24 in FIG. 2, a low frequency part of the geophone signal can be calculated
or estimated from the recorded hydrophone signal. The foregoing may also be

performed substantially as explained in the Vaage et al. ‘283 patent.

[0027] At 25 in FIG. 2, a full bandwidth geophone signal can be calculated or
estimated by merging the calculated low frequency portion thereof with the measured
geophone signals in an upper part of the frequency spectrum, including some overlap.
The foregoing may also be performed substantially as explained in the Vaage et al.

283 patent.

[0028] At 26 in FIG. 2, a full bandwidth geophone data set and the recorded
hydrophone data set are added or subtracted to calculate a full bandwidth up-going
and down-going wavefield. The foregoing can be performed substantially as

explained in the Vaage et al. ‘283 patent.

[0029] A result of combining the full bandwidth geophone signals with the
hydrophone signals is an upgoing pressure wavefield that has reduced effect of the
surface ghost. More specifically, the frequency filtering effect of the surface ghost is
reduced. The combined geophone and hydrophone signals may be interpreted to
determine two way seismic energy travel times from the water surface to seismic
reflectors in the subsurface, e.g., 104, 106 and 107 in FIG. 1. Using such two way
travel times, it is possible to estimate formation quality factor (“Q”) for subsurface
formations occurring between two two-way reflection times, ¢#; and #;. Amplitude of
seismic energy as a function of frequency is related to attenuation characteristics of

the subsurface formations as shown in the following expressions:

A= 4 (f)exp[M];
0
(1)
oo ! h{Azm]
#(fz_fi) Al(f)



[00311The above expression is a form of equation of a straight line in the amplitude- frequency plane,
-that is, it has the form: y = rnf + b [0032]in which Q is the slope of the line and the intercept, b, (at
frequency of zero) is equal to zero. Therefore, to estimate the Q of the subsurface formations from
seismic data between selected seismic events, e.g., reflection times t1 and t2, the amplitude spectra
‘(magnitudes of the complex spectra) may be computed from two selected length data windows

centered on gagpf the tyya,sglegiRd seigmisceyrntsfreflestion:tinesyvd hecamplipida sRegisa at each
time may be represented by ,Q%/) and Az()). Using the amplitude spectra, the function of frequency on

the left-hand side df SHSAHGh {5) B0V MIY BB ulated, and a straight line may be fit (such as by

least squares) to the amplitudelspectraf tion. The slope of the best-fit line is an estimate of Q for

the subsurface formations-eh n=sg¥mic reflection times ti and t2. 100@31In practice
however, the linear regress addescfibéd in the application never assumes the intercept b is zero.
The slope (m@rom which Q is derived is calculated as if there were a non-zero value of the intercept,
b, although tH9Htkrcept itR8IFRS Hetaressishcitly EaRMARSYaTRE PEASHAIEET bomEldRsiRgRINGF-zero
intercept is that ampéiueas aientypaally inpitepery: balanced and the spectral ratios therefore do not
cancel out at zero frequency. The intercept could also be calculated and could be used to exactly
calibrate the amplitude. 100341 Wding hydrophone-only streamers as is known in the art produced
intercept calculations that were considered even more unreliable than calculations of the slope, which

calculations {oes23elves vigrehongitiarediupes eliaiieinsing hydmeabancsoabfisieaness zdbgiadditional

low frequency contentaﬁ)rovided {31}{ usin §tre ers Ela 'ng oth pre sure res onsjve sensors and
. . e%u to zero. erefore, 1o %ﬁ 1mate the O o the subsuriace or}na 10118 r?m seaﬂﬁuc .
motion responsive sensors, and combining the pressure and motion signals as explained herein

makes the intercepdatalbetationsciutestantially rvontsreliabhe{lTties, miesy condbinabiepregsditrde
responsive and mogiong., reIRANEINEG Si9 R‘ﬁésc@rﬁﬁ&?\éﬁgc’é%)o[ﬁ%m:ﬁe RGkHAEEUERIE BIHnatiaeof the

slope and intercept of the amplitude spectra. The foregoing would provide not only better estimates for
Q but also the oppdfiFfityat BrodrEn earEdn SBRhAE gy srfshtd deidRas B 85flattion shows,

at curve 40, an ampiitege Speciriptitofia sypiealanaidnaiseiSmIc be represented by A4;(H) and Ax().
Using the amplitude spectra, the function of frequency on the left-hand side of
equation (2) above may be calculated, and a straight line may be fit (such as by least
squares) to the amplitude spectra function. The slope of the best-{it line is an estimate

of Q for the subsurface formations disposed between seismic reflection times ¢; and .

[0033] In practice however, the linear regression as described in the application never
assumes the intercept b is zero. The slope (m) from which Q is derived is calculated
as if there were a non-zero value of the intercept, b, although the intercept itself is
never explicitly calculated The reason for considering a non-zero intercept is that
amplitudes are typically not properly balanced and the spectral ratios therefore do not
cancel out at zero frequency. The intercept could also be calculated and could be used

to exactly calibrate the amplitude.

[0034] Using hydrophone-only streamers as is known in the art produced intercept
calculations that were considered even more unreliable than calculations of the slope,
which calculations themselves were considered unreliable using hydrophone-only
streamers. The additional low frequency content provided by using streamers having
both pressure responsive sensors and motion responsive sensors, and combining the
pressure and motion signals as explained herein makes the intercept calculations

substantially more reliable. Thus, using combined pressure responsive and motions
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source towed at 7 meters depth, normal incidence, at an acquisition depth of about 8 meters. Energy
-at 0 Hz and about 107 Hz is suppressed due to the water surface reflection near the seismic source
(the "source ghost"). The receiver ghost imposes spectral notches at 0 Hz and about 94Hz. Also
shown is the amplitude spectrum, at curve 42, for seismic signals recorded from the same source, but
‘with the filtering effect of the receiver ghost removed. The spectrum of curve 42 has been multiplied by

two to facilitate compaEisane. [HOREIThedmadeled anpltudespestrasbamnindt® (@ algpshawn in FIG.
4 at 44 and 46, having been modified by an earth filter having .response characteristics shown by line
48. [0037]FIGS 5A! &%&%ﬁ‘gﬁvf‘%ﬁéﬁi\%ﬁﬁr&m ﬁeﬁgﬁﬁ%m‘éd o Sf@ﬁ%@% goéoﬁgrri)ﬁg%neously
acquired up-going psessireforayéfietds(30einppl@ubity) fapddotdyl prbssir scweneiglt(bRphtHG. 5B).

The forgoing amplityde spectra are consistent with the modeling shown in FIG. 4, and demonstrate
that the amplitude gradient with respect to frequency cannot easily be estimated from the total

pressure fieldggaty. The reggivenghastmusibe remavstuahiseam ke feadiyiperfermedikising data
from a dual sensor streamer. [0038]While the invention has been described with respect to a limited

number of embodirfRHES, ek L KiIRSH e Era HaFh g Bemsa: drahreatissurePWintahsrt diate that
other embodimentsicaarhedayised ovhichuaDd atoudepartiframstiperseepealod thetirventionnasdisclosed

herein. Accordingly, the scope of.the invention should.be limited gnly. clai Claims
What is claimed is:fftﬁzcﬁgtﬁ%aé %1(1)? %‘eesltslmml:Sutlsr(ofbm198rfrrﬁgaetti()Sr?uél(lgjealﬁtﬁy81 ?ggto#}éégrr%??s%\%%igﬂngﬁng an

upgoing pressure wavefidldatissishildBignalshatditde ddinghovsllischtetnplésdarweeispbnaive sensor

and motion respongiy Sensesderiaxeddn.g hady Rivwaier b e MROINE Qress Wit way glisichpaving

spectral effect of water surface ghosting attenuated bly comhining the pressure responsi\_/e,sagnals and
motion responsive & |g1: gaﬁdecewer ghost removed. The spectrum of curve 42 has been multiplie

by two to facilitate comparison.

[0036] The modeled amplitude spectra shown in FIG. 3 are shown in FIG. 4 at 44 and
46, having been modified by an earth filter having response characteristics shown by

line 48.

[0037] FIGS 5A and 5B show, respectively, example amplitude spectra for a
contemporaneously acquired up-going pressure wavefield (50 in FIG. 5A), and total
pressure wavefield (52 in FIG. 5B). The forgoing amplitude spectra are consistent
with the modeling shown in FIG. 4, and demonstrate that the amplitude gradient with
respect to frequency cannot easily be estimated from the total pressure field data. The
receiver ghost must be removed, which can be readily performed using data from a

dual sensor streamer.

[0038] 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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estimating the quality factor by determining a difference in amplitude spectra between a first seismic
event and a second seismic event in the upgoing pressure wavefield. 2. The method of claim 1
wherein the pressure responsive sensor comprises a hydrophone. 3. The method of claim 1 wherein
the motion responsive sensor comprises a geophone. 4. The method of claim 1 wherein the amplitude
'spectra of the first and second seismic events are determined by sampling a selected length data
window centered about each of the first and second seismic events. 5. The method of claim 1 wherein
the first seismic event and the second seismic evepdi@ig seismic reflectors each occurring at a
different time from actuation of a seismic energy source. 6. The method of claim 1 further comprising
determining &zerd tRguensy intercept of a linear function of amplitude with respect to frequency and
calibrating seismic signal amplitudes using the intercept. 7. A method for seismic surveying,

comprising: geploying. 2Rl Ah el aad RIFSEHIS @&BQ@%H@%‘EEWC sensors and motion

responsive seismic sensors at spaced apart locations in a body of water; actuating a seismic energy
source in the body SFGVAEIS: LBIBEINEREESSHEE OrANTE LM PAISTIB CE AL réostfsk 19 mic

energy by the collocated sensersd pleteirsiris@aivupaingpiaastte vayafied havingignegstal effect of
water surface ghosting atienugled by combiping sollocated pressyre. [esponsive, slanalaapg motion
responsive signals from each ot the plurality of colloCated sensors; and
water surface ghosting attenuated by combining the pressure responsive
signals and motion responsive signals; and
estimating the quality factor by determining a difference in amplitude spectra between

a first seismic event and a second seismic event in the upgoing pressure

wavefield.
2. The method of claim 1 wherein the pressure responsive sensor comprises a
hydrophone.
3. The method of claim 1 wherein the motion responsive sensor comprises a geophone.
4, The method of claim 1 wherein the amplitude spectra of the first and second seismic

events are determined by sampling a selected length data window centered about each

of the first and second seismic events.

5. The method of claim 1 wherein the first seismic event and the second seismic event
are seismic reflectors each occurring at a different time from actuation of a seismic

energy source.

6. The method of claim 1 further comprising determining a zero frequency intercept of a
linear function of amplitude with respect to frequency and calibrating seismic signal

amplitudes using the intercept.

7. A method for seismic surveying, comprising:
deploying a plurality of collocated pressure responsive seismic sensors and motion
responsive seismic sensors at spaced apart locations in a body of water;
actuating a seismic energy source in the body of water at selected times;

recording signals produced in response to seismic energy by the collocated sensors;
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estimating quality factor of a formation below the bottom of the body of water by determining a
.difference in amplitude spectra between a first seismic event and a second seismic event in the
upgoing pressure wavefield. 8. The method of claim 7 wherein the pressure responsive sensors
comprise hydrophones. 9. The method of claim 7 wherein he motion responsive sensors comprise
‘geophones. 10. The method of claim 7 wherein the amplitude spectra of the first and second seismic

events are determingd Ry samalnggiselpriad gt saiminoy caiecadabaul sach.afibe frst and

second seismic events. 11. The method of claim 7 wherein the first seismic event and the second
seismic event are seismicPHEEGTLBERI RSP HECqiRSALTT BFFRS YO AT RRRTROHEBR S ¥fsmic
energy source. 12. The methiod efsdaiine/sfurtiefaorytisifitdsteniinviy clzesedreqgsescynintercept of

a linear function of amplitde Witk resRSCLI EAMENGY ARG CAILTBHNY SPIRIDIEAINR!AMPIfydes using

the intercept.
determining a difference in amplitude spectra between a first seismic event

and a second seismic event in the upgoing pressure wavefield.

8. The method of claim 7 wherein the pressure responsive sensors comprise
hydrophones.

9. The method of claim 7 wherein the motion responsive sensors comprise geophones.

16. The method of claim 7 wherein the amplitude spectra of the first and second seismic

events are determined by sampling a selected length data window centered about each

of the first and second seismic events.

11. The method of claim 7 wherein the first seismic event and the second seismic event
are seismic reflectors each occurring at a different time from actuation of a seismic

energy source.

12. The method of claim 7 further comprising determining a zero frequency intercept of a
linear function of amplitude with respect to frequency and calibrating seismic signal

amplitudes using the intercept.
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