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CHARACTERI ZI NG SPATI AL VARI ABI LI TY OF SURFACE WAVES | N
SEI SM C PROCESSI NG CROSS- REFERENCE TO RELATED
WO\RBRIEAT] ONS [ 0001] This application clains tPer/US2009/032013
benefit of U S. Provisional Patent Application
61/ 072,248, filed March 28, 2008 and is related to
copendi ng and conmmonly assigned U. S. Provisiona
Application 61/072,31 1, filed on March 28, 2008 the
entirety of which is hereby incorporated herein by
r ef geARACTERININASPAEAR, VAGGABITITY GPRURPACE"WAVES
relates in general to processing seismc data and in
specific to charact dNiSHISYIKpBROCTESSINGDbi | ity of
surface waves by correlation of the surface waves.

or ocessi ny ROTRHERENG TG REPATER ARG NGRS T 2

seism c survey, a |large anount of the seismc energy

[00paner atEids kippHeSiour cleingodise Mohefltr av &) S @rdvigiandl yP&snt Application
waves in the earth to reflectors and then return

bod
6140321%% fled phypl 38, BORE gndh inaplated 40 copeibrg sheamgnly assigned U.S.
Prdvii O tl\tpg;htgﬁﬁulﬁaé 1'/6’7&5‘161%1@;&{ REEHOSs, DOSS rénli‘ir%‘\cggggﬂlm is hereby

source e geophones. ese strong surface
incogroedtedrbaremdlyl retbrgrecound rol |, can nmask the weaker

refl ections and should be renoved prior to imaging. In
ot her words, the waves j e the deeper body
waves fron1reflectors,T@E%ﬂﬂ%§{ﬁ§ﬁEg arbon reservoirs,
and the body waves are obscured by overl apping surface

[0082Y €S . Thi PeHcati edlatsdiid asRerieepro¥BUalsci¥Blih@@® and in specific to
attenpt to exploit differences between body waves and

chaypgteragieg rasiakvarmphpit pf suiticeryey csdpypeprehtiogiof therswpeeswaves.
are in their relative velocities and frequenci es. Wen

nul ti - component gl RGROBND OfithTE INVERTRISeS | 1

phase between two or nore co-located seismc receivers
can also be exploited to nmtigate surface waves.
[0403DOST hefgqat obbesmmiprdcessing acto-image suhstifgat icfpctomst Hadmg a seismic

is that sone ref] ector .ener is often renoved al on )
suy 1 s SR SR i Sy et fDo SRR ot avel vertically
as b8y SavV& i@l thE @asIP RS reflebtolUsidBich RAGHPLEHE c8QMBRES, b8 rather travels

between the velocities and frequenci es of surfacewaves

homzantdbydfirongh ke shahlowhmar swirsgmwtithe edrihalspmdghopourereto the geophones.
ace VES

sur f whi ch kes it difficult tor ve them :
g SREE AT gt RS Gt b ORE RE Renections
and should be removed prior to imaging. In other words, the waves of interest are the deeper
body waves from reflectors, such as hydrocarbon reservoirs, and the body waves are

obscured by overlapping surface waves.

[0004] Prior surface-wave removal methods attempt to exploit differences between body
waves and surface waves. Two of the most apparent differences are in their relative
velocities and frequencies. When multi-component data is available, differences in phase
between two or more co-located seismic receivers can also be exploited to mitigate surface

wavges.

[0005] A problem with surface-wave mitigation methods is that some reflector energy is
often removed along with the surface-wave energy. The removal may occur for several

reasons, including incomplete separation between the velocities and frequencies of surface



10

15

20

25

30

[0006] In Fourier or dip-separation nethods, data are
transfornmed into the Fourier (f-k or

w0 e@goziaely - wavenunber) or Radon ( t - p or PCT/US2009/032013
ti me-sl owness) domain. In these domains, data having
different dips in seismc records appear at different
| ocations in the transforned domain. Fourier nethods

wa@éﬁea&i 85 %Lesa”%apih‘égkéésﬁ ?sdaliafsmg @f(ﬁ%luﬁ]géee%a%s, which makes it
Yilmaz, Seism a Processing, Society o

diffxydt r@moos tHeaoiphylsssidas Feyrict 9&7dip wepacdtion$ mieehodky
incorporated herein by reference. Inprovenents on

k. met ods i ncl ude appl yi n h-resql.uti
l“@ﬁﬂ‘é’t Faf o i Ao gor i BUS: $416 Jen WHRLTRO M aapier (2 or
g@éﬁ%? ~fveRimibdrabr Rhfish (565 b @NEQINwnckdF dBRLANTIn these domains, data
34,236 B2, which is hereby incorporated herein by
havieg eliffaest difesih silic I’I‘Ectd‘m:d&ppdaemtf(hfféﬂeﬁm &catiorgl Mathe transformed
work of J . tggpon, 1969, -resol ution
domawe fewegagdrdniierclassisak qn@lm/léﬁlm yreihdor exsmyle 8 Ag¥ilgpz, Seismic
C
Dk sors: S8 Rar e B Rorlay SRty Rl SR dacorporeted
helahebﬁrefmeecer ebemdlgmetey eh epeme Wcansthmdmmalmde rapplglng hlgh resolution
t.i onal | ex SiyVv but are soneti for
STAE BT R aorTIETS e STtk e S HObTHLBh dinsaree Tranpour,
usPahet @32@% SES \ﬁl%ch\/i@'h‘é&b'ysmb&*p@ﬁ}t’ed H&@fnpw %féff‘énce Most such
herein by reference. One advantage of the
methagasftennitpm theaoriginald vesk radt J.r €qoom; el %@g Hagh ;ﬁsglpa@@ dfrequency-

walf et PR et i PRERSM SRR Rl K o Rl 08415, which

is €4l iatsThyratBMctOn By rétbicasd. ng.  Prepr ocessu ng of the
data (interpolation) is often necessary to prepare the

ata for surface-wave mtigation via Fourier nethods
[0%7{11 thyslop ﬁl@eéh%wa% R GIOTE f@émﬁy fexplaped itirasietip 40 ¢ Ml cqraputatlonally

Iﬁé 135' ne- ar éﬂnﬁ %; &r s%kﬁa%ee%gf?ﬁﬂé%%& é}ﬁﬂfplé ste Robinson, US

to reduc ects o ace Waves 1s
Patedahﬂ394é7 § BE tvehich @, hanttiycihcapometytierdio byeoferrhae O '&hiantage of the

sion, while protecting the deS|r d si gnal
Rado BARSIGTS e 1 oocmHt FOHEs FBHARIY FPEcar g AHQBRD i the scismic

rec®fd. ONFSRE frhé’th@d[ka |51¥§ér5 8 tlrl?‘%)@eﬁ‘t anplingamN @66k do RRT previously
exanpl e, see Qzb et al S Pat ent "6, 446, 008 Bl ,

montipidd dlgsingr eByeplrmsmlpg)Dét@oﬂah:efleierpddx'i,tloméﬁm%meccessary to prepare

dote that this.filtering pr ss_ .t
tne A R e f R bigofet Rk st Fs s oGRS BycsPPagipn iself may be
maeéurﬁﬂaeiuga(; didshgeach record, nanely the noise |evel and
statistics. Wile these nethods are adaptive in the

specific filters they apply to the record, they stil]
(00084 Ui rAélOaIFPrafilE?rfﬁn@rIPro‘aes@§ lﬁﬁ%ﬁtlﬁ aredfo resice jhg afedy 0§ sigace waves is

ad 1V90ﬁil¥er}/f% qatt%fﬁ{bL 2HF nfRYfie. J&yesrs] a}#ﬂreés?onfs tv%ll!u proftectlng the

ecessary I ne pr opagati on c acter
dedifed signal by allowmg the algorlthrn to perform filtering based on an on-the-fly analysis

of the data in each record. For example, see Ozbeck, et al., US Patent 6,446,008 B1, which is
hereby incorporated herein by reference. However, note that in this filtering process the
adaptivity in these methods is to the characteristics of the data in each record, namely the
noise level and statistics. While these methods are adaptive in the specific filters they apply
to the record, they still require an a priori assumption of the characteristics of body waves
and surface waves. Thus, it is still necessary to define the propagation characteristics of the

desired output response, ¢.g. body waves, and the propagation characteristics of the undesired
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desi red output response, e.g. body waves, and the
propagati on characteristics of the undesiredout put
wWo e®pozEel e.g. surface waves, in the f-k spaceCT/Ub09/032013
adaptive nmethods so descri bed cannot change the
definition of body wave and surface wave propagation
characteristics because there is no anal ysis of those
OB ,C t tic Pef
ouﬁ'ﬁp pe%g@l%sg? f Q%agclg v%\’né i ﬁle ?%cﬁﬁtc% ot eﬂrglaagi?tpféib g{éth%g? so described
camel ebtee tho cdfindtivs, of bbcﬂ}omde bydi sutrfac g etaat i ppopdpatiore eharacterlstlcs

t hose | ocati on 009] A further filtering proce
begapsg ¢ ?uege i§ Qg S&S@g a%%etpﬁ%pagﬁtﬁ%f@r%fe@af% %@spfvm%@s iig an ad hoc
maﬂﬁés %‘fnﬁ{a‘l"}% fthbdeClchtbete Mt S Nat S @evveﬁé"&@ecpfloéa%gﬁé’ ' ﬁglowed by
di sper'si on characterlstlcs of the surface waves

nn@mabnembﬁg@tmdmsmkka@@mmaves in a seismc record.
Phase nmat chi ng al so conpresses the long and ringy

a veformin,t
0@l PRSI S Ee REER el Bobie oIR8 ¥GRSTRE sace waves is
ph&sdtrh@ciedalveing ihfchplk @dHORSd af daidvagetheaetdidt cagadidlstics of the
only flat but conpact in the tine-space donmain of the
surgacie sy es e Bptieninghthe ssinse esyicoan ¢f scismac gaedrac Piigay anatching also
r
copfrefEME IR SHEEAUTR blu TR 1R TR Y romoving the
freﬁh&’dcﬁ&i@p&lkﬂl\tﬁt taodigmamenirb ef shy fuatec wawe. TlhiB produces a surface wave

rove h to narrow ti ne wi ndows, Kim Pat ent

thaé 1y @t sply Hghbehcqnapagh i fhe tlﬁ@o%pa%er QP%‘Emh thensqpymic record.  This

co??{e@gﬁﬁ] S?bhetsﬁﬁg&%aJeh?V %nt &B?Bécaalusé PWHEHRS Small windows to be
ter on the tinealigne npressed surface-wave

usalladvar th[edﬁﬂme]d fDeppnteranpe of/ﬁnle werfade whvegniragowntdie surface wave. In an

ressing the urface waves, a t u t ..

imESAPRER (eSS TG ARG RImy % (R g KOSy whichnis hereby
1noBHﬂ>iﬁeMEf%’ﬂ€ @Kfrbfdféh%b NQGafes aRY ukd Bl ats@aﬁﬁrﬁ)@tm@ﬁuer on the time-

anal ysi s of e di spersion characteristics of
alignpdfand eomaressed sTHesewdisgat.si on characterlstlcs or

frequency dependent velocities, are again

nadi ti z r v 0

055 L IBOR ¥ VRV BPuBE T CFREMA UG SWIRET s, and the
subss@ebnt epatiat Ryppisatiitcting, idisseel sdcoaghwithphascimiteies! fileering of any

| ocati gns not analyzed [0011] FIGURE 1 depicts a

kindyte; peaforpy gt aadysioof the %smraatl ShagpicHsies RiViBs suifags wakes. These
dispbishoRdnG kRS BURSIGELHERAILR BRAURS TRY aDfin Y28 fiohMly analyzed

EP 8 procegs %%%? ﬁélgr&gegg starts mﬁ? ag or ‘nore Y Ay

on seins mepgeseattive sechlks ffaon asupdrthd auvar arcggindmddfoc methods are used to
. int@re t..In block 102, .the records 101 are anal yzed
intggpolfis e HisneTs ORI BARERT IS SR IBHRIS TR BNDSE; sri o

survey. The anal ysis involves determning the
[0018) OHIGURE RA&hicts & RRJiSdl PRocesty MBSo AitibAte si€ddé WMk, Various filtering

sel ected | ocations.” The data resulting from bl ock 102
techniguepisfeseadyio shoys wdy dampetia-thayeocpssoli¥ tThespra@as stats wyith one or
rnotrg] ISGSISIglaCtI‘gCOI‘dS 101 for a particular region of interest. In block 102, the records 101 are
analyzed at very few, selected, locations in the seismic survey. The analysis involves
determining the velocities and dispersion curves at the very few, selected locations. The data
resulting from block 102 are sparsely sampled surface-wave properties 103. With this data
103, the process then designs filtering criteria to separate surface waves from body waves in
block 104. The resulting sparse filtering criteria 105 are then interpolated by the process in

block 106 for every location in the record and for every record in the input data 101. The
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103, the process then designs filtering criteria to
separate surface waves from body waves in bl ock 104.
wab@onzEol ti ng sparse filtering criteria 105 aP€r/Ukm®ng/032013
i nterpol ated by the process in block 106 for every
| ocation in the record and for every record in the
i nput data 101. Theinterpolated criteria 107 are used
iR PACARP 1BY al PR EARR @by BF PobidT 88 iigation of surface
wal@9inveht nput dhtgdide do purduac datachddsyitiNotitgatdibgurtane otakes. Note that in
processes, the _surface-wave properties e .
othch PEYCHYSEa B Stﬂr&@eéwwr?m?ﬁarﬁ HERIATes o R Topeie ipgead of the
filt€fih %ﬁ{e@iabﬁéiﬁ‘% iﬂt\%‘p@fa%ﬁ[ ahetheytidbull REYhd &3 inckBetii®wledge of the
sane 1 nexact know edge of thg surface wave properties
surdavd/ wavet hwptitics eniliog the ifitering ctiereeioascptmtes surfaeewaves from body
waves from body waves. [0012] In earthqguake
VA& snol ogy, surface wave signals are cross-correl ated
between two seism c stations, and seism c tonography
[0012] e eytedubiec &SImdTBEE suPfRcdivalp sigfhloald t1@ss-edrrdleted between two
surface waves between the stations, for exanple see
sCIgREpitaPnst ang| s_el’sm1¢.|qulppgqg§m IgEMeleYStHt9 setenapgthe group velocities of the

h ' Sei sni i Se, & Lence; Vol;. .
surf P AR e L O Bl “Rlep P S Shilb G o HighgResoluton
Sutfeceeavbd Tomebeipan ciem AhibsenaSpikodcNoiss,” tScivace ok BT ngp. 1615-1618,

nd conput atjonally expensjive, since (1).tonography i
2005 tich & %e@ﬁmcegz)@aat?@ﬁ%fw%ﬁ%e@a%& sé?ﬂé gRpiogeh 1s time consuming
' d : ical r i
o R o A o e LR, (1Y (OB A AR P8 o ARIoREY o overcome
spatset spatishsenmglihi,i sdt(Betypuate vV oV gesssenrelaivas pen®mputed to make full

Furt he re, in,earthquake sei smol ogy, sur.face-wav .
s P OBy S S Y REE ) LB F RN SRgoBt Spghermore, in
cartitRalld QmNBLP Gutth@Swalc §iBRalS Wil FRA MRYES crods-t&@hted to obtain the

converting the surface-waves into anal ytic signals.

gravpt ecledides efths Jusfapogeivbd, evidiuy cahentingéhadpurfaaoeaves into analytic
oSl R ST, 2L RS SR b BT e aions i
muaBplatgeabthen tthe exkRhathi 6N tixeiseifidcodyived, Ml 3Thub Nis Ust applicable to

Pat ent Application 2005/0 152220 Al , which is hereby
GXMﬁE@PEé@ﬁ@@@gherein by reference, Kritski and Anmundsen

di scl ose the use of cross-correlation of surface waves

187 01iH e B Kath 13280081 W Eidh iSRSHY herei
g & Ol R AR E SR KA S SRERT, feompopg herein oy
referege niKhskinvesh Arheidserd elclost eglielse dlomessecorrefdiion of surface waves

nmet hodol o i nvol ves attenpti.ng. to ti e the entjre
roc T PGP TS (18 e AP ST IORTTF $USPT bRy Shear-wave
velBYity iif She kEANS bRfWHAGhER i feveRt OHORR v YR &hethodology involves
transform domai n before correlation. [0014] Simlarly,
attquSptieg toresti®a® 1hs @g8¢ Bispewionaiiveaiskear-atavalveloary véSrequency) by first

trar?s%lor%ln&lg %eoci)é?d 1:1%04thte Qavelet transform domain before correlation.

[0014] Similarly, US Patent 6,612,398 B1 to Tokimatsu et al. and US Patent 5,035,144 to
Aussel, both of which are hereby incorporated herein by reference, teach the use of cross-
correlation to obtain the shear-wave velocity vs. frequency for the fundamental mode of a
surface wave. These disclosures obtain the full dispersion curve, and hence first perform a
frequency transform before correlating. Aussel constructs the envelope function using the

analytic signal many times, namely for each individual frequency component. Note that
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Aussel , both of which are hereby incorporated herein

by reference, teach the use of crosscorrelation to
wW@bioaiiznddhe shear-wave vel ocity vs. frequency POF/US1969/032013

fundanental node of a surface wave. These discl osures

obtain the full dispersion curve, and hence first

performa frequency transform before correl ating.

r Lk e, .env [ [ - -

ToRYHEIS pRASRL WA Srbll IR DRl OSBRI K08 5 orpti for small
quimegs efi cytacebripiaad i nodNseudthat tEakignadpstimepiraitie o tthick material
smal | areas at ground |l evel, and Aussel is operative

FSsmal | quantities of data obtained in
nondestructive testing experinents with 2 cmthick
(0018} er i1al US andne %, 2d642b5B1 | nidk Bae Bica96ra820nBbin by reference,
whi ch is hereby incorporated herein Dby reference,
Bapgetaed laamernpgereisadier mathethof antetrabeklbf deieatimgethe can¢ pf the surface

d ' h f 1h f . d 1 I
walgebrofit oy RES5 0P b B RH PRI 15lae B iyt S the semic

redOREE@ fAR-WhR SRIEMBideECiar 6tdsitHabaR-ddamecefiRérdyan be applied to the
resides, in order that an adaptive filter can be
filtgppg pEthat enqrpe Picrerdiighy thdt methed edliep gyimanbeor gmpifudes of surface
t r.el i ri i i Hud f -
waly e e iE R [ BB Bk YR TR B Sngfyh @68in wypes of
ampligidaltisrestmihding pdakyis:, asd treirding ypisntify aadpdoldteide surface-wave noise.
t hol di | ocki i i i f
WL 8o orr e SRR e s b oo
theChuPBiSe GRVELhahL Q?uIQ@Bf\ﬁl%ﬁ' @&ﬁ%&l%ﬁﬁ,% crb§@GhR14tn is made between
calcul ate the velocities of the slUrface waves In the
theceminngie tofcet hathoutnetdiogl dhogycestin® cmyslsx enalyed atgnals. This results in
made between the.seismc.traces w thout turnin e
VPR e TG GHpITe R Sl G B g dhe o vElop gt pf B sprface waves
dud @ afid fisRedildph@se. t Ado A€ thad WIRIWRE MdthQIsPRase 620%d,620 B1 also
the group velocities of the surface waves due to their
turdi Hpeiradey antaatnalygic sigrads, oy magatdevti the comelaxetrhbdis signal, or the
enggiafigiy Reofsgfid T PR ehESsoBF B Ky @R Sibiy boceuse the
mefHodt i meé@liBPen Teghial ampisudlepteriaedSines thagbandAHROMSthod is to
) angéltude estimation. This is because the nethod .
idepfy & meEtAre| Yavnneise canh BRI & ranesr plavelgpifjes per trace that
sufgoSedd? bnsile a{ﬂﬁﬁe Eﬁﬁgﬁg%'vé npRel dentify the surface wave
Ol Se’ cone, e output is a range of velocities per
trace that supposedly confine all the surface wave
[0H6] sdn [[S)Bét&}t 3,24 1UH 4Pat which 5y Reddhbibdorypranddd Iodneindy reference, Ehlers

her eby incorporated herein by reference, Ehlers . D
tea{:]éeé(ﬁ.,| thgﬁﬂ)éﬂﬁ%lf%lflg,i %@ C_FGF I}gg ’ans APRIESEISIHG a’omgmxﬁhlch includes
surfRRRI NG RRleS M Eis RAUB&I rapiile RhbRAEkHARSStES-@Ge W Rrer location and

noi se. This nethod rapidly characterizes surface-wave

stregsit, tagsiaming decasirGiecarye sielosiy i neides ypiasgior Heequency dependent. As
pa% gorggtﬁ% i)h%{\r_nlavsi%e\ﬁ%[g Op%loée%s,l ]ishlglresI ttegc res Ségt?r%a%‘.in%o{hef sﬁtreeggt%na%a direction of

scatterers by varying the velocity of surface waves at each azimuth, in order to identify which

sa

combination of velocity and location provides the most energetic display of surface-wave
energy. However, no allowance is made for the variability of surface wave along a
propagation path for a fixed azimuth. As in the radar field, which that method is based on,
velocity along a path is fixed and assumed known for each scan. In the presence of velocity

heterogeneity, that method has an ambiguity between scatterer location and velocity.
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part of the beam steering process, Ehlers teaches

estimating the strength and direction of scatterers by
wa2009i12030t he vel ocity of surface waves at eachPERIUNDN)32013

in order to identify which conbination of velocity and

| ocation provides the nost energetic display of

surface-wave energy. However, no allowance is nade for

[ f 0

Fu%ﬁ?ﬁ%?% rtﬂg 'n#ejitlil(&eﬁ d@éezsst#utvﬁgﬁ &S\@aye?oalke@f?tg sﬁff?@ea ds v\% a function of
fretjinaicy neridisods net rb@Blgdipplicabletosarfhge whvan ghaa cplabh strSng dlspersion.

fi xed and assuned known for each scan. In the presence

of velocity heter [ an
anbiguity betmeeHggﬁﬂﬁ@é%%pﬁpgiggﬁﬁﬁgﬂgaﬁ
vel ocity. Furthernore, the nethod does not vary the
[0049} OCEMm¥o@inchiReofSHE E)?e%&ltvi/ﬁ%/&ﬁloﬁsar@dfrém&d {008ys@ns and methods which
frequency, and so is not readi applicable to surface
usGaGismia hEpcesskig Bicthods rtbﬁga@pgfﬁe% Tgﬁ spSUNMERYD Y Durface wave
VdOQYENTION [0017] Enbodi ments of the present invention
are directed to systens and net hods which use seismc
processi ng nethods that account for the spatia
[0048t | abind érhpodifesiLis faanethvdiufproetBitigtaxgbratfddE8miOsevey data from a

enbodi nent_is a nethodd%% roceSS|n exploratio
regdl)- SHHCECIR s 85 SRSt AT YR ORI CPBBII B, DOH Y Th Abth SUeiesi eSS, and the
reg3oH YSHpIRL 3 FIOFRE) SERRAshS. V"’Pl‘(eeﬁleﬂﬁq &H{Jrﬁ&eréﬁ@i‘(fﬁ% selsrmc survey
and th% region conprises a plurality of ‘| ocations.” The
datedtdmodt bestpmic $essor,emaly\zmggat é@lss mnec swstace ewavd @tczpefty o°m edch location
: Ieast.on sensor.;, ana Ln | east ,one surfac ve
in 5B BioD S U e B S B 1 AeRHEC P {fae DB g Surface waves
frobd e bbihg vivkd € Ithe LOisMEPINRES Ata LSS Ithe sBAhLd %V@fproperty, and
t he surfiace waves fromthe body waves in the seismc
aplslmmgélye efdeia testhageisine date foareeovmete et o pertiop; of disurface waves from
th s%PrIi{I Log. L gatgrl teria to the seisnmc data to renove at
%68 &f I'on of the surface waves fromthe seismc
survey data [ 0019] Anot her enbodi nent is a nethod of
[0019p C e Fgiofigr @xfblodinkinit 641 aseéthed of proceeynglat@ofatiomsaismic survey data
region, wherein the seismc data conprises body waves
frogha r%gq,a\@]éer%\;gg SCISTIF 3t ORI t@gwar@@ and, surface waves, and the
reslp EBp ks 3 pLPARY o BeqiblE TR 68 TPMpRSS chapactcriving o spatil
vamwehikety afrthe lserfaa@ wavies is tiroveysnaiatsarvestetaer, rdletemglmg}whhmer the region
the r ion an be _ subdi vi ded, i nt sub regi.ons based.on .
cart 16 S GseE Ay ST IO Uit PnEhes TS AR BiETeey, the spatia
Vaﬂla?ollriﬁl At ﬂeYa%IVEflyCémﬁ{aﬁmwﬂMﬂ M SRR~ iF @B QBterhinid® affirmative,
detefmning 1S affirnmative, estimating at |east one
estingag ailensers loralalisneesidroeuryh éorghaspadlal vartaballsy i egchi sub-region; if

the, (2 &%Iﬁlglg%trlse ﬁ giéfe,ioffﬂg%%% agZe%ag [ ?r)?hen(i E&%gn Fgr%q Foge[g% 5?%“51} variability

forveath ®ehdiod ¥ the region; using the dispersion curves from one of the estimating and the

forming, extrapolating the dispersion curves over a frequency band; and using the
extrapolated dispersion curves to remove at least a portion of the surface waves from the

seismic survey data.

[0020] The foregoing has outlined rather broadly the features and technical advantages of
the present invention in order that the detailed description of the invention that follows may
be better understood. Additional features and advantages of the invention will be described

hereinafter which form the subject of the claims of the invention. It should be appreciated by

6
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for each location in the region; using the dispersion

curves fromone of the estimating and the form ng,
we@apapabat i ng the di spersion curves over a frRCUEsY9/032013

band; and using the extrapol ated di spersion curves to

renmove at |least a portion of the surface waves from

the seismc survey data. [0020] The foregoing has

e .

R bNRE 8 o 3 Bl e R R SRR B UALR ray bo readily
utidaddaad edaashesfor inpidi fyimodr tibwegriny eitiar euruttaats fooldanyimgnamyt the same

be bett under.st ood. Ad |t nal  featur apd . .
PUERRYR A BTSN LT D erl %w dilop bpacejizsd by hepe skilled in the art that
suéﬁeéq%ﬁ\rb?écntt %5n§ﬂtﬂlbﬁ&1 & ﬁBtt(QEaI% Wﬁlte gfrlttaiﬁﬁ sed)l?é (Wsthgfmventlon as sect

the invention. It shoul e appreci byt hose
forﬁkml ﬂhedlpptndeﬂ @laams. tTIhlatnowhlefe@tomsephuplm arcapadicspk i bé characteristic of

di ment .di s ere utilized as a .

thep RS PN BoHbaT 19 RGP it Getes! aif e sl vith further
objedts " Midngdimtagd &villab® HRHEP ABESstObd thfn Fth@sf@ﬂéwmg descrlptlon when

invention. It should also be realized Bg those skill ed
conspdear¢rbinagqnneeiion witk the qmovmaemlg é‘tgusetsr ti§ ke depragsty understood,
hoxgzgfe ,F %1@{ L :ﬁ]notﬂﬁe%%ureé A8 Bt Vlcf %Ofg? th ﬁsoe ogtT/ il }stra?lon%%d description
onMhindhis ﬂdt&nﬂéﬁdldd&a\ﬁ%ﬁeﬁﬁlti@ﬁ of iy mnemr tﬁb pEesedt ifividtion.

invention, both as to its organi zation and met hod of

operation, together with further objects and

advant ages w RIBE IJRGRIPTIQN QF 5 PRAINGS

foll owi ng description when considered in connection

[0021] h B @ rAGE QORPYE Bihick-dtHiiSSof thE ire%eﬁthpe%tl%ﬁ PRS&1¥ is now made
under st ood, however, that each of t e figures is

to {he dollabadg foscriptien pnl{r:lp osenpfnciiph wethrthe danmparlying drawings, in which:
description only and is not intended as a definition

of the sent i.nve t|on
02U RGIRE G MRl R B S Pt s e orp et e
under st andi ng of the present invention, reference is
[0026y TEGETRIO2 tihe pfoakdsaainniggate Saifadat wos | @kerdinigto embodiments of the
._conjunction with the acconpanying draw ngs, in which:
INVepPPY] FI GURE 1 depicts a prior art process to
mtigate surface waves; [0023] FIGURE 2 is a process

[OGZQ] M GORES PAILARSB d\éﬁl\éﬁaﬁmﬂ?&%%c@km hif e SERAGA TR s According to
the invention; [0024] FI GURES 3A and 3B~depi ct anot her

em@o@oeas(ﬁemnmwmgume surface waves, according to
enbodi nents of the invention [0025] FI GURE 4 depicts

ex I of an_average
0RR°SFIHEE &9 G 4 BEMR 500wt BB ocity map of
thetdaederaV@nmd@mmg Qp&ﬁﬁodﬁhadﬁe&fﬁledﬁwmbﬁ an
autocorrel ation of the map of FIGURE 4, according to
[0026] FIGURE 5 depicts an autocorrelation of the map of FIGURE 4, according to

embodiments of the invention;

[0027] FIGURE 6 depicts an example of a beamformed field in the frequency-phase

slowness space, according to embodiments of the invention;

[0028] FIGURES 7A and 7B depict examples of the spatially-varying dispersion curves at

two different frequencies, according to embodiments of the invention;
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enbodi nents of the invention; [0027] FIGURE 6 depicts

an exanple of a beanforned field in the
W0 e@goziael - phase sl owness space, accordi ng to PCT/US2009/032013

enbodi nents of the invention; [0028] FI GURES 7A and 7B

depi ct exanples of the spatially-varying di spersion

curves at two different frequencies, according to

o] [ BL.GRE

[U@EPG%{ e %? felf cﬁg%gee?é%?fe Ogg?éag)ea 1]‘érda% ‘e omt}fé (81? tgﬁ/ﬁ Off block 106
of BIGGRE JlOi@ usdd tblpBhiikEcotreics ouflettent, caghhteesge i@ Bﬁt’lﬁﬁic Jreard;

flatten, each trace in a seismc record; [0030] FIGURE

ool puEL T S SEF B SadmolsoT e Caiees 8 eBiheynit 318 ofblock 317

of Pf@@ﬁE@fS RBE&d 1o Masé-L@E@or RAEH dabRE8cd M As$§hi Fedord, according to
record, according to embodi ment's of the invention;

embgmptsmf@ﬂ@ilﬂw@epl cts an exanpl e of the output of
the process of FIGURE 1 with surface waves nitigated;

32 f ot u .
03" D FIURES dnESR SRl SRR g BE o R BIGURE 1 wich
sutagavdicnmitigteiybodi nents of the invention; [0033]

FI GURE 12 depicts an exanple of a process to
characterize the spati al ri lity of the surface
10032 es F b@ okl H%?ﬁs é‘l“laﬁtxﬁﬁ]@?ed%ﬁﬁ’ﬁmp%&rfft g 8rafgtpect FIGURE 3 with
tion;
S“‘F%%%iﬁve%%%? 7 A LS LI A
of bl ock 1206 and bl ock 1208 of the process of FlIGURE
[0083] [RYOBRE K dprRers ad emmle (83 apmemrcaaﬂagmrim thblSp@tli@I variability of
12 of FIGURE 12 on @t.dani El QURES 13A a B, ding t
the G838 PR y1§r%38§°£rF S R APmIBAY RS é‘faVar%lBB“ ceording to
embB8digtnts FShd R eRivnf ace waves estinmated using one
commn shot gat her, according to enbodi ments of the
ention; and [0037 FI.GURE 16 depicts a
[0q3él:a|F1§U&ﬁ& 13 aed {3 depigt gxamiples of Bffsaltﬁ@@blaflf b?'% and block 1208 of

ti mtes over many shots, according to
theyﬁg&g?rbrgﬁltds@% t§he i nvention. [0038] FIGURE 17 depicts

a bl ock diagram of a conputer system which is adapted
[0(136] us #F1GHR i € slepirctsi the exptraginn oDBTGIkL B ODESERIPREOY Ok the data of

E NTI 0039] Note that there is another
FI(IH}%E{S%R)?P ourier nethods, nanely spati al
variability
[0036] FIGURE 15 depicts a map of the local group velocities for surface waves estimated

using one common-shot gather, according to embodiments of the invention; and

[0037] FIGURE 16 depicts a map of the local group velocities estimates obtained after

averaging the estimates over many shots, according to embodiments of the invention.

[0038] FIGURE 17 depicts a block diagram of a computer system which is adapted to use

the present invention.
DETAILED DESCRIPTION OF THE INVENTION

[0039] Note that there is another limitation on Fourier methods, namely spatial variability
of surface wave properties. This problem is observed in the prior art, and yet has not been
dealt with. Separating surface waves from body waves requires a decision about the specific
threshold for separation, namely at what velocity (or range of velocities) are the surface

8
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of surface wave properties. This problemis observed

in the prior art, and yet has not been dealt wth.
w@eepanampng surface waves from body waves requPCBEES209/032013

deci si on about the specific threshold for separation,

namely at what velocity (or range of velocities) are

the surfacewaves and body waves? Filtering requires

Wil STy el "R Bl QR TRlOL (R RIRAE 1) Btimally remove the

noper Decididy by tlenakhrzshotissie itgritatlyr eefordsd by ahhlgzelgtsaismic records in
per haps ones fromgdjfferent parts of a seismc survey

et haps ABRY v g Rn pAria eh 2y S1Ee SURXEY- Bt aRfTerihpw| thorough an

and19@s | LARMOE 8RN 1468r TR 4 ﬂléirﬁml%f fidentif® 8 se velocity thresholds
velocity thresholds on any but a small subset of the

onday dut Euntaleulestef the dats. rforthapperentis hotwanpasse how these threshold

threshol d.estimates at different. | ocati ons can.be. used .
oSt (IR BT G40 on TG Y SHCisiaver ey cven if one
peifG@AUBSoafthaSysBs AR Ehel dhBirfifridyarsdr vey area. [0040]

Typically, very little is known about spati al

variability of the surface-wave velocities in

[0040bc esdivpigakei waty clitfatis leesepebews pefitlovanabdite of fy sirface-wave
sual.] y )ealNEErRAl at i f vel ociti.e

velpFE ah e BEs I8 e LHE BB BLAPL o8 ehBfin “ReRElhiar 8L osuatly ad o)

interpalatiah of ah¢ ablokiticy beww<hsthe andilghlo ardgds painte nlontibeless, spatial
adj.ust for it by widening thejir velocity zones for .

Varé%{‘lflté{é‘él%\?@% PEHESS agremgves%dws%\flqrﬁégy SUdFs fisir velocity zones for
o] . ‘ .

S R o oy e S0 MR S Yo ino o, Pl (octlat any one

locaticke hutregsonthn dotasipatsd vhgdbilitye Taiei droblymtveitidiwsdanngpuwsidows is that the
t.he surface ves.and bod ves on any one recqrd is

b G BB BT HES PaNRS I gP G AR s LRy Qerecqp g edgoed because

the@Por R N@F @Akh tafadagdt batswrRes dhirbdiaridebirnstRB&h distinguishing and
addressing spatial variability when spatial

addrgssirgoipeiialyvarigbititiowbenswdtiplvarinbidityald addesssed s af b@zmpnner.
Enbodi nents of the present invention are directed to

te t j . sej sni C [ .

10GAF oo TR S Bk e iR A s B RAR g thods whih

useSsHidnaic rov@yeise methodhaagaslude chirates ke lthevdriadHitasf surface waves for
function of 2-D space and freguency. |In other words,

chanigsn dit FBHE elostise por adendiont ofal-Ry abregpind figaggncy. In other words,

copHBLASE USR] SALSRARNS, SHOLASE IR BRAGEI e e
mipgapar t Mese gfccimflpcembadimsnts aletdmmires(i) hatveldcadvyeopdriies of surface
entire sei.smc survey area, and (ii) how the estinmated
wapf%%ﬁnet&r %sblg}afqde(gve& FRIre, SEAFMIC A éu_lé\glg)ehow the estimated local
prdPefticdalah 2 RY¥d T8RS rﬁ[t%ﬁﬁ&@%&%g@tﬁgeﬂfesprﬁ%agaﬁon effects of
surface waves through spatially varying nedi a. te
surfaratwanmes theoeghbsdiiatinvaymgenedpl Notbthet while embodiments are applicable

mul ti-component data, the odi ments _do n require .
o [PPSR Mo fif i Rai a8 SeRE e B dbal Sl porfponent. since
theepthedl do s @xpitahaneitiasHipdGlca s polhafdtidatattBiButes) between co-

attri butes) between col ocat ed S
located receivers.” Note that multi-component data is seismic data measured by two or more

co-located sensors responsive to ground motion in different directions.

[0042] Embodiments determine the extent to which the region under study is in fact
spatially variable and in need of the benefits of those methods. In other words, embodiments

rapidly characterize or estimate the variation in surface-wave velocity for a region. The
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receivers. Note that nulti-conponent data is seismc
data neasured by two or nore co-located sensors
WO e®porEive to ground notion in different direRCT/082909/032013
[0042] Enbodi nents determ ne the extent to which the
regi on under study is in fact spatially variable and
in need of the benefits of those nethods. In other
ouetﬁﬁ{ &F e “’Q&?M&%ﬁoﬁ 3P eyl Cﬂﬁ%@ﬁ%ﬁﬁiﬁ(@e wWHetRP LhdBAR surface-wave
e varration 1 n surface-wave velocity for a region
mifieoutmpethodyf mustebecdraplapdder That thenfullsutfaed-wiavé mitigation method may

det er m ni whet her, the ful| surface-wave mitigation. .
be MBRFGHE I OBE Erdh RyHenNs QS Togifle PHF) DatiPRhBasihdidsions of the

suII\V@ h Q810 0 SR hRG PRYe-RE v gﬂ)%eﬁ§§ oY chiPbe SQMRICANo0 BE |a]§proxirnately
portions of the region. Such portions or subdivision

compfant.hdhsuubdyisamenowld atleyi oethhdsvel swfaf@vevevenregation to be employed

. properti.es that ca assured to be.approxi nat el : :

in B 8haristor e wRdal ol SR B e ui R BHAR Gmine the size of

andli§ BORINBY EheMbdtinGidioh OFF ToalPQurRIBAXE dispRrdibte curves. Embodiments
sub-regi ons. The output of the rapid characterization

opeielgl e genetedespatil maptthet glanbtagyelyvigbiety dieboxalkilifyhof sueface wave

. i en of | | surface-wave di spersion curves.
Ve]én%lgglggrraeﬁ%ngg%%oef% €to generate a spatial map that
guantitatively depicts the variability of surface wave
[0048) oQNdte et ambadimentticcspnide thpabe prip0a4RhiNqhies doh@it explicitly take
. enmbodi ments. recogni ze that the prior art techniques do .
intp) reoHp| %ifﬁ?tyﬁlﬁgﬁfée VRIPHIISE CoURE SUHACT X@vet NARY phen analyzing the

pro}bﬁlﬁ%‘% lof S FacRwavB toscﬂgt;r%glfshvﬁﬁéﬁ? $rotiPth¥ dBHRE raNR iy%hcgﬁr] waves. Thus,

e properties of sur e waves to distinguis
thef proom drheproteshert FIGTURIE tli mey padyrnwadematefhinssupptessipg isarface waves

art .apprpoach of FIGURE 1 ma rf or.m ade tely in
frof s RGBT s TS B NS SHTEHE 4t A0 ALK thy more than a
smelpereh@bé 8¢ 110%,)0fAL e pRrichAage cH‘@%@Sof(iﬁe B@facéal v ed¥elocities and/or
nore than a small percentage (< 10% . As the

dispensivanthatpetetivagrgevanfthe hervey pfcadwcomese layedroell of ¢l prior art methods
.andlLor .di spersion _.characterj.sti ver .the survey area .
wiflSUBRE SR BRRTR B oF St Trabn S rSlRe in oy

apivkingite fre@BVALINSS ISOEXAC twasBaraadloer haaing® thofsidnaBtof the body wave
spatial variability, resulting in only approxi mte

reflestionsdredyeing theinseeng @ gneditying thamhrsegnd Rapditusis specia)-

the body wave reflections (reducing their strength or

[O(fégrgi f Emgdﬁakb%]itsr alRy) ?&%éﬁgg ﬂ%'fﬁlriio} YAG e SRGSS %Ztli%slquﬁl’t‘%omprehensive

odi nents al so recogni ze that prior art techni ques
andigdis e¥ sutthatwaoenpropbreins iy oaoadrys sndddr wuecrt@emomave be performed.

1o B e eb S Uk S0 Tl R RO & P st
loc@N&hsy S O%hekr A @DidudBlaBerhPetPEIRRRIEHARStha lshAJve WeseduBREE By acquiring
| ocati ons. Ot her techniques attenpt to characterize

auxiheryghedshiomentsascesior £eareplbySabaenitrAprgicatiodi POQH§024990 Al to Laake,
WGEESHTENED 5. 208, Lo, XPD) .S £Bl eife ABRA SALLAR, near-surface
characterization from the data themselves. Other techniques, for example US Patent
6,266,620 B1 to Bacten et al., which is hereby incorporated herein by reference, even when
attempting automated detection of the location of surface waves in a seismic record, only
contemplates determining the minimum and maximum surface-wave velocity in a survey.
Other techniques, such as US Patent Application 2005/0143924 A1 to Lefebvre et al., which
is hereby incorporated herein by reference, attempt to estimate the entire dispersion curve,

but only for a very small spatial scale by narrow bandpass filtering of a very limited amount
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whi ch i s hereby incorporated herein by reference,
rat her than extracting near-surface characterization

w0 e@milzdael dat a t hensel ves. O her techni ques, fRET/US2009/032013
exanpl e US Patent 6,266,620 Bl to Baeten et al., which
is hereby incorporated herein by reference, even when
attenpting automated detection of the |ocation of

of gbﬂtﬁf 9&?1a¥"?oVﬁ1%rgeeBte%hﬁ‘éélS 85&%85195; ,;{bmal’ F%Ilqémbvﬂtrﬁéthods such as
etermn maxi nmu Pace- wav

"Sp@trabAhgllysm od Sﬁtfa(VfEWaV& t&mswecmzauem S. E(UJQEM)aélnLiﬁu determination

Pat ent o 2005/ 0143924 Al to Lefebvre et .
S m@[@epfg 4378%%1530%% BY CHEPESHIEYS b &ﬁ@%‘eanafiym-of-surface-
Wa%st SEMba @h@sﬁlbﬂ?tﬁlet@ﬁv%f@l BF TELIRENIEAN AHEHKETeOP " Multichannel

for a very small spatial scale by narrow bandpass
Anlalylstsle Swyfagé Véawes r(MASWn)‘t byj Ghoou 3. dfarld Righard i Makert banghai Xia,

an%l\gtﬁ}agﬁm o hg&cf ﬂ%[a E yssgsg Csm:ftg%@ %ﬁ‘éﬁ%@%s%’f) active and passive
methydh 2CEhVBYRISn | BARWY T'ul{Nanay (Jatlli‘uarys 200D986015):6010%) Siht Wisclosures of

determ nation of elastic noduli soi | dep05|ts and
whgfélxﬁéﬁémebrs y@pmatwb:s préeenes l\émaltlyié thesomethge$ aitesneive snvert for the

nea'& ?19196 s%& ar Vetloc“:fs’I g'ﬂd) EQ € Paltt%%]?anne R}&ﬁ s&%acg oyaves. Also, these

ustin,

mefhadb a@@sﬁ%mu{( NESYCd foyanely@e thdBscidnaic l@urfﬁite!:ﬁa‘fdi dad not the seismic
Ml ler, Jianghai X a, and Julian |Ivanov; and

bodyavieshahheFioanailyai sagel sumpling ralay &¢ (Natsyytham thespein typical
K
ox gD S IS g B R te P ARRSC S (% o

are hereby incorporated by reference. Note that these
[00a#51 hodfsntmiliraenps of tha imveuntionf aperathdo retanats uhd apagiaipeariable velocity

aloRE (B ke A E0wbte Rt TR Pyl Tl o uae Ty Sty variabte
Velgel (4 @cé@ﬁe%é%‘ﬂa@ecﬁ WhhRSE MAVRMARD oﬂ@&ad&& §@F&B1 Waves and/or

y waves erefore, eir spatial sanpling rates
dlracrtéutfa@h‘éavqs hspossivéss eThlensptagl@iiwaarlaéi@p‘remCam apalysie |ys€mi$local surface-
Wa?%rgﬁqg% ﬁ:s%l{'\;egloa?ga? Iﬁgem 1%a?lxtsluo ﬁgef ‘6’2‘?’621{)1%%5 a% group velocities at

cadhS$pafi@t lacattfd)ﬁ spRtdnalykiy ay avdrabbitiveli® et suralyonigl Kdve correspondence
direct path of surface waves from source to receiver.

to gerlegieH and dppaaranhical featirah pE thpetupsytajcd, @s avctlasdiaaing correlation to
oth%? ¥é1££@& gg(?ph?&glﬂr ecaf%él&% LAY Heallyagé ’s’t*aﬁ&f eﬁgﬁ&{ﬂ%gﬁﬁ note that the

surface waves 1s
uses pﬁtthal duyfavamiaad | peopeetiec hid/ tmﬁlc};bﬁ‘e@o}&dﬁ@dﬁltérﬁ@lcriteria should be
ur f cemave properties for the survey area,

dﬁ%ﬁ@ﬁ qQ%ﬂ1P9“§@ﬁg%5§0vae phase and group velocities
at each spatial location. The analysis at every

[0048Fat | GNGURE e @epickey %‘x’ohéss h2oee 16 AhiiRaROBHEREewhs according to
geol ogi cal and topograp cal features of the survey

embo@alenasof\/&bet invalstldmavTh@q)romsss sthiis W@lh one oo teee sqighigtregprds 201 for a
ers.such

e O S i cal
par%% BISAERY %f tgfegpeﬁ}ft SCISTUC [ eggrdolgla¥ ﬁeé crsea‘i,e?i g)é/efao\xé{%mple firing a shot
of ﬂﬁﬂ@ﬁf& oresbanbg theiuifacobf erpanti MY phi-dlice oF Behs6fsi Ib&ftédon or in the

surface of the earth record the waves from the shot. In block 202, the records 201 are
analyzed at all or substantially all of the locations in the survey area, which creates a data set
203 of fully sampled surface-wave properties in which no interpolation is necessary. The
size or granularity of each location may be selected based on the data. For example, the size
of each location may be based on the size of the sensor grid used to form the data, with the

location size being set to the closest spacing in the sensor grid.
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different for each trace in the record. [0046] FlIGURE

2 depicts a process 200 to mtigate surface waves
wa@ewonzidng to enbodi ments of the invention. TheCPUSWeHE32013

starts with one or nore seismc records 201 for a

particular region of interest. The seism c record may

be created by, for exanple, firing a shot of dynamte

Vi b a u 0

0087 o SR} R T Bl BnE AAbine, Pl Bbdrkin Furves ot the
loclaﬁo‘m;r dWithethisadees 203, ahe lpi't&essht(hbn dbslgﬂ[ﬂ Hiedein0& tetid € separate surface

rec 01 are. naI ed or..subst ant.i al
Wayes 7%0315 S v Dok 308 &%@W the dilterip crferia AEcy iy%ge%for cach trace
in %t &P §ét 2033 Bioct thJl Yess BB §dcBYf ﬁﬁllgesa%‘f&i RItQRE $ht8Sa 205. The
n which no interpolation is necess he siz€ or
crl‘@rlarilOIS as iltep appliehtohthe octalrdsﬂﬂlnayblbek 2@6 eacmmgabfa&lecﬁutface waves in
ze, of .ea ation

o Py St & B e, BRuori AR oBBRS L ety ot that the

andIP@s IBFRGUREL Dist frgfor@ed@tht AN of ket tRELING a B QF tﬁé)lotsﬁ\tfbns of the survey,
cl osest spacing in the sensor grid.[0047] The anal ysis

su¢hnihal eMsty slare Wpﬁiw:fgpatuh@ thelcoidictsueeyarelldibs parlyreth To obtain such
dat%u 8/8160’31113{3l Enhatnx salé%o%sa are ﬁf’fac'ﬁefi at Enany (po% ter iltgl %% T e%og ?ften on a regular

grla utftaee a\i\@MMmfgrs@mdﬁQ(ﬂb/e Ay &8 tlhd@e atas kha&% inthgotatéd) @t the analysis
the filtering criteria are correct for each trace in

mayfacus pnapreastwigpghotsgbufdle s20$-esul ts in a set of fully
sanpled filtering criteria 205. The criteria 205 is

[O(frérl:sf n P@G@IREﬁﬁA bRd ?Bede{aﬁg Qﬁcgﬁerﬁo%tﬁ'sg]?)m RGHKit éc % gﬁace Wave(s) according

igate the surface waves | e I nput
to pmbddmendatfah@ Wemﬁld)lh ¥he pyatedstaty Wik @nvav esore PSbISEIC records 301
that t anal s rformed at, al

forg fer S T Rhapl 1 Erebhe Thgelar SR8 e Pecisnriyiisterdios fhe spatia

Vartizhﬁl'itye(yfeﬂh}é s%@ﬂd&& eva'i@scﬁi URI rcB@ids 301 By eroRAtbkQathtd Y8Minant surface
woul d be anal yzed. To obtain such data, typically many

wasenudes Zhis idckoentraies srashpwpdh AIGURE K2 distkrsed befown, The output of
on_a rgrid, If th are m ssing sensors,
bkF%éﬁgéian?%?8?ﬂ¥§1 g?aggg%gyvﬁgcﬁ%terpolated, or the

anal ysis may focus on areas with shots, but no
[0081ON s ATISUR O A4i8picts| sl Remphs 4000013 depige tsudai-Rave group velocity map
fErocess 300 to nitB?ate surface waves accordin
0

t
geicerrasiOdthat re %b%moriwd bpHlogy Y2e PNots thyf PIGUREH shows that
theMiFvd raréﬁoéxﬁlﬁﬁ'a%ﬁn o%gg ll(g%%aéloﬁ @'ut@?cretvézagf‘élp%pertles

regi on of interest. e process
characterizes the spatlal varlablllty of the surface
[0058Y e s The prdvesy ecorthis a@ﬂagebg(roup oskctpmapl 303 tmgdcd@mimfaitt block 304

syrface wave nodes. Thj.s. erates as sho
gl S5 et By sl Gt Ao BRI SoPPRIGRR Besk P Note tha
in @adﬁa@b@&l e JubRc@vakagsloditiRsRay 8k ASiunYed ORI atReGUastant, c.g.
4 depicts an exanple 400 of an average surface-wave
witrot g O%evasiebtlyy, figpending on the frequency, average speed and other factors. If the
determination is affirmative, then the process proceeds to block 305, where the process
estimates the local dispersion curve within each sub-area using surface-wave data 301, using
the same method for estimating the dispersion curve described below, but in this case only
applied once to each subregion. Using sub-areas will save processing time and costs without

overly affecting accuracy. The output from block 305 is a collection of local dispersion

curves 306 for each subdivided area. The collection of curves is then used in block 315.
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of the survey area 303 that woul d be produced by bl ock

302. Note that FIGURE 4 shows that the survey area
we@0oh2w81 a conti nuous spatial variation of suP¢EHUS2009/032013

wave properties. [0050] The process uses the average

group velocity map 303 to determne in bl ock 304

whet her the survey area can be subdivided into one or
[Odgi[)e IPfﬁQ 'd@’{jeﬁﬁﬁla{i?n 9% l‘ﬁggk %%‘i‘s n'égétgf.eE fﬁ@&mhé‘ 'bheclﬁﬁllg survey area cannot be

Sub-area the surface wave vel otities can be assunsd to
suliakvided aito ety sabasaamtith dstinct Wotddanes; tH0the groakd priotytds to block

ependi on the frequency, average spee e
30%%5%%99 PFOERGS@RY &rWDHARSCSh CPEPATIPE ﬁﬁﬁ%?ﬁ 339, Mrﬁlh@nd 313 to
deRFRME R AEREESISul 0 1Bl gpa&f%@%x,}‘/ﬁséﬁioh@@tlﬁrsgfésg:gﬁegion.

estimates the | ocal dispersion curve within
sub-area using surface-wave data 301, using the sane
[04781 hodlheotubemoéasatbicpigs timdlaikspr by parfouning UPsautpdserplation of the

el ow, but in this cas nl l.i n o0 _each :
sufffslyeottounaeleg BAEFRR M ARA b T SR AE R et coretation
len@fid o @5t Sroup LEl6LiticOMET-Dyspatd. EBIbLINFORERUNES Y. scl BOB of 2-D correlation
out put fromblock 305 is a collection of |oca

lengthsp Doty at & us wessnedghessreosighaion Uensiths 3alse eeprespRithe correlation
I ' i s At sed i (. :
i SRR PR R APSRSE hdeTLger ot ndow size
fort that artahiss iir beykadda OFindoty kiecss Lapghrvihale dhésot evharchewvlengths may
sub-areas with dLstEnc} bougdaries, then the, process
onguBteE dergC tBAH oaRE0Y, 1obe &iSpHEIBr GHBGLS dPafler & e noxt step to be
cofiRIBl ST FOTRD LIS B SNL e Pl PMed Wbuld increase
pracrssy)g tirocand aosts. n t he survey regi on. [0052] The
sub- process begins in block 307 by performng 2-D

OS50 LRl B8R Ul AR o A orion o

bloeRrI0g! Bt dudicdedlg e Hapt 400 8f PLPURE! P&l DilBSpade. 2N8ke that map 400
space. Bl ock 307 produces a set 308 of 2-D correl ation

could gt vs sulistieidechhgcause theregiunme dub-fredans cuirarelthg velacity is constant.

Thi§ ”[gé §§oc%958b@%§sogée?€ﬂio%%e&{ thg @Eb-g)%cre% 8 B%@ﬁi 091419, 811, and 313.
surface wave properties in 2- pace, “an ence

Frore phelsein tofamale $00 athcecortahdiow I8hgt@s fobrthd Rerfaraly&i sropérties can be
W ndow si zes | arger, than these coherence

bl ock 311. ,
foqné??étbﬁé‘ﬂwt@ﬁ ARG LY By tsEpesely avhem? (aisortelagjon gireshold is used.
No‘i@ﬁlafj@d@}%qgt%g%ﬂd aRbh{BLEHhe %ﬂ@#&ﬁ?ﬁ'ﬁﬂﬁtigﬁ Xh1uS [d8dhstt8 0P from its peak

consi dere ocal property o e surface waves.
valgoaf 1 €r w ndow si zes woul d i ncrease processing tine
and costs. [0053] FIGURE 5 depicts a correlation nap

, which is e.result 308 .of the pperatio bl qck .
["@88 t‘ﬁg%{e‘&sﬁtoﬁ"%efhﬁts g'tpP‘i%CG T&%@EPCS?‘PW I&HQCQ3% thyt %ete“mnes the
2- Rasfing Mah&ow Rat IRMoADQispodlod ARte BQisitmdiaMbdefrred to as "beam

because there are no sub-regi ons where the velocity is

foroungt ahhe resuliss onherpnercegdudseyidndenopeg shd wirglopf sizpe The running
WiI%&JOQX; BLO%EER stfe o?lt19605§) grggy ué‘)’e(agfbr gél'a]m foarﬂlqng’ %‘nsblock 311. Note that the
running window size ideally would be identical to the correlation lengths 308. However, the
process may use a running window size that is greater than the correlation lengths if the
spatial sampling rate is much lower than the Nyquist sampling rate, or if the beamwidth of
the effective array formed by the traces in the running window does not provide sufficient

resolution to reliably separate different modes in the beam formed field. In other words, if
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From anal ysis of map 500, the correlation | engths of
the surface-wave properties can be found to be 400
woreaoeng40r) and 200 m respectively, when 90% PCT/US2009/032013
correlation threshold is used. Note that 90%threshol d
means that the correlation function value drops to 0.1
fromits peak value of 1.0. [0054] Usi ng the set 308,
t ' t
the SN BES SRR AR AL RRARHS, th bibubh iy YLD form an adequate
estthgpelThuw mcceasing tstvinmtatv sre, is dbsableef erred to as "beam
formng." The result is one or nore values 310

108550 ° St bbPodter 5 oRiA Ry bl SRt PR EF afch using one or
ma?é QQB rivdning WA @ vishBlvide @e Neph A9 s a]}ﬂé QM B  Zfe 346 al'['h)é seismic data

woul be identical to the correl ion | engths 30
wﬂlhm\/@a@T windaev ps otbets yseda;fomgetlraatmmn af dgcalvl \efowien zsgrves within the

.t hat is reater re at|
wildod oo df Py PR 0E SOERS Sk gty o« cach (o)
loca @b | Tige dashersiodr clidved Ren hRarorndl Mbyotrahdfermeihf e@isnvie data into the
array fornmed by the traces in the running wi ndow does

fregegncprveyicaembif dandie o freggicytnhese slewpessi dompan,sigdabyadetecting the
f r e
peﬁés &/ﬁﬁlﬁ%t H %%%n%\t/)v&?i: \x}tﬂg%ngslf&a F“%Q \{?gﬁdlrg ﬁlentﬂe&e?nlgl Jnng{getlc. While
trahm”oﬁmag ghtasiutovey ftagacesy-wovehomberadorade il éoesdifftedne azimuths are
Thus the wi ndow size is desirabl.e
%P@?é% TFoqken, éﬁé’i‘aétt]é%reéFISB& offal S@W@Lﬂ&pm%ﬂ%%c]twely satisfy

I r n [
the It?gclpﬁnéé[ St\c/l li Etg‘%eﬁ%g o g’élg ggs )@/ar%‘t}d ft%@ il le\'%" Jr9R%Rency before
thestedns foirm tdéncaea/sbtt]lrd mgmﬁﬂdn—nmsn aiaiw il$ cbimemntmedgeftbasr data, meaning one

sti,mati on of | ocal rS| on.curves.within t . o
shefiih g TaRiers gL EREARER MRS A Stk s dihe spsivers within
theOfindbwREE ﬁée@rfof?b'éa\/lﬁ‘érrﬁ% eactdniion-tedeREAh@Ring 1M receiver and many

di spersion curves can be formed by transform ng
shafeite ghtbedata arqugedt halyf the duescyt havsdntsmyshindberaiindey are used. If
oSG IS R L R S o AL AR 0k W o s
togRttRr 84/bhd Ialr@atehﬁtyga BRNGEd,i Both Wi dhetstandnbé aichive8 mdad @ be within the
into the fr e uency- wavenunber, domai n, data from
wiggo¥. e Netst thatzl? gl BAE bﬁ@p@]@&v%f@@ch pkthsidi@ent modes or velocities
of g}efs Ff%éles\g \g/e§g\g1ttl§]§%u11v?%g{n%j3%&dc?@foq Eﬁ?&oag{?{dggl%gﬁs%ach location.
The seism c data can be filtered in tinme or frequency
[04561 or Eorthmirtgr wiih filor eranplé of FEASREt4) drosi grapISOﬂpthn cmmey area would

ratjo. |f c - S gat her .data, .neani hg one
be il v S 300 T 204 sEaPrSE FSinifit SO, ige dispersion curves
of 8R&hIBL of ERRIBAIQS arbh8re  RGRLIEELS afal RicBriAdIEr MARAPRMNRIE FIGURE 6
used for beanform ng. |f common-receiver, neani ng one

deplet@ eamv@qanmtﬁdWﬂan@a dhaonprined gﬁatChéIZ tathe frqecnyephaso sloyvness space,

ho%hse S\/gllstch r11recor(‘ie (s\?{lo{1 019 Foc3ler léa‘? %er) fjrorn one 2-D

Wthh 1stc{e?1%g(§ frorn ana(:fym
spatial running window, where the dispersion curve can be estimated by automatic peak
detection. The line 601 is the peak of the beamformed field at each frequency. Note that
curve 601 derived from beamformed field 600, is for spatial locations (x,y) within the 2-D
running window such that there would be many curves for the entire survey area, one or more

at each (x,y) location, as discussed below.
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super -shot gather data, neaning a grouping of the

recei ver traces fromnore than one shot together as
wop@hauger entity, are used, both the shots aPcr/URm®09/032013

receivers need to be within the wi ndow. Note that

bl ock 311 may be operative for each of the different

nodes or velocities of the surface waves, with a curve

R0 BB 8 ) B 8B oo

mudtiplé commmoap c&OGsr, tndipdeluey-shoteandimuvatione combihatiormbest one or more

into 400 m by 200 m over,l appi ng nin ndows, . .
Comﬁ@noﬁhgtpecpg}%w EoGPYES B SRETA i 9%%&%% Q).%ladlsperswn
cul"% eesﬁﬁIa'tergaileld of¥ el @eréts%?\regn&ey PRAM RN IWABdow 1|s drnoved with

GURE 6 depicts an exanple 600 of a beanforned fiel '
suﬁﬂ:@nt vt fo egtencytiphias efsthovinedsdispasen avnveshati different spatial

derived from anal yzi ng . th esm r ecor
oy v Ebd HRTHBrRLRL AP sheSTitis Bbdont SR kb RE Ry the spatia
redii@iRyt drethdi SRAiS ida. CWIKE &dihibela®sShicmmatiRe spé’rse for an exploration
autonati c peak detection. The line 601 is the

SCisINE BHEEEH, & @r@@oqes%pﬂeratesw&hafmmﬁw ovgslap QfﬁFéi% in cach spatial
dm%‘uilnta l%??VlgeS su¥ 01en(tl)ry minbyecﬁ%g%: SlOI% gul'Vi g%lmaqgs for avera%rclj%

ocat'1 ons runni n
such that there would be many curves for the entire
[0058F veYhaneadtiplorstimitesof eheadisgadbn Curvyy 3D dathico ra,velaged by the sub-

di scusse w. [ 0057 | ock 31 repeated. to for
prod:ﬁwym f)(ﬁ@?ﬁ%? rge&phép%tla?éoc‘gﬁtlolﬁu |Etl§)céq 3l £Eﬁ§ﬁl(%msﬁé@t 314 of averaged
dls@’éus hpétﬁvé?songﬂTQ&hr gﬁﬁ' Yeehtiod™! THi0ls8 RUBRA- %th BB &5, Further

arious conbi nati ons of one or nore common-shot
pravossirgn woabkiflatien thatdpsupdar- stodt @fathkessfaco x@abtealhy mangval of the

disp R oy P BRIE LR i e o eetion. " ©

sufficient overlap to obtain estimtes of the | ocal

[00595 PeCshtaiitUivith ShabxAhilé oF ENGURPAM, 1alng 186 AlspeRfon clitees, e.g. 600,
overlap regions of the slidi g(g wi ndow shoul d be

forqeredpprtipgtinpingt wade s picalveraged aickenk yrasil tasatigrefosabitain the spatially-
Varg/ﬁ}ﬁadlsﬁ/\?sq& EGLEM G HR s?lr\%&edr{ag&l%gﬂ%%s:g Al So1luRE toiagls%:rtﬂﬁn curves (v,

Ion selsmcCc sur €SS opera

(x,8.1; drs etloaity \ue 0fdectiap odf(x,7PY%datioeanl Batns/ f)d OA®icach individual
and provides sufficiently many dispersion curv
freegﬁtq%ﬁ &P feragrmgt Vf[l@%é’slf obREncayys (X gble) é%qu thaftteg dispersion

Vo p Exbt &1‘?1 ‘t%' 090@%% 90 ¢ Erlég%%%?/ 312 tfn%;h!léq@ tha ?\{%V@ g\gﬂerp ¥t i rh‘?ldelrstood that

process I n or each spat [‘ocat I on.
fre@hemck 18 E@nstams ik bazchj ma@ FEGUBES M aa&@Ba@mbt@mmpkes i760, 701 of the
ves at each | ocati on. 7\5\3 set i.s then used

spaRl T AN 5P dhsyes pito@es diffsEenfdinancaics, famelypmgp 700 is for S

HeP2I(Hy Fildahafroeieisqbr I(hﬁzs Wot@ht MR KeDs A¥pit CMP ¥atircQfcd dfahe survey.
di spersion effect using Eq. (2) descri bed bel ow i n

Fughapetathabmape00rend gt renexapds9if ttoattipntd Wyofablobk 8A% and there
vvoglggbrgprlngreorLapEIfg%J cli_\ilf;feﬁe’nt %Ir%a@e%c}ers].e di spersion curves, e.g.

[0060] The process in block 315 uses either the set of curves 306 for block 305 or the set of
curves 314 from block 313. With either data, the block 315 operates to extrapolate the curves
over the entire frequency band while following the physical behavior of surface waves. In
the low-frequency end, e.g. the dispersion curves are extrapolated so that (i) phase velocity is
a monotonically decreasing function of frequency, (i) group velocity is a monotonically

decreasing function of frequency, and (iii) phase velocity equals group velocity when
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for overlapping running wi ndows are averaged at each
spatial location to obtain the spatiallyvarying
waele@parEdIbn curves over the survey area, creatPeU82009/032013
full volunme of dispersion curves (yp (x,y,f), i.e.
velocity as a function of (x,y) location and frequency
At each individual frequency, e.g. frequency fo, a
fregﬁ& g = 6' Etlyw' ﬁg{c 'erl)lﬁqs th raﬁé X%lg%)wheftq§ Ené\bﬁ‘tm the art as the
perS|on VO an be obse one frequency
Aigy fthiase vasalby Oraﬂiwfoe\surfaldeeﬁaazes in explomden sdiooid datvatind the Airy phase
. fregyency IS cons%@r each map,. FI GURES 7A and 7B
s YebbiCHUERR FPITEYORHOS to e BRVHEN Sh4 GOHY SSREYY qgrve. In the high-
frefhTRETHHOR o YK BpBbioh bl k! GRlapdLRAUENALEH) JHATEWYiocity is o
p 700 isfor 5 rtz (Hz) and map 701 1s
rnoNotoalanat detch‘a@smgp&mdgp] of frdyecmayt i(rig goum Vo]focttjh dgs a monotonically
rvey, urt not e and 701 are
incBSpE n i el rnd i Rt vin W esd GniP Frlarey asymptotically
readR W JsaBR VEDELasBRfuch&f %_ s ftd @Ry fm%%f' fre@soncy @GR the frequency
The process in block 315 uses either the set of curves
rangoabpwe thsl Ack PBAS:. often HB-256lz dér Bufege svazesint exphomplion keismic data.
Thgo t u‘ygﬁ(bq & iH;lgels adsgtt?m otftﬂ)?oa%l andglléal (aps r%m%scu}*v
Xt Pa e e curves over & ent requency band
mhlle foll ow ng the physical behaV|or of surface
[0081Y es . THenprobss |thwi proeedsnoyuse rtbe beoag. batnldedldpaapem guoms at all (x,y)
curves are extrapol ated so that hase vel ocit
locatipgsn OQ%YG@HPMJF &he eus ﬂ&‘yflﬁﬁwéﬁﬂ("ﬁﬁ gfong ﬁ%‘if&l@ﬁ &y 3/(“? cgloulate the

phzgs qgrpne Vfed %ht%glr@lt?? AR e ﬁgéeg% lﬂ?{om A g%éﬂ Rodcuhot {s0Bcated at the

quency, phase ve equal s group
same Iog) {or t\lvherncfal‘@u]l@ﬁwy Whose @cceiflwe 14 bwafedergubatck,y@hd Hosvever, this

i S own i.n t.he art as t
copff ael TRRE il 1 o kalo? of PRy MEatisodds pieslifarisns. because
hawifiy $HEnE aflal @ocaa&g 41108 sAhE ¥alRNIaG6h bba dhaR tFRUMRAE Hifferent for cach
corresponding to the m ninmumof the group velocity

tragqimvthe shai T@Ch)éd hiifpfnebvleriby pmdss ip tle presant mvgpfetvtsm@]n proceed with
blogﬁ?% 94 fmcLs 1{191? glgr}aa}englgal chtfalrl]lgé 1&18 ﬁhs%]?%%s% c\éﬁrlg%%;t fulnlc'?on of both
sogtOun ﬁé@él@@ﬂ ﬂo)ﬁltio‘ﬁs itk %ﬁth@ﬁ{ﬂlé’ckl NG eapiodged A5 Bl ®Bf dispersion

of frequency, and (iii) phase velocity and group ) )
CURYE} BRATORIIHS PRHPIJEorRAE PaiE-hBlagkps 1y an@gl%§re described in more
fi b Nyt ) IS
ool PP ROH AT LRI s, G DA SRR RN S o2,

“SifadcoWastl rl\ﬂmgetuwaueSpatrallgxmhomagemnus dsia’c Hﬁicassm'gwet block 317

. outpuyt of block 315 js a set 316 of .broader band | ocal
an&r‘g%Leha&n@neaeE rt{Ags .1 [th%)éalfm%@cado@e%g Eh&RSqsate el igne for the
dlffb?’@nttrﬂ@deg’ 9% fande daspar édc‘l;lrfréﬁld&’{é%fs T"ﬁusafdr n Xaurce receiver pair,
 ocations. Conventionally, the curve may be applied at
theosreesnlno catdrd rdyprmycplly chesdes thatdesptisenphase byerath arfdgrating over the

g Btgteel bodagpisy e SRel iy tERACRE as cach souree

rec%%?&;é&?ﬁa\@ﬁ’g hesssvhose vél@@i%l' Y&e4 ﬁin@tléri)@iaﬁr&ﬁleﬂéy t hat
However, this

[0062] The data 318 is used to mitigate surface waves in the input records 301 in block 319.
Thus, using the process 300 trace by trace dispersion correction can be performed for each
source receiver pair in the seismic record, and thus can be applied to the record to mitigate
surface waves. One manner to mitigate the surface waves is phase matching, which flattens
and compresses the surface waves, such that the surface waves can be filtered or windowed

out of the data without degrading the signal of the body waves. Other ways of mitigating the
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could not make full use of the value of having the
di spersion curves at all |ocations, because having
W@ b@git240ml | | ocations allows the cal cul ati on BPET/EHS2009/032013
phase termthat is different for each trace in the
shot record. Alternatively, the process in the present
i nvention nay proceed with bl ocks 317 and 319, which
sulf V%Sal:ei b Egs%ﬁh LOGmdl Pe%a? @0k B%%%OR%Y fbcal tr%nsforrnatlon as
unc 1on O source an recerve Ions Wt
dlsbinsﬁe(g atlber Tlhsl m&dnﬁg dytat320frap dess @ome etm StiBacefwaves and thus allows
ers on c rves r e for each source-receiver
for erm§3ﬁ§%@'@fyﬁgﬁ§£%ﬁ£ g? Ye%Cri bed in nore detail
with respect to FIGURE 12 of U. S. Provisional Patent
[00‘?59[’I 'PQGUKE‘S h@plCl@ 1h Q4 gmpid 81)0 of %Hésfee}ﬁeﬁcﬁmg’ BsilYh ttﬂcgtﬁit LRQ)f block 106

in Spatially I nhonbgeneous dia". Processing at ock
of BIGUREvL Inm@lyhfzhv infgrpedaddd ﬁk@rm ¢rifeih &0% eFKﬁﬁJBErSetsoieaved from the

as trave different .
cof O PRRE & ie LU SR PublE by ol the enie
rec@ad: NFESIURE & deﬁc&d ¥igpergiah corrédiidnS 61 HidsE nia%@lﬁﬂigj for the slowest-velocity

dynam cal | anges the dispersion curve by path
sutfdpe avainadg iptherrceard. Mot igewn N avith paps flaperipg pothe swidece waves.
frequency. Note that this may be viewed as each source

[0@6@?@8@&?@ Peﬁl@%'aﬂ%xéﬁﬁlgg)gg]‘?)‘f%zﬁ%s%gﬁéghgggEil}{g"fl?e Sh ut 318 of block

ction requency use
317 tHIGAIRE Swhbevs elispaysisn corrddions opphascematching 301 thenslowest-velocny

ock 319. Thus, using r s. 300 trace by .trac
Surg‘?cgp“éarV& fBﬁd%’élrtiSé?“i% EL&SB\@ 58 ﬁi%}VﬁgdlSP&runé% IW% correction
thakt @CEIt YRR P afplich 16r SROSPACE ifi BEOfclord@Mofe s H&BuMPe waves 900

applied to the record to mtigate surface waves. One

exhrhnbetter dlatricss gt etlglhter mord emginnansesavedet fraas¢o-trace, €.g. region 901,
mat chjn whi ch f.I tens a resses the surface
tha\ﬂé{%%%hegﬁgﬁcet‘ﬁaa‘fe ip the gt E glggggsgecan be filtered or
wi ndowed out of the data w thout degrading the signal

[0085] t NEIGURE VR deSicts Ghhaampiy 5000 ofihki cglqidmg‘ Bléks ¥ aCBIGURE 1,
waves can be used, such as tine-reversa

namelypiigadataivich speeen wavanstiesad i 199, §§GHB%cﬂlgsléddeﬂVed from the
corgs%hﬁ%al EQ%J&&%W%% %Z@It%}%ﬁse{gie(ﬁf'thg Ohs& IflétBﬁEh% of FIGURE 8.

urtrace waves an etter analys S
In pI@CRESI N guidhcet eveb aetylainai else d§td@68ie tbp GURE Bitthapor tkndow 1001,

an exanpl e 800 of phase natchln usi n t put %f
begaug pur WEVeril O Wa5hR| %pnf eyynqegpﬁgq? gpg gome of the dispersed
surffdde tvivie 8L Sﬁﬂsfd@ rtl'leamgt%tlog LR BThS mitfatiyf %ﬁdd%&fbvtab Rept narrow in

conventional nethod of FIGJRE 1 using a singl
ordee &s omalvhiec dhes péeciodrthe windowWiog anhthe ehotly rveaweedaw d Of course, better

El GURE 8 L.cts erS|o correctl ns o
subieesias iapic ol 3O EUReGH SOy S 2w SlapR o miisagon step in
FIGORE BF Q'I@{Vedél@ttﬁlsr@&ll@ rinﬁ@ée ﬂio?é']b@d%oﬁva{fé aith eRitRg nﬁ’tfl%atlon window
t he surface waves. 0063% FI GURE 9 depicts an exanple

an@@i@gr@de ﬁWa‘séiyrfmvﬁhﬁHE@alu enget e rowdts wuffen ooy thig| teagikoft of surface-

7....Fl E hows ion corrections or phase
waye {m‘ﬁ#atl%g I?or b%dsp( avave é)\?\eeséf{r%{lglil ocity

[0066] FIGURE 11 depicts an example 1100 of the output 320 of block 319. In FIGURE
11, surface waves have been removed or minimized in the data at the top of the mitigation
window 1101, because surface wave dispersion and spatial variability of the waves has been
accounted for in the process. Note that the mitigation window may be kept narrow in order to
minimize the effect of the windowing on the body wave data. Since the process reduced or
removed the surface waves, widening of the window is not needed. Thus, the tradeoff
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surface-wave node in the record. FIGURE 9 is derived

usi ng uni que di spersion correction that is estimated
waeaapabi ed for each trace in the record. NotBCT/K81009/032013

the surface waves 900 exhibits better flatness and a

tighter nore continuous wavel et trace-to-trace, e.g.

regi on 901, than does the surface wave in the record

[0 ' : . : :
b R e E et os g S EPRFR AT L Epgh e prioraris
avaldtd imithik psetefac Noravies the tviegahledxid QRpick @dREantOthicshorizontal axis
derived fromthe conventional nmethod of FIGURE 1 using
depjcipitiaeePUBAYEd on t he phase matching of FIGURE 8. In
FI GURE 10, surface waves remain in the data at the top
Rapfd ¢H@adiiriFa884 bPSurM RPN 3001, because surface wave
di spersion was not conpletely renoved and sone of the

di spersed surface wave fell outside the mtigation
[0067hd oW stathe abave Beltlpein3W. Heroproorss charpetetizes temwsriatialovagiebility of the
SuIIfaCGmWn{’ %Ile é@ OfI'aSe%bBCﬁy OeSS \@IO gﬁ% %O%Hnéf{a su??agé{ wave modes.
wave course t e S ur ace ve m
Enﬂ:@dirtﬂeﬂ@@ eﬁﬂi’ld: augid tharataeatiog of narfatshdave Ipﬂoﬁdﬂ@es in space without
mtigation step in FIGURE 10. However, this would )
rely1ﬁ8| %éoweg@pbl@dgﬁcmqwd andy Gyn PEHRIMNE | Y i ¥nX wh rfdeskrcorrelations.
d e . .
EnfAGR PRebRE PABIORy Bl Bpoa b6 SuplopfidiStihiggy. scismic
stabomamﬁa/temp]reeﬁmﬁovratalnd patjd) 8&6pliky BLRErd d)rdémamfahsgmmde higher than
xan%ﬁl %@0 of the output 320 of block 319. In FI GURE
thogq I flaEe NalesHHave been renmoved or nininized in
the data at the top of the mtigation w ndow 1101,
[00¥8$ 2U B MIrhARE nYRMBatdisSiRRkiR) AR BRdl 8RAdrEBh curves everywhere in the
variability of the waves has been accounted for in the
sunyey teexnputgicnatin antensies. il husgaft thore ane ﬁ@llzrwgmss Hehk egvey where the
surrflacljc] oélx\llelvre]locc):lrtl%t(serﬁ t(‘gonraﬁlalqt Ol’p nzegla gﬂrﬁgta% ftlﬁeglé‘,h% ﬁSé‘.mbaﬁeo goersoge location in the
sub- %@h&ﬁﬁdn@f beeappld tch evetlr flecgionaine she WuBeegiog @hd tdhercfore save
wi ndow i s not needed. Thus, the tradeoffbetween
copy PR IGAANECTT EMBadimsAts e opaiatjvan o lsptengeiragas thak are nearby cach
re i
othterI aa‘hd a?on%l\g? gﬂﬁ%éﬂthﬁgfr%rtft?§ %H'a%lii E%d){?eé %g gl%a? gl?eséuﬁa% isZVr?aymg only in
thetﬂaélahd)llrd:CZlom al thadissande fiioat the sowdce tonthsleresver Rapindt in the direction of
C@ar acterization of Surface Waves [0067] As stated
ra%§ove, in bl ock 302, the process characterizes the
spatial variability of the surface waves in the
[Odﬁforﬁﬁbé’v&&eﬁﬁ IO GRY frleRlchiibt BOMREMN} YL E&?&at@@\dﬁe to phase
nodes. Enbodi nents enabl e rapid characterization of
distartidm pdeeatm Cbmpsevq jueace wasgradanbadiments arcedpgiatige dmcross-correlate

the &%%eg ? glf Ircépxté?e hm Sint%ngon?ﬁie)p %Bgly{l g%ag.nl ﬁm%loéinllents repeat the

processing for multiple shots to average the results. Embodiments form a map that depicts

the local group velocity estimate for surface waves over the survey area. The resulting map
will depict arecas that have relatively constant velocities and areas that do not. Note that
‘relative’ is defined, e.g., less than or equal to 10% variation of group velocity within an area.
The spatial scale of variability is useful for the process 300 of FIGURE 3, particularly for
determining the size of the window that should be used in block 309.
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Enbodi nents recogni ze that this is possible because in
expl oration seisnol ogy, seismc stations are far nore
wa@eiobordand spatial sanpling rates are order sP@F/US2009/032013
magni t ude hi gher than those in earthquake sei snol ogy.
[ 0068] Enbodi nents note that estimating the | oca
di spersion curves everywhere in the survey is
[Omgpm%lﬂi'@l 1I y %{ﬁét? rﬁﬁ' élxeclm TJ] Up ’a océ P%Oa{o characterlze the spatial
sub-regions o e survey where e surface wave
vanailigiof itlessuaffaec wawstt@nctrosmrcomlemtmg adosatigant surfdee wavhenodes. FIGURE
estimate for one |Qqc n.in the sub-region nmay be
12 3559 g0 @Pﬁespg‘?ﬁ% %‘rﬁq 2y the sub-region, and
t herefore save conputation resources. Enbodinents are

[06379? athy otcé’sscﬂlﬂb %ging Qi @ffSohRRGt AliRr @@i@ﬁlﬁ:\’deﬁég& |r;1), 1201

d along the sane azinmuth fromthe s

wheRUF C% th@ Podabigh of e stdassl i‘ SisVi@k YodddoR r&)Ithé fltht R8eciver. The data
radi‘al directions at the distiance fromthe source to

1200R sbﬁ@@tr)%srock 262 204 fuinbtidhef WiuFRCEEerQfffstt GN/&b that data 1201 may
[ 0069] Enbodi nents note that the traces cannot be

be @uppéteqm of the dafg of dhorssisatie secatb2qloopds el hyiresudts toif Gtpck 1202 is sorted
selkrﬂp:ec{a? n{2d3n I\gotec' Rl ﬁlle\ﬁ%cé ua{r% ?OC‘}%L ed%tec%@%gé% tfe &rfmon shot.
Ve to cross-corréla Yr'aces aft er
converting theminto conplex anal ytic signals.
[0@E2bodiTie bscd spiemic tite 120D de saighty fiok Wmﬂﬂdi\ivﬁi evahotpecific surface
to averag e res Enbodi. nent s fo at. . .
waje ﬁﬂ%i@sp&efﬁéatr BOXFT @%ﬁ%ﬂt VBPIEELE {Rodst b ok 1epd sﬁp? &g window is

chd@N &§ b@"sﬁfﬁcﬁ&ﬁl fd\éesY) tﬁﬁteﬁratla—lh@arfaﬁéﬂ loFisfGad®BRaV hlopagation speeds
depict areas t have rel atlvely constant velocities

carabaicaptiead Thmtesuits afdlockNGd i trat-winddvadd datd 1205.
defined, e.g., less than or equal to 10% vari ati on of

up-ve locity, within ea... Ihe i al Ie of
(03P T i winbolisf e E 4205 R FipdBe BRRGreg 6 BrBlae ghe energetic
fregadnicl cbtah@br Yhef Qi fad@ ek &ndadn b kSi206. Ofhctthgsfird@Wignals are then
that should be used in block 309.[0070] FIGURE 12

bamﬁ%ﬁléer%owm|e@er@f:t1<‘afrm1@a@s§a@29@)nqr%% Higrsdgitabq-peise ratio. The
at | a varija ur.f waves by
oulp s TREGHR RS Hilshidbistler ZF 0 Beb) B0 "odes. F1 cure
12 is an exanple of a process for block 302. [0071]

[00-%1? Fﬁl@ﬁ%@@s 12 anFqurH’\etpyt tt\k}% ‘Zégéfﬂ%@]s §§Wlt 1993 bBe F]lgnals 1207 resulting

seismc data ¢ erers Is
frohoilathk 02060 THeHmes 1303; d301shdvs twdhecidmicataben 38F, |rhe) and B(r, |r.:1),
receiver. The data 1201 is sorted by block 1202 as a
tinfeemiodpwnd efd bandpess fikoed veer ofdrést-waNgtmeodeh aThajhmfa 1303, 1304 arc

1201 nqube 3W,ort|on f the data of the seismn h
MBI 201" gosflsmfﬁé afigay, %‘togl 81 BBTk 591962 aP@ e plogg the same
azifRIIS Bt Ge8ld Ml e adiafueh, tdat 5 ldBgrebd BF &Ss 2Fr6mf MENBErBY The offset

detectors detecting the comopn shot. [ 072] The sorted

dif&senegi betveeenghg 203 sfagonoisgifl y. tNefe thagjstedioned FSGEIREa13A is closer to
the &%F Isofullr e %gn fth% %atlon of FIGURE 13B, as the trace of FIGURE 13A is earlier than

the trace of FIGURE 13B.

[0075]  The time-frequency filtered signals g(r, |r,;¢) 1207 are converted into analytic
signals g (r, |r,;t) by summing g(r, |r,;?) and its Hilbert transform in block 1208. The
output is the time-frequency filtered analytic signal g (r, |r,;¢) 1209 of a specific surface

wave mode at each seismic station. Analytic signals can further be down-sampled to
baseband in order to reduce the computational cost of the subsequent process blocks below.
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wave node, preferably over the nobst energetic node, by

bl ock 1204. The tinme w ndow is chosen to be
waedbiizident |y wi de so that spatial variati on oPCHUS08LE32013

wave propagati on speeds can be captured. The results

of block 1204 is tinme-w ndowed data 1205. [0073] The

ti me-w ndowed signals 1205 are Fourier transforned to

O8] LR €155 AT LRGSR S 90041 A5G 1209 o

blotchelrz()baﬁd’hpamss 1303, 1366 aow thic rhdpaiituderesigt |c0rrésrpeqdnag caylalytlc signals
band to i ncrease the signal -to-noise ratio.

8.8 [¥/e dng. @y Bgifd ridjaingd bythe ailgqegﬁg]ns@(maqlonr SNotta)that 1f the signals

1207. [0074], FI GURES 13A and 13B.d exanpl es
are] A4 %(??V%‘PP% gﬁf CSIgRAy I}aggefw ip lf‘i%ﬂﬁﬁ §eR Opppgd for further
proEB?slﬂg Iﬁﬁl%r %Q%he ﬁgt%s ‘Eﬁ@&%‘él%’@ seismc traces, \rs ;t)
2\ 1) time -w ndowed and bandpass

f| I tered over a surface wave node. The |ines 1303,

[0073D4 Far eachescsumie stativs, the emalytivsigedsgi(t, (1ot 1 20sisforanmcarrelated in
common source and are along the sanme azinmuth or nearly

blockd 246 wathganothsy hpalgt_i(g sighalde dl"ﬁbs;fb drane g1 adjagannseismic station that is
source. The offset difference between the two stations

selpgfe@® br alieg thetsame sotgeireteivel ARN@URP againithe wlyiertravel time delay

th hot th h t t f FI RE 13
Lt S P R A R e e Statﬂons where

FI GURE 13B. [0075] The ti quency, filtered signa

@(T):rgr@’i“t) B9 Araie: 06 @erfﬂed ifnt & rga(r)/{l”sef)slﬁﬁna?!né ® is the

g+(r | rs ;t) by summ rs ;t) and its Hubert
crass-seis¢lation pperg’;o@c lelez@gg et emp@lhetw@ntt}hg stations is divided by the

relﬁtbvgetrgve?%ﬁenﬁéllaf : I'I“'h%r ?s th% 5 1¥1tajte of® Jg%ns%ltrfage \x/ave gr(guﬁ),l vélg)cny at the

Speci c surfa

locatiaéd i06fthe Mﬁhl‘;&tsltamoal gniak S)I(E‘cﬁlﬁlillﬂri@%ﬁohﬁe(ﬂ owr- skt stations to
to baseband in order to reduce the conputational cost

obigin thedosalEawu splocibr sttEayeHPHEKES KBIIGWU 0078 F2 fRELRED e that this

blo?cg%%p gro%gg%r?%lé?tg r%ﬁi Qh& oﬂf\l\%éﬁﬁgngl (ﬁ‘i zﬂ 1%é§9 %&%&algnc signals to

obtta hg‘ﬁgrﬂ—:' &e\%;/e gé tr&&% 1%@% r@ﬁﬁ@%\? g%ﬁgl_j Xtﬂf?steﬁlétg(ﬂ Slb: o

transformatl on. Note that if the signals are noisy
[0078¢ &rivdIRipéd dopictstbe spgatadrsof Wackel 310 omtrs dbBO, FI&UGES 13A and

1367 G nad u%c’ ﬁg‘r@{viﬁr W0 H ROl SPSigr. of at fgn, real  signal.
R0 G T B T B JEEL By £ 400k B ahg iy tine 1402 s
| Rt hg{ﬁ' Eerg fﬂéecl{reaerfiss dah&PELE rhe e & S @@%é%%. {pftunication

v &t | By Ve, 18641 RURGLE RGN ne el it by roforence,

H]Yﬂu RNE) +Vﬁ{3lﬁﬂr)} where H{e} is the Hilbert transform operator. Thus, from
FIGURE 14, 7, =argmax_ | R, ,(z)| occurs at 90 ms. The local group velocity can then

be determined between the two stations to be 222 m/s. However, if the conversion of the
seismic traces to analytic signals does not occur, then the cross-correlation peak
7,, =argmax, | R, (r)| occurs at 70 ms, which results in an erroneous 286 m/s for the local
group velocity. Note that the peak of FIGURE 14 is the estimate being used for the group
delay.
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R+ J (t) =g +(r \rs ;t)(r)g +(rJd \rs ;t) / I E+ E+J
E+ =\ \g+(r, \rs ;t) |2 dt , and (r) is the
w@e@eg2mor rel ati on operator. The of fset differkeiyEs2009/032013
bet ween the stations is divided by the relative travel
time delay. This is the estinmate of the surface-wave
group velocity at the |ocation of the seismc station.
s 1hl 0 tat
[00-%1 og?g?cﬁckt :E%% ﬂro%legﬂ’ rggﬂggl]o&\éye s}‘;l%léelst slaﬁgt?éeﬂé&voe\%}eb? ﬂe%ﬂ—:%tmg group
Velenﬂty Bﬁmsaﬂdssvthyt aae bayo‘hﬁ]ﬂie upp?dranﬂ et lotvar thrédhollk. ﬂ’hyse thresholds may
ss-coyrelate the envel o

gnal s
be rief 1nedias Ahe Bzflu%ﬁ,]tgptﬁrp eng §t@ rg 3% fgg)rﬁ%@eh&eﬁr{ g‘@up Ve oc1ty at each
spBl B¢atidd, WHE et %goﬁﬂfv&%&% @étﬂdté’s%ﬂos'e @¥trelation coefficients are too
signal -to-noise ratTo 14 depicts the
lovo peayatls@ e afeglekcmdk sih@d Gheyndd het knayteasu(ﬁﬂim@nt&dhE@nQéBAf amdace waves
bett]ﬁi?f?gn Flbeaﬁqatéq]ﬁgg ;l‘he RJTE Stt g:) Sé%l %{zre l?ca Oﬂ.l}) V&fqplltg %\stlugates 1213 over
the dutvdy adedE1E2 where E = f | g(r \rs t) \2 dt , and
line 1402 is | R+t12 (Y) . Fromthe properties of the
Hubert transform g. see S. Haykin, "Comrunication

[0(599]“ ebGUREN D Egplctsw mep 1590084 th«;,\,|LpC@1~I grogiphetasies for surface waves
est ﬁ{i%[ 98{1%0?9 ’cgr\?lw%ng)'%l[ekhp?/ %é;tﬁér 'ﬂ{lhs%bhab 1{r&% lrog%(#b%érg]l is marked with

an Qpaﬂzqi 1800 i i sxanfipl o of ik Gl 1243 of block 22 2. aFIGFBRES B3 and 14 depicts

occur s 90 ns.. The_ | ocal group l.ocity an
thetrﬁ%}HtSrfer ﬁ@tr&ﬂn@afrréa&%@rhrlégﬂ f wdcricta o]l o ghe Rt @ mes ¢.g. cach

adilt &t sEIRNEVREivet amlt 1% gRUNKQESH on of the seismc traces
to analytic si oes not occur, then the
cross-correlation peak t12 = argmax |RI 2 (t) | occurs

[008i1] 70T resabowh ibbdeks esulepeatédhoeen defferontesbats to ®btam] maﬁp restlrnates of the

gr(}ilg?e‘feégcfl:tﬁj%s % [L:Jlfn.; a loggllﬂéﬂqj:?otﬁﬁt {nﬁt ngi)gﬁ%kgr&flp Velocmes for each

staglgh ade hOR GO raddtl 4 Sltkin kBt cQIhABEOHtheQrOUP vBLIRES by a function of
estimates are renoved by negl ecting group velocity

spasst iIiraoatput Frethe ayeragrshlopnd crew Yalpaty etithatohd 21 dweer the entire survey
alretahresholds These threshol ds may be defined as the

val ues that are one standard deviation fromthe nean

group velocity at each spatial l[ocation. Note that the
[0082p uFIGRIRIC 1 6 ests iamaipe 5600sfske onlr @bap velocity estimates obtained after

coefficients are too | MI al so be negl ect
aVETREDS S GBMmalea PRSI BV Heln e SEmRls of gr@ wéf\ﬂz’# of block
12P49t Nﬁﬁrld)b %e@&:@tthé’ Bitire Si&e ng WERUINGtS tHalh ehe YA Z86kes variance of

 ocal grou elocity estinates 1213 over the survey
ﬂKﬁﬁBHmK$OO80] FIGURE 15 depicts a map 1500 of the | ocal
group velocities for surface waves

[0083] Note that the process 1200 above can also be applied to common-receiver gathers by
changing the role of the source and receiver using the seismic reciprocity theorem. In
addition, the method can be repeated for any and all surface-wave modes of interest, if

desired or required.

[0084] The resulting average group velocity map can be used for many purposes. The map
can be used to determine whether strong spatial variability of surface wave properties exists
in the survey area. This is beneficial to the surface wave mitigation process 300 depicted in
FIGURE 3. Other applications exist that can use maps of surface wave velocities obtained

rapidly and with little computational or human effort. For example, these maps, being a
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esti mated usi ng one common-shot gather. The shot or

source location 1501 is marked with an x. Map 1500 is
wa@rooeszmpl e of the result 1213 of block 1212, MTUREH/032013

13 and 14 depicts the results for one pair of traces,

whil e FI GURE 15 depicts all of the pairs of traces,

e.g. each adjacent source-receiver pair for the one

1008 h v a ;

R R L e R e )
spacaluiogiatd esrrdativeawith sitladri characlenstidsoatkthdt Zhdcy estd, watlesas shear wave

of the group veloc{t'es for. each. station are. then
staliGle rVﬁé%tg“‘Plb Dgsatqll FBRLETIRISE MAISBEC SPIERR SGisBYfp source and sensor
cmgﬁfng%tt:.' Ahu@Sth&e HARL AN BErSRBER usdd1Es 91%{1{%%5 iht%l;pg'aﬁfe and design

veraged | ocal group velocity estimtes 1215 over the
wogh flowe feonesticas dbat s©B8F3ccRv GUREN1BIddeypi totthose thefpdo surface wave

.1600 of . the |ocal group velocity esti es _obt ai ne
miggtap” ok Sy PRSP DS b wed yR DG stih Shittes of the near-
surERQGhb& fgp&ﬁme@ t1Rf U8 4185 URhchldstipnads dduRCke d28dhefit in seismic
Map 1600 depicts the entire survey area. Note that the
suyge dggemgcrapnaestal ghiragieuzasfont peocesstngraf eeismjodgajto mitigate the
ha h rpC 2 % al . pli.ed..
op3S oo BF SFSeAEhaRyRHn oh B NI TR AL higro-features
buiiolntE eheaitdodiBCRIGUE coidpirgsidit-tG-eh@fi(B-I) agdvierigiing and registration,
theorem |In addition, the nethod can be repeated for )
ctcarfynaapRnldp|so gispfraise e iR verres Aroupestocity maps iy agraging the
gr&% &e@gdﬂyr gsglmakego(ﬁfﬂ dTﬁ}& ﬁte%hfhggbglg.erﬂ%ﬁe %E%Rhal average velocity
vel ocity map can be tsed for nmany pur poses. e map
mapanouié bused tbandstignerhnmuitabbisstrapyt ong spati a
variability of surface wave properties exists in the

Y, area.  This js heneficial to the surfac ve .
O]} B S plco Se8 slogt b pirTAS VAR i dagRgreil 16y HBpr wave analysis
TheRRHAGANARRDrEPE it upPat psrAenUSEhEBR U] fotWxhABR 148 8epth of about

velocities obtained rapidly and with little '
20¢ onplihes, ithensiirfape Waveraan b¢ figndt to deseribextherphear wakieselocity, and can be

S,.. bei ng, achar act ey ion o e .average .

B RteBEU AT R AT G2 PR, TS BT e gonsiugion of roud

brig@&¢ biiildthg, dilicbkDfacitiat, e W tdisreilchrbcesding, aetsalit StatieSare important
of the survey area, such as shear wave statics, )
begaasrethetlpenh shoas egave sglqciticn aegicthe spdgecaffechiesinyyaed propagating data,

t i SM.€ s . S in .
o SR S0 L PO PP QUMD S e g
alsbiveespiiein decaimg dadsidiy vankof mawaalk ahatdpes dicko dsferdmishear wave
use. surface waves, in addition to those that do
p“&ﬁﬂ#éggmﬁg%@“ﬁ*?ﬁ@@ﬁ?@ﬁ@“For exanpl e, the maps coul d

al so be used to obtain rough estimtes of the
[003%RT SNbicans AREAThPTAREbA! S cAVES hdrb@ Mty ¥E¥mPIkRRnted in hardware,

Such estimates could be of benefit in s€ismc
software, and/or firmware, and/or any combination thereof. When implemented in software,
the elements of the present invention are essentially the code segments to perform the
necessary tasks. The program or code segments can be stored in a processor readable
medium. The "processor readable medium" may include any medium that can store or
transfer information. Examples of the processor readable medium include an electronic
circuit, a semiconductor memory device, a ROM, a flash memory, an erasable ROM
(EROM), a floppy diskette, a compact disk CD-ROM, an optical disk, a hard disk, a fiber

optic medium, etc. The code segments may be downloaded via computer networks such as

the Internet, Intranet, ctc.
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survey design, environnmental characterization,
processing of seismc data to mtigate the effects of

w0 b@nrasbur den by a) static corrections or b)PGEUSIHIY032013
imaging with mcro-features built into the velocity
nodel , conpressional -to-shear (P-S) wave inmagi ng and
registration, etc. One could al so generate a few

[()(f§'7j)f Gt iR Ea R %Ufﬁgﬁ%& gfﬁeg‘}{ flpﬁ(p gcri]e%bY dat\éqfsggﬁe{]&egéﬁ? invention.

eom?y estimate azi nmut h
Ceh’lraiiSprod'dSﬁﬁg uaizi(@GBUn A0 hisercagkduelspaemybusdfs2.cdut €He1701 may be

o RN TR B PGSR B HONEUCAS0) G TRt Bt oF o clustr of

r [ h
SR RSN TPV ATNRNES, BHGRLTiowcrs,

preséntalbperntioa 0 not rdhuged biehs ardhacaunganfeCRENL 164 zwskedgta@ CPU 1701

sup%é?% e e SORRlip ST NG R i Rine B 320 PG i Pindom access
niRPI(RAMN) 1963, CORiSh st beSRAM!, GRIAM)IdrdgBR AMPUI ROMNAT704 is also
0|If| eld facilities, etc. In seisnmic processin

cowdeds e bussﬂ&tzb edichrmay hpBRQM: EBROMisw RERROMca %éi% and ROM
17884 8d ug sq%m%g%ranaéf?grgms g§ S V\‘r/’lgllf St 1?1‘%h uzﬁ‘r'a

propaga a waves sl
d| ffer ent I y in different |ocations. Shear wave
[O(I&Sppémtslleez isfscadomipledeo irgat/ahtputn(LdBtoeatrolig card I7|0|5d¢011gmumcat10ns
velns$ ﬁaterlalsthat veth se |fferen
dp

adgpterec tUSels I gT G (R Zﬂf*p S0t disRgYgrasd aa é@séfo adapter card
17@?E§n&et4@tto RYafdf dévt&sflbm@tgu RSs 488 oF lng)/?g oft rlﬁ!r&‘dﬁ@é’ DED drive, a

nent e i hard war e, twar e, I rmvar e,
ﬂoaplyjldmk dimve, GO tepie rdartveomo tthl@rcembuteWsEstemnplThﬂﬂm eldaptnr 1705 is also

ol Biipt” Frll ST SaffiahPs BLSREM e Rab S hobied af jpformation
sudresK §ocubitft, pg}@&r%%ph@r al¢IORE, SIBINEAL Shaahe kf)?mﬁatr%%d bk Finter (c.g.

processor readabl e medium The "processor readabl
inkjesdliagar ctegya fam @hasphéleacmﬂ mmﬁr@nﬂChMt Coarmgieations card 1711 is adapted

tr ansf er i nf Qr mat i e essor
o PoBIE Rt TRET 205 TR RTubh H1R. BRGERRT o one or more of &
tel GRIBhE ABkEIE, 1oaammw)¢@wcﬁ &, w@leB@vﬂ (VAN a@twmrmf Fthe@Rt network,
erasabl e ROM g a fl gtp di skette, a conpact disk
angrpr Fb@ﬂnt%etdﬁ Werkl  dseginte ‘PF‘aP?HddﬂQﬁ conples paqt 1Bt devices, such as

ke}%?)q{(y?"‘/lf’g &ngg ggc éqg ??J?%nrlﬁﬁ? W anﬁ? \'flh@ display card

1769 . ([rE@BBiI (]PILHJHE tﬂ:Zonﬂrcblulsé d1ap13§ ot dmplatyetevﬁ:yslﬂmn 1700
adapted to use t he pr esent invention. Central

[O%BEeg% L P (—in Xp}lggl:‘lf gh ita@ﬁ@gﬁqge&ﬁp%@%%g@ %ed in detail, it

shSil® Be 38d@5toblr tIRAVEROR @anb&tt ShbsBeMohY PP ERGESSR caRbednade herein
cluster of many such CPUs as exenplified by nodern

withioghderartingr franc thecypmptusrat scopeloetherinvantien as defined by the appended

claims. Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the process, machine, manufacture, composition of matter, means,
methods and steps described in the specification. As one of ordinary skill in the art will
readily appreciate from the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or achieve substantially the same
result as the corresponding embodiments described herein may be utilized according to the

present invention. Accordingly, the appended claims are intended to include within their
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present invention is not restricted by the
architecture of CPU 1701 as long as CPU 1701 supports
w0 b@oiizpsent i ve operations as descri bed herei n. PGUESDIVE32013
is coupled to random access nenory (RAM 1703, which
may be SRAM DRAM or SDRAM ROM 1704 is al so coupl ed
to bus 1702, which may be PROM EPROM or EEPROM RAM

SR T T Bty A L0 g o, o

stepes al so coupled to input/output (1/0O controller card
1705, communi cations adapter card 1711, user interface
card 1708, and display card 1709. The I/ O adapter card
1705 connects to storage devices 1706, such as one or
nore of a hard drive, a CD drive, a floppy disk drive,
a tape drive, to the conputer system The |/ O adapter
1705 is al so connected to printer 1714, which woul d
all ow the systemto print paper copies of infornmation
such as docunent, photographs, articles, etc. Note
that the printer nmay be a printer (e.g. inkjet, |aser,
etc.), a fax machine, or a copier nachine.
Conmruni cations card 1711 is adapted to couple the
conmput er system 1700 to a network 1712, which may be
one or nore of a tel ephone network, a |ocal (LAN)
and/or a wi de-area (WAN) network, an Ethernet network,
and/ or the Internet network. User interface card 1708
coupl es user input devices, such as keyboard 1713 and
poi nting device 1707 to the conputer system 1700. The
di splay card 1709 is driven by CPU 1701 to control the
di spl ay on display device 1710. [0089] Al though the
present invention and its advantages have been
described in detail, it should be understood that
vari ous changes, substitutions and alterations can be
made herein w thout departing fromthe spirit and
scope of the invention as defined by the appended
clains. Moreover, the scope of the present application
is not intended to be limted to the particul ar
enbodi nents of the process, machi ne, manufacture,
conposition of matter, neans, nethods and steps
described in the specification. As one of ordinary
skill in the art will readily appreciate fromthe
di scl osure of the present invention, processes,
machi nes, manufacture, conpositions of matter, neans,
nmet hods, or steps, presently existing or later to be
devel oped that perform substantially the sanme function
or achieve substantially the same result as the
correspondi ng enbodi nents descri bed herein may be
utilized according to the present invention.
Accordi ngly, the appended clains are intended to
i nclude within theirscope such processes, nachi nes,
manuf acture, conpositions of matter, neans, nethods,
or
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steps. CLAIMS What is clainmed is: 1. A method of
processi ng exploration seismc survey data froma
WO eg@ooed4oivherein the seism c survey data conprPGEES1H02§32013
waves and surface waves, and the region conprises a
plurality of |ocations, the nethod conprising:
recei ving seismc survey data fromat |east one
sensor; analyzing at |east gne surface wave property
for each location in the r&Ji®MSdesigning filtering
Criteria to separate at |least a portion of the surface
Whewedaifiredns:t he body waves in the seismc survey data
usi ng the surface wave property; and applying the
1.cri 'Aefﬂeﬁloﬁcbftﬂi@ce%ﬁhé Rk Slofhaiba sE@m'iceﬁﬁV@y ahtalfRAS . Bgion, wherein the
portion of the surface waves fromthe 'seismc survey
seleratCasur?ey e comprient bsfdychaiemand surfeeceivavashendi@si ggiongcomprises a
I q ﬁ)tausne Lt erp 41aotnllops to forma surface wave
p 6?’6 8 tfl%rS 85%? SR e region. 3. The nethod of
claim 1 wherein the property Is velocity of the
sur FRESH INGIFEINIC AUrvey datandionbef ledst enQsensa; - wher ei n
anal yzi ng conprises: characterizing a spati al
var hadiyzing yt lodst bhesigtict aaec propesy ifor dable |oeeii@minahs tagkey
data. 5. The nethod of claim4, wherein characterizing
co Eéléﬁ% ﬁ%ﬁﬁé@ﬁﬂeﬂg téts g)gfa@é athEQéf'Q Y)ﬁk&lcéftt}{e Qlflrfécla%vaves from the
sur ves usSing cross-correlati The net
bodyf weVeiimtht, sewimge eurmey fiata asing thezsunfgc@wm pmp@iy, and
converting the seismc survey data into conpl ex
anakhyplimoStheRttia ©Sthe RBknRIdAa t6 ¢etho e MR &l AGtibY o®fthe surface
the surface waves by cross-correlation of the analytic
wagpgiiemnghe sordnigvervagidalg. t he | ocal group velocity
estimates. 7. The nethod of claim?1, further
2. conMhht $hdlged 6f glalth 2 Rdetdie tieed S ntngs dosanot digé antébRition to form a
athers of traces; wherein the gather is at |east one
SUFFCE AVAYE RIS He Logafioms éhthe regio®onmon- r ecei ver t ype
shot, and a super-shot type shot. 8. The nethod of
3. cl amm: inetiadrdfledimclo nmpictesh thg projgirtygs vdlecigeofshe surice weiyes.
data having the portion of surface waves renoved to

4. The method of claim 1, wherein analyzing comprises:

characterizing a spatial variability of the surface waves in the seismic survey data.
5. The method of claim 4, wherein characterizing comprises:

estimating a local group velocity of the surface waves using cross-correlation.
6. The method of claim 4, wherein characterizing comprises:

converting the seismic survey data into complex analytic signals;

estimating a local group velocity of the surface waves by cross-correlation of the

analytic signals; and
averaging the local group velocity estimates.
7. The method of claim 1, further comprising;:
organizing the seismic survey data into gathers of traces;

wherein the gather is at least one of a common-shot type shot, a common-receiver
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determ ne whether there is an underground deposit of

hydr ocarbons in the region. 9. A nethod of processing
We@2pPor@Edi on sei smc survey data from a regi onPCTAS2089/682013

the seism c data conprises body waves and surface

waves, and the region conprises a plurality of

| ocati ons, the nethod conprising: characterizing a

;the surface waves in the

ﬁq%%ﬁ@%%%i%%[ ?Qhﬁwﬁ&: etern1n|ng whet her the region
can bd|V| d to a plurality of sub-regions
basggegﬁ thadepfc IF%SIPBﬂ?n&herein the spatia
variability is relatlvely constant within each
subusiagi tba; scisii¢ erdgt datai haiving iks pértion neft swéace waves removed to

oGS e oo 4 o ronB B HRRES FiouGa s Rion

form ng at | east one di spersion curve for each
9.1 océt n@ﬂmdrpftm@cqs@gg shploriongeishec slirspe dafh drpng @riggion, wherein the

Selgl{l 22410 ?arﬁérﬁstges &van@sl lnﬂpsu?ﬁlge tw%%eg %ﬁﬁn tl?egfe]glon comrprlses a plurality

ra 0] I SPersi on curves over a

ofhamﬁnmamﬁrm&mddxdhqﬁmﬁx;rapolated di spersion curves to
renove at |east a portion of the surface waves from

the g&h &M ﬁn% ﬁ @ya%él géﬁa%lhté Of thERG AR \%\Q:r s th%ls@fsﬁﬁcgsurvey data;

wherein t acteri zing conpri ses nlng a

surf.ace- wave up vel oci t of .t he r.egion e :

f or ARAgREng wHEheh i treigferey Bh Rty f guethS of Sub-regions
baRHl0AGRE El@ir@cttér%tlt)ﬁ‘ VI aH PheY, éﬂaﬁﬂ' VaYia bR, fsQelgﬁ?{f&& BbMnt within cach

correlation I engths of the surface waves; determ ning

sularegione of a wi ndow, noving the wi ndow about t he map;
estimating a |ocal dispersion curve of the surface

waver $he ReGinth$ dOwWrfiraatyavatiaating at @Reabhd tbchi08Rbersion curve for
%q££er3|on curves at each location.11. The net hod of
ca

PRI00, wherein determning a size of a w ndow
conprises: using the correlation | engths as the size
of ifhie detacioivinglid neddiBeniriniih @fleast ahdnlibPersioh @usicrfor each location
novi ng the wi ndow about the map conprises: noving the
AeWNabout the map wherein each w ndow overlaps with
a previous w ndow.
using the dispersion curves from one of the estimating and the forming, extrapolating

the dispersion curves over a frequency band; and

using the extrapolated dispersion curves to remove at least a portion of the surface

waves from the seismic survey data.

10. The method of claim 9, wherein the characterizing comprises forming a surface-wave

group velocity map of the region; and the forming at least one dispersion curve comprises:

autocorrelating the group velocity map to determine correlation lengths of the surface

waves;
determining a size of a window;
moving the window about the map;
estimating a local dispersion curve of the surface wave in each window; and

averaging repeating local dispersion curves at each location.
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13. The nmethod of claim9, wherein characterizing

conprises : converting the seismc survey data into
we@orsplizionnal ytic signals; estimating a | ocal BEDUR2009/032013

velocity of the surface waves by cross-correlation of

the anal ytic signals; and averaging the | ocal group

velocity estimates. 14. The nethod of claim 13,

11Mhengl Hletﬂb?ircﬁ‘%'la%'ﬁ‘ w4 %Wdé??rhﬁn TRIS7S vﬂn&%\b’r?&bhé’es

of traces om a Ura ity o |vers of a sh

sour ce, .and rein characteriz u ther conpri ses:
sor tHIAg thafo Wi.}elanéﬁgngglwﬁ& %ﬁ‘c%tj tggw 15. The

nmet hod of claim 13, wherein the seismc survey dat a

12 conphi swshal flclaiml fiog yhofeirt maviag the emdawpgibontthe mapebmprises:
recei vers of a shot source, and wherein estimating
COMR{dvEifpSthe SMAEWI dbBut the B} SMefeir® BhdheYimddiaotdrapy WM a previous
receivers for cross-correlation, wherein the two

wind@ei ver s have substantially the same azinmuth to the
source. 16. The nethod of claim 13, further

13 conmht siafi@d gircladmn 4, evhichen ehveiAagiangy canggides:ng a noi sy
| ocal group velocity. 17. The method of claim9,

me%&%@@@ 5&%§%%Ne§'d%¥a 19%%0%(;%;!\3%1 %%%naﬂss The

met hod airm1l rern th haracterizing fo

at | east. one su face ocit of th
r egPARR S deigH EfnsvPag: shate ot PGY at “Galty @BHetRation of the

an8yRURYRL ARt i es. 19. The met hod of cIa|n19 further
conprisi ng: organi zi ng the seismc survey data into
gathers of rac s wherein the gather is at |east one
of A BHAB ‘m(§H¥§WWB “Yeceiver type, and a
super-shot ty 20 The nethod of claim9, further
14¢conghe sngiped ag clagmt Re veraymithe é@tm@ysua%ﬁyadthpm@nﬁq@ea plurality of
r n, d
B e Bkl 8 oGt E ShEESECe o ShEkIR, Poracirisine further
compritdde region. 21. A nethod of processing seismc data
froma region, wherein the seismc data conprises a

pl ugalnh%yheo({atat 53;’;1 o 0@ Jekir al ity of receivers of a

shot solrce e reglon conprises a plurality of
15.I Ocqjhle %r;etho& QF c{mmq%d W(il n tl?e sgsrmc survey data comprises a plurality of

traces from a plurality of receivers of a shot source, and wherein estimating comprises:

selecting the seismic survey data from two receivers for cross-correlation, wherein the

two receivers have substantially the same azimuth to the source.
16. The method of claim 13, further comprising:
prior to the averaging, ignoring a noisy local group velocity.
17. The method of claim 9, wherein the cross-correlations are Nx1 type.

18. The method of claim 13, wherein the characterizing forms at least one surface-wave
group velocity map of the region that depicts subregions of relatively constant group

velocities.
19. The method of claim 9, further comprising;:

organizing the seismic survey data into gathers of traces;
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converting the traces into conplex analytic signals;
characterizing a spatial variability of velocities of
waobazowaves for each | ocation in the regi onP@yUS2009/032013
cross-correlating the anal ytic signals of neighboring
traces; and averaging the |ocal group velocity
estimates to determ ne the spatial variability of the
sur %%feimegath&%s aﬂb%s{'&{_eh a %mﬁloﬁ'—s%gﬁfpev?%B@hﬁn-receiver type,
characterizing conprises : determning an offse
andla flijerehateypoor t he nei ghboring traces; and dividing
the offset difference by a tine of a cross-correlation

20.pea}i"he%%thoﬁnﬁc%r%@urﬁfer%ﬁ Migd» Wwherein the spatial

variability 1s used to mtigate the surface waves in

t he 24. Th . _~wher e

t he "SBRTAICRE SBYVFY €514 Vg I P UGN AF YRT §uibfecqyave removed to
defeBAmb wiiRehcPthebdi8aR uBMErothadbSssit of AY&loRAMLER irf $hE8Ssion.

soil characteristics, npbisture contéent, and seismc

2155 P B oF SR  Fe] FsB o8 P
cotpises anslutadiey oBRades frohed glgaligtofl reasier90e aBhotS@usd¥ énd the region
survey desi.gn, environnmental characterization,
compits adilygligrofdeqatipnse theamethod compiigpge ef fects of
overburden by static corrections or seismc inmaging,
conpoesstingat thoessheaompRxSnalysie signaldgi ng and
regi stration, and determ nation of and processing for
azi gMhabriAR: 8 QpL@R X aRibiBREGH vaBY S\t sQffhdd ®8ves for each location in

the region by cross-correlating the analytic signals of neighboring traces; and

seisFic.data. met hod of ..cl ai 21
4 Ja

averaging the local group velocity estimates to determine the spatial variability of the

surface waves.

22. The method of claim 21, wherein characterizing comprises:
determining an offset difference for the neighboring traces; and
dividing the offset difference by a time of a cross-correlation peak.

23. The method of claim 21, wherein the spatial variability is used to mitigate the surface

waves in the seismic data.

24. The method of claim 21, where the spatial variability is used for analysis of at least
one of shear wave statics, vegetation types, soil characteristics, moisture content, and seismic

source and receiver coupling.

25. The method of claim 21, wherein the spatial variability is expressed as a map, and the
map is used for at least one of seismic survey design, environmental characterization,
processing of seismic data to mitigate effects of overburden by static corrections or seismic
imaging, compressional-to-shear (P-S) wave imaging and registration, and determination of

and processing for azimuthal anisotropy of shear-wave velocities.
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