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SURFACE WAVE M TI GATI ON | N SPATI ALLY | NHOMOGENEQUS

MEDI A CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001]
wahbdog/1appt i cation clains the benefit of U S, PCT/US2009/032016

Provi si onal Patent Application 61/072,31 1, filed

March 28, 2008, and is related to copendi ng and

comonly assigned U. S. Provisional Patent Application

SURRPACEA VE MEHQRTEON IR, SEAPBALDY VHOMOG ENEQUSMIEDIA
i s hereby incorporated by reference. TECHN CAL FI ELD

[0002] TREIROSBAYEFERENCTE 9i(RRE¥LATEDPEARPBICATIONS

processing seismc data and in specific to

characteri zing spatial variabili t}(_ of surface wave
[

g sp : Li . s o
00814 t hERS nrrligatann gladns fthe dopelite 8T | ¥ Ss Faeyigiongd Patent Application

. di '
6 1/0[73(%1 g? Ereﬂqggﬁ%lsl m@%é Qg%gr’ \? ey dat aéf\éi:)tsouqlrzofp gﬁ%né\g%{ggg %1% In‘1:y aﬁm)gned U:s.
ProdeiohalaRacrit rAgpidedon éfl 1082218 nfikidgviatch 2, 2008ythavaugrety of which is
eiiyqnal S frgﬁnhfe subsurface. Thus, it is desirable to
herchy fRaouparatct REAFI5KIFenove them for further seismc
processing. Current mtigation techniques typically
assune the propertiesTeicCHNECAERdIWND hat transmts the
surface waves are spatially honbgeneous, often
resulting in | ess than optiml surface wave nitigation
[00@4 0/ ofhis applinatien aeleepiatecnsiabio propeshIg WFMF glaty and in specific to
chal[agtggéi]ng F.Jp%ijﬁEVé]ﬁa%ﬁR% C&fss@agg R}lzeﬁz%g A4 ORER ﬁ?ﬂig?tiﬁr%o surface waves in
mtigatfe surface waves. Various existing fiFtering
spatiatigtinhati@sne®my heliaised in the process 100. The process
starts with one or nore seismc records 101 for a

Fecords 101 ar SARRGRALRIT b RAVES TIORone “The
anal ysi s invol ves determ ning the velocities and

[0008] S PRIBisiic G Medatdlsubige WEYds tif}%@éllys&’drﬁi%ﬁt%Qnﬂeﬁ&e@tﬂeﬂQc&ion signals
The data resulting fromblock 102 are sparsely sanpl ed

or bedy rare sigavle fiomp ger ubswTare3 Thyy,tihistdesisalda tapatiad8ate tthgm or remove

rocess, then designs.filtering criteria to separat
therl Y TRIGAG BTN PRI (st iyl R pitaliy assume the
prope@dil 31l thg nfdarns ehalt itlah hit theGitfhed vavekOire 3pRialli@dmogencous, often
i nterpol ated by the process in block 106 for ever

resultingatin dessi thap Heptigd oyugfagy dvaver melgation r @dargupwante attenuation of

L hput a 101. The interpolated criteria 107 are next
reﬂéucglggtsllggg%l ock 108 by the process for the mtigation of

surface waves in the input data 101 to produce data
[0004)9 WIGHR Eril idepiatsedypiaalffaceswiie®. mitighee suifate wavost Marious existing
filte E‘gf qceec gleqsu’es tnpag be used in the process 100. The process starts with one or more
seismic records 101 for a particular region of interest. In block 102, the records 101 are
analyzed at very few locations. 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 interpolated criteria 107
are next used in block 108 by the process for the mitigation of surface waves in the input data

101 to produce data 109 with mitigated surface waves. Note that in other processes, the

surface-wave properties are interpolated for every record instead of the filtering criteria being
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surface-wave properties are interpolated for every
record instead of the filtering criteria

wheimngraver pol ated, but they result in the sanRCT/H82082032016
knowl edge of the surface wave properties and/or the
filtering criteria to separate surface waves from body
waves. [0005] One process that is used to reduce the

intelﬁ%{age‘%it, i%gto&eﬁg%{y C%o e\r/sgﬁsi}ﬁ Qa%go_vg:ea(i%g?e%h%k%fgcrei Wve properties

and/6hk dAh SlileEis tofecphRe Sufatacavaayas bbYy addst eni ng the
surface waves in a seismc record. Phase matching al so

conpresses the | ong and ringy surface-wave waveformin

[0005he Prawrefshathat Byused o vsdige thecifecty 0k ft{aca apeRt enphase-matched

ﬁlteﬂt?% Q}%i&ﬁ’ iS4 ﬁ%ﬁ{oﬂ;& rgﬁlo(fﬁ‘l the! ﬁfs@gﬁio\ﬁac\ﬁgirac%'sﬁcsp&otﬁg S&Face waves
a surface wave that I's not on at but conpact I'n

by flahienitg the-sapfacewalasan a sefmidreced] Phhe maclang alsdkompresses the long
conpr essi on of thF surface waye i.s venﬁ advgg%&geous

and HRgY SEECPTV A VST RN e RSN ATS DY éerlig e quBcy-dependent

velobiyThthReurt LEAHeREMcL 308 Phis PRI § AGBWRNVR < iRut IEARVRLY flat but

the surface wave. In an inprovenent to narrow tine

compachdowss tikicrspaddSidPadiemtf the 3EINEOScondhi Bliis icemhmssby of the surface

i ncorporated herein by reference, teaches the use of ..
wavg 2 0P R) SBBEES Bt GOV RN TEP NG R P over (e limited
froq GRRPrESSLS Sier fudfabe WAVE tdlatmovd BRO&IfLS viRas emnat fhgdvement to

filterin onpressi on and al i gnment of surface waves

. 19, C it C . :
narrey dirag iidpavs, BymphiSs Batewing. kb0 gviipk is herehy anagsnasated herein by
' fr i S§ t esti e
ero (% UL Be S UL P TLBelSl08 A BeCBRLIRLRD RS
surfdddevdverdatadonai n after the phase conjugation, since the
tenporal elongation of the waveforns due to di spersion

i s negated. The p e .conj ugat ed waveforns are_then
[0008] ; gnEy P %Sef@%tcwp %ﬁ% CHRBIESSI R %ﬁ@ﬁg@aer&yofawr' g qpaves are
ooERE5 BRE ot DR AR GTOLD ST S MBERDY iy e

estirfat&d FBSEFcRSitY @&g KI T $eefab &3 Es dek compRE{dd in the tithe @omain after
, (1) where kr =2pf /vp(/) , r=r - rs , rs and r are

the pHaGc bOGaLAtRAS siate tHiCemPUfal 8loABREtdNNES the GRIVERIrms @&t tte Kishersion is
Is the wavef orm phase-conjugated by the phase term
negaftdd: | fhe=Rhase agronjudated wanﬁjoghfi faree dhano aligrted, af @607]by a time shift
. Despite the value of aligning and conpressing the )
implepenige &y ieinear phasel shiffdn ¥l firqusnet W@Gb@@ﬁ‘ﬂé& by gisanvegpe Fourier
pass .fi ri AN 14, .necessary with
Uan%ﬁ%%e?ﬁgf%%E%S?F%?gPF%B“%Pﬁ%%?iﬁind to perform an
anal ysis of the dispersion curves of the surface
waves. These di spersion curves, or frequency-dependent
phase vel oci €@, ) al &(1 v adifitonaliy! ahdl yited onsone (1)
representative records fromaround the survey area.
Sei sm c processors then typically

where k, =271 /9, (f), r=lr -1,

, I, and r are the locations of the source and the receiver,

g. (t,lgr) is the waveform phase-conjugated by the phase term o(r, f) = lgrr and then time

shifted to t =1, .

[0007] Despite the value of aligning and compressing the surface waves, and the value of
the subsequent spatial low-pass filtering, it is still necessary with phase-matched filtering of
any kind to perform an analysis of the dispersion curves of the surface waves. These

dispersion curves, or frequency-dependent phase velocities, are traditionally analyzed on
2
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apply one dispersion curve, vp (f) to one group of
traces, and another curve to another group of traces.
WO poootizigp2 wor ds, the horizontal wavenunber Kkr PEI/ESR009/032016
(1) does not change within the group of traces, and
t hus spatial change of kr within the group of traces
cannot be accounted for. [0008] The renoval of phase
evera

someé é%)rswgtiagge rer§8¥dfs etﬁo%ﬁfo&na rt ¢ surg%arﬁgt §ﬁismt1%pﬁgc%sors tﬁen typically

appl#RRL URPeRRATAVE Wﬂ' toldhelohGupPdfi tEHRBE Ahd @hotRéH dud&Eto another group
waves and teache he use of a single di spersion

of trfa&g(:tlb %QVCR‘H?%EG g&ﬁﬁﬁiaqu/a %:Hlﬁn &AL eH (2 (?) 8(%531{5"[ %hange within

er consi ation dar
the g é o‘cfstI apc% %nedingl:lﬁggsp %glgge ﬁ‘\l gﬂ? c:tthe v%oup o?%%ces gannot be

acaﬁﬁ&h@&llons in a seismc record, see O Yi | maz,
Seismc Data Processing, Society of Exploratlon
Geophysi ci sts, 1987, which is hereby incorporated

[0008Er ei A hbyremeffelr e @baseA@aalmgn @nWyveaﬁeéd ngy Ipeackinggl finy rﬁ@t’ﬁ?r@]n arcas of

ied to.e to achi
ecor g nERE S PAGafC S TaGLD R DB el Gt Wiment of
surfAc@ Sktves andteachdh tcarse bf a bingR digcrS6it ﬁﬁh@u@ﬁ toRfHake aRB &Il the traces
because it renoves the effect of source-receiver

in a geipREs regpish uslge congideragiona 18 strgidards seietic @rpqunga@ normal moveout
(NNR@DEB%&?HS% 1e‘a°1.'6"gﬂ%stﬁ& B&k fe GSYRY nagfgﬁcl? &Qvé“’?&{écuons in a

re s ruc urln ani sotrop
seisthice. reco.tdilerseé he. b&’dﬁmﬁl eSessientDaad | Prokcswingp pSma;ad of Exploration
horlzontal because the refl ectjon rggre ented on, eac

Geophygiaists, d 98 heViogiis saehvdinearpg ekEeser gy gply a single
NMONEnSaist @{"% %a&pﬁa&afﬁeth%%cs&ﬂfté Shfé% '911115 aﬁ1%919g11t though of

VWhen struc COfT'p eXIty I's involve
courk® tlye rsirgli lfmtn;lﬂen rasudits pin e deftdcenti @natqouﬂctm;nsat bah trace because it

ljed..| i ti h t chi | i t f
rem@BR b g0l hsE EeBvaP PERG RN St o5 i et may be
apprbﬁﬁat& R 8mbdoRBmidPolnt eChaS) ﬁ@ée@ﬁm@%@n%\@%@?&p@g@h&% structuring

rough a conplex, spatially varying vel oci

and guisotomdere., woen Yid freds alrebﬁasentrlaﬂwl@ soaome talndehorlzontal because the

reﬂeﬁ to Hetgaeger?tgd If)ﬂ\ég \ljtgg’clﬁ?} e G%Pn %ﬁa}%\ﬂl%glhrg?(ﬁéy !ihe ngrtmg of the data
to sanfply BleSa®B silbsarfed poiho the reflector and back to the
surface. However, this path integral is a scalar

inte%;atlon assun1n? one nunber velocity, fo
[0008}, c hWehen |strugitral gomplexity as HW@IV@FieWM‘FS i$ HO 1onese su1table and prestack

i I e I
mlglgt}@g Er?tjfsp g ag?ﬁ)&i: i 91{1 1){1951? &J‘ﬁ{&ner a : Za%%ntlgh? (o) reﬂectlons in a

ace along t I ons
recoahissaicomplishexi st calculaﬂmg:ﬂnettt’eafettnm/&i themeﬂecstommsrrpu&aa@ propagates

throyg‘g%npg@g%f( g)gavgll Eﬁlliy vec orl Vev q? {113/ fleek(q 159 traveltime
e PRI HRCE B o f o FBEE Bl EBS

computation involves a path integration over the portions of the subsurface through which the
wave travels on its path to the reflector and back to the surface. However, this path integral is
a scalar integration assuming one number, ¢.g. velocity, for each cell, which is a volume
element in three dimensional space, or voxel, that describes the subsurface along the wave
path. Generalizations for anisotropy exist in which the traveltime is computed from a more
general, vector velocity field that incorporates velocity as a function of direction. For
anisotropy, the direction of the wave through the voxel is combined with the directional

aspects of the velocity field to arrive at traveltime for the wave to the reflector and back to the
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ani sotropy, the direction of the wave through the
voxel is conbined with the directional aspects of the
waeiariy2 field to arrive at traveltime for thECIES09/082016

the reflector and back to thesurface. In all of these

cases, a single traveltinme is applied to each trace

for each wavefield being phase corrected. In the

siml e es, the travelti is derived froma.single
surtsn R e oot Mhate i sIFrh BBt RErisb PR Py Sraveriea
bein@PpHaddNGrrebrdt e tHEDiBp P BiNeEXhE BERSHMS U lerd@d Frddh atsin@ls function,

the traveltine is derived froma different function
namelyystangand furieewapy phesecrmateitiagead NYO- [lodhomorpeemelex cases, such
as n?rg&ltibﬁf{ﬂeoﬁavelltpﬂmp¥1etri\¢e%f3 grg Sa'cﬁﬁgltehf: ?ﬂnc%iﬁn 56t UL trace, by path

gration, 1s tIfereverse ocusing. In I's

integ@ptddd. cat i on, acoustic wavefields received by a

receiver array are time-reversed and then re-enitted

into diumijn.order to focus or inmage individual . . |
10019, éﬂ%ﬁ?fnwlicﬁﬂ%énn%myg DR SRl o sduniy migrgfjon. s time-
revefRd f&usﬁ){'%.adﬁ' thisAGRUSAtidn, hedRiE QUGERANs FACERB By a receiver array are

I r obl 7, R1-R38, 2001 h

' nver se ens - - 2001, which is hereby
timeinaegsqubanat theh freergittad inyto refiatience ordsi frctocts oeinrage érdaidual source

. 1s.equivalent to reversal he si g he. phase i.n
poinfsy i PleCHGANEY WEaFmPis ﬁ?esﬁ'sf:‘@guﬁ?ia?eﬁ{m‘iao Aieugie time-reversal
mirrb&NM0 YdlerdeNPRLIBRIh TARII GRYS, SEIVI € wiidh tid HeFeBY €s@iporated herein by

however, waves are physically retransmtted froma .
refelicaeei Waliceatimayreverpid iprayeyateahmy apvarsl adthesean b thehpghase in the

es tin h i . Thi s,.i . .
ool SYEMERL R PR S BT MRt g o e
revefsal; ioneseryaw@fds edrd sptasiealdy tréthingindttddy floac kprcogiagatesly, and phase

t hrough the nedj um usi ng knowl edge of the . L
remesghis aFhigyeda by ithgy WAYEH OFenretting Hirgyeh He mediugin This is inherently
diffdrk NRYEN GOTRULAL lidRAliol | IEsE eKEESAl LACRBIGUER ExiRtally Dack-

ere physical retransm ssion of the waves is not
propagged theohghsbe micdiunexangpkeovAcdgk of tBespknolly-vatyiigstulowgty field of the

the limts qQf seismcc i ing, Part |1l:. Integration of )
medpiyst AL af%wta%agﬁﬁWgsg%r%tt?%ﬁzqua%d hislo where | physical

retraf B3 s¥ioh f 'thd %Ales CRRNYGHES!, st WBmpWhACH B&kh&EEPYushing the
i ncorporated herein by reference, they are simlar to

limitsrofiecismmpd imagareg, Wagriktlihtegratipoof heastack enigtatienrvepeaityosemation, and

is direct 0 i magi ng. ] Eor. surface waves t .
AVQ ol aRO by e PR B rE! oo LG piteEoraa Rerein by
referleREQ UBy Wié Giinfl e to/aNi8-allpRivileS niigrafidiB 0 Kilemoe 8hdiP purpose is

exanple R Snieder, "3-D linearized scattering of

diregied fodewgingves and a formalismfor surface wave
hol ogr aphy, " Ceophys. J . R astr. Soc. 84, 581-605,

[00151 f86’Fo}M§{an | S8 ﬁ?t%(lhﬁel{%ggatnuﬁ)ﬁ FREE %ehﬁ(grﬁbﬁ]s BY the sqb}s/urface through

erence. vveve?, Integration 1s nost
whidhsthd waoe ttahds isodlvakebwimded forgxahpeR fSielend3d3 lincarized scattering
Fgrthernnre, hese "
of surface waves and a formalism for surface wave holography," Geophys. J. R. astr. Soc. 84,
581-605, 1986, which is hereby incorporated herein by reference. However, the path
integration is mostly used for the forward modeling of surface waves. Furthermore, these
forward modeling formulations again incorporate amplitude terms at the source and the
receiver locations, trying to account for both amplitude and phase of the surface waves. Even
when it is used for phase-matching, for example see Stevens and McLaughlin, “Optimization
of surface wave identification and measurement,” Pure appl. Geophys. 158, 1547-1582, 2001,

which is hereby incorporated herein by reference, it was used to facilitate the detection and
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forward nodeling fornul ati ons again i ncorporate
anplitude terns at the source and the receiver

WO owatz@ms, trying to account for both anplit uBET/ESZH09/032016
phase of the surface waves. Even when it is used for
phase- mat chi ng, for exanple see Stevens and
McLaughlin, "Optim zation of surface wave

.. J.dentification and neasurenent,” Pure appl, .Gophys. .. .
ldenﬁg‘éa?“’i}s 7%%@@%0&@%?’ S 4918 rtg%tyth]e n%oc?l" &?38??%%&’“1@“"“ of
seisiRIBuftePIn spaéerence, it was used to facilitate the

detection andidentification of weak surface wave

events. Note that the goal is better |ocalization of

sei sm ¢ sour cBRIER ARMFP EF HENNAHN BHONHE

| NVENTI ON [ 0012] Enbodi ments of the invention are
[001§] re ,dﬁl’ﬁelﬁ?%TQH@ iR A ST LROgSe chdiato %’g%%seﬂﬁpﬂlteﬂﬁhs that enable

variability of surface waves to be accounted for In
spatdl spealslityrofcoriaec vaves fonbs eccmunicd dat & pispasiesicegectidn B seismic

yi el ds superi or, surface ve noi se mtjgation,. with .. .
data Gt TR | § DTSR S B G PTh Ot GHAFT 0B Bh e likelinood
of Sfentifithgl RYMAL | OENMRIBERE 3bf (B WnldhtDRabEAldp¥érative with spatially
_inhonogeneous nedia. [0013] One enbodinment is a nethod
inhogfogpnayvessididg expl orati on seisnmic survey data acquired

i n an i nhonbgeneous regi on, wherein the seismc survey

ta i d: f ves. fr .

oordg 2, BRTEASERARCK FERADE AUCIRE SRHBRT ATAL sy du
acquiet! hiadarc diipicpen@ius rregiehy whgrese itsaTkcismit vigyeydaba Edmphises body

at | east one sepsor; formng a pl uralit¥ of | ocal
wave] dplerisiagh WaNP BeMrt difst AR My iresndaritenst ene FspaPaEnghe method

[ : r r . ; :

comprifing RPALBLARLHE Kok Rad AOR A3kl EAUERGY RBfHy & plurality of
locapditper§ion cutvhe fremuthe surtvoy tiite; cxampoMeng tieatisfiengoracdrived ©ra boarder

usi ng the path-integration curves; and applying the
freagiory dpnd gnPatt ok et na ik Gy S5 Flat et Rom the source
to tRALEiPG, Rrnfiklea Tt 36iRg WRY BahiiAeBatibR cBReSMnd SHYINRY the filter t
? dat a.l [bOl4]ﬁ§Aﬁot ﬁer e%bod]ﬁrrer%t |§93a 1a r?et hod ofa'w ﬂﬁg ? R
the yrovesigianty rempborhtdasin peitioniad tha swéacedatvas dicgquitreestisnpic survey
data@D i nhonbgeneous regi on, wherein the seismc survey

data conprises body waves and surface waves, wherein
the surface waves travel froma source to a receiver

[0013&] onndtheatchbotlihgens 64 & thehsdibY @yocdadig 6aipatise Seid@icasurvey data
for a plurality of source and receiver pairs, and the

acquistl NG It HHOMOERPPRPUS i TREIORr AT 4h9 seianicdpuyey dagncomprises body

wav%y&\ydesu%% whil®. RALRiPhe %uﬁ?éér&ﬁfe‘?%vél%&h VRbulk t&a P&cfver along
0] ormapasé correction term erein the curve Is

a path, fherseisminswoicyadntac@apiiwes dbfador aplrdlite gfisucye andndeeiver pairs, and
h%s mat chi ng .the surface V\(rflves .in the seismc da}a

the tggli Hg CPRprisIng™ integrating a ocal dispersion curve over the path of a source and

receiver of a pair to form a phase correction term, wherein the curve is a function of an area

location and frequency; and phase matching the surface waves in the seismic data using the

phase correction term.

[0015] 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

those skilled in the art that the conception and specific embodiment disclosed may be readily
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phase correction term [0015] The foregoing has
outlined rather broadly the features and technica
wa@eoaant@ges of the present invention in order PEEUSI00%032016
detail ed description of the invention that foll ows nay
be better understood. Additional features and
advant ages of the invention wll be described
..hereinafter. which.formthe subject of the clains. of
utilig 8y RaRE T8 MRG0 SRR ST ey Of gdRing out the same
purpdkds| dfadle ipfestdianddttioh hat sHoued 60N ®eREdIRBd dpdhsRekilfcdGn the art that
enbodi nent di scl osed may be readilyutilized as a basis

suchf gepuivgsnt pgljlsﬁt@cmnsd@sm@ cpgyt Hrorethespiriiend seapss ¢frthe invention as set
forttCAY fh¥ enQilé{l aq %1 gt‘ﬁ?esQ{/mEltﬂ %t%g&{ to b CIHI‘aéCéeI‘IStIC of

nvent ouI e rea |ze hose s
the 1nnemtitm aoth tmacb nsusrgarﬁmnowazhelnmeﬂmdsdﬂ op'etratmms toletieotwith further

depart fromthe spjrit and cope of e inhvention as
obJegtétaqdo e yRnfages weﬁ %ﬁ)&%ﬁed upqesptped ffﬂ% th%\fgllowegt digseuption when

consitir& uf_'J‘Ecﬁmkégtlldne%ﬁ th® ap&)n?ﬂ’ﬁgﬁ% 1r§'st i€ i50f E@@x ress 31 understood,

I nventi on, as to 1ts or t1on an
howoyer tii tm:,h dfdhetﬁlgeresw; plovidedt foe theolhl}rinesofaﬂdstratlon and description

advant ] tter derst d from.t he. .
only ol G Bt B REA GRS YaPe A HBYREER on
W th the acconpanying figures. It is to be expressly

under st ood, BRYEV@ESCREETEIN OPTHHPRAWINES | S
provided for the purpose of illustration and

description only and is not intended as a definition
(0016}  tHoe ajmefe campfets wedepytansing of thy @fﬁseannveekpeeeference is now made

I T t
tOﬂl ers %dgyngfo Hgﬁ pre@%ﬁ1L$8%@#¥g%%?ﬁpg¥é§%§%gp&§’ﬁrthh'
nom1nade to the follow ng description taken in

[001GpnjFiGURIEOhdayii¢th a phier art prarpany nnggade awiavgsyaves) whi ch:
[0017] FIGURE 1 depicts a prior art process to
ace waves 0018 FI GURE 2 i oce
oo, IBLRE ¢ ERoat S Rt et 1y ov e B oS Tagnts of he
invehfién;i nvention; [0019] FI GURES 3A and 3B depict another
process to mtigate surface waves, according to

nbodi nents of the invention; [0020] FI GURE 4 depicts
[001811 @i@H&FeS W anh3B depishnoshar Prrsessdaveitigte sprfacs  wvies.yaccording to

area, according to enbodi nents of
anbgﬁ§m8%¢gﬂﬁl%g&%ﬁ%021] FI GURE 5 depicts an

autocorrel ation of the map of FIGURE 4, according to

[0020hb OFlIGTERE st ddfpidthen ieﬂampibiorﬁ n VAR hurfddSuRE cterdgpivelbsity map of
an exanpl e %g a be gleld in the

the SUFvey #EHE §°P afhgEs Entéﬁ 8 "OE8Rdi ng to

enbodi nents of the invention;
[0021] FIGURE 5 depicts an autocorrelation of the map of FIGURE 4, according to

embodiments of the invention;

[0022] FIGURE 6 depicts an example of a beamformed field in the frequency-phase

slowness space, according to embodiments of the invention;

[0023] FIGURES 7A and 7B depict examples of the spatially-varying dispersion curves at

two different frequencies, according to embodiments of the invention;

[0024] FIGURE 8 depicts an example of the seismic data after the output of block 106 of

FIGURE 1 is used to phase-correct, or flatten, each trace in a seismic record;
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[0023] FIGURES 7A and 7B depict exanples of the
spatially-varying dispersion curves at two different

W0 e@gozael es, according to enbodi nents of the PCT/US2009/032016
i nvention; [0024] FIGURE 8 depicts an exanple of the
seism c data after the output of block 106 of FIGURE 1
is used to phase-correct, or flatten, each trace in a

0023f LUK S, MR mgﬂe%ef't%?e‘g%ﬁi@ B AR 448 0f block 317

of FIHIGRBE, 3ccordiagiél bmBoditheaitt@dhdBREsicdf whitd ik Rv&Niol yhase-correct, or
which is used to phase-correct, or flatten, each trace

flattem, cgchstigeg i @ spis@isrigeorln026] FI GURE 10 depicts an
exanpl e of the output of the process of FIGURE 1 with

10028} TR R4t B0 Farion i SRR E A p R Y RRE 1 v

surfaavacemidgags]; m t i gat ed, according to enbodi nents of
the invention; [0028] FIGURE 12 depicts a process to

jti urface waves, according, t odi nent s .
0037} FROERE L A6 b 35 el 15 Bt of Th0 ot HGHRE 3 with
surf&8Ivwave & mBtiaV QY a&ldt @ing A AbAHimentS Ut flRGAvNGYS, NOi se;

[ 0030] FI GURES 14A- 14F depi ct exanpl es of | ocal

di spersion curves and the results of process 1200; .
[0028p 0 FAGURESURESI6MS A nipesse BBNHEggtccturiape ereesphecorting freembodiments
Jon of block 1203 to extrapolate the curves in

Ofﬂgﬁé&%bé§Uency domai n over sufficiently w de frequency
band for surface-wave mtigation; [0032] FIGURE 16
[0028¢pi EIGUBE &h depietnecxaptt sPasishorsuearyr ¢atd comtaimrtghauface wave
. using the process 1200; [0033] FIGURE 17 depicts an
NOSexanpl e of di spersion correction using the operation
of bl ock 1208, according to enbodi nents of the

[0032PV9FIG@RE§WQA[- OB ALpikl QdRbp1k& A8 WisheRidl Of e HhROMRMesults of

a conmputer systemwhich is adapted to use the
processbl@@0ment s of the invention. DETAI LED DESCRI PTI ON OF
THE | NVENTI ON [ 0035] Note that there is another

i m ta our vl I atial.
o RO St R AR Y b s v
extrap®l O Sy vi@tled M theefr@iuendy dbiainachdr weffichasly Wide bfeRjuency band for

surface-wave mitigation;

[0032] FIGURE 16 depicts of an example of dispersion correction without using the
process 1200;

[0033] FIGURE 17 depicts an example of dispersion correction using the operation of

block 1208, according to embodiments of the invention and

[0034] FIGURE 18 depicts a block diagram of a computer system which is adapted to use

the embodiments of the invention.
DETAILED DESCRIPTION OF THE INVENTION

[0035] 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
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dealt with. Separating surface waves from body waves

requi res a decision about the specific threshold for
waepanzaudon, namely at what velocity (or rangeP@F/US2009/032016

velocities) are the surfacewaves and body waves.

Filtering requires setting these thresholds to

optinally renove the noi se. Deciding on t hese

v CE B R e RRTSTY 0 RELSTBREQery WP KR A7 BpB gy inove he

nois®@f DRCRIMSH encSel Ereshol d¥s fRi¢Lly ﬂb@iﬂrﬁlb@ boughlyding scismic records in
analysis is attenpted, it is too | abor 1ntensive to

the dpdh wparhaps p@@nﬁrm iforeniepayis| b @i seimin peEpv| N B#fteshpwhhprough an
r

analgsmS fgaelt tt ﬁgé% ie{ﬁﬁr %1% VC? tgslﬁﬂﬁlra 1(?611%1%; ﬂ#e?eoa&f‘lty thresholds

on ahSD <bat a@n&llcmhseb efube dath OrFusthefragre; wdy otmpagat how, these threshold

ven if ﬁ, rforned t rou h anal SIS over .t he

esm’%éﬁ?ﬁ re d ?r\?’é'&/ %ﬁaB%nS M) fQra pys Ce%?r‘? fitigatign; gven if one
perf&%%h@gﬁgn arslPid ler ﬂ%rénﬁ@ durtdy £Ea the surface-wave

velocitie processing seism’'c data except to

perform sonme kind of (usually ad hoc) interpolation of
[0036he vé]ypit;altlfv,eserbellitvieeiﬂ kﬂwnavmutaﬁplaéalamaﬁqbﬂits qfothet surface-wave

net.hel ess spatlal r iabi]i iSts, a p ess

velob PR B PTG Ssing Dt A5 CRbl R R Dl SETR)E ad hoc)

interpORASN foPIth WEloRRRs WaMASn ARE RAbINANESsis POintd) a‘No@@t‘thess spatial
zone includes not only the velocity at any one

varigbolétataxists, 90e PEgcsescs RECTAP! ocAdjist & it By ivadening fheirmysdocity zones for
surfaP ! Obelv%gna}% ﬁoo&i (Aegg Eg ﬂWit Q:gl&l oﬂe i 516183 Itl(;][ bkﬂe Ve\’focny at any one
I ng ¥1e 8 dS on any

ur sh ace waves

locaﬁ@ebﬁt@ﬂ@f e Iaﬁtldflpﬁe@ earidveidgu %etﬁﬂ@olzlﬁnﬁﬁh ﬁv@fenﬁ@&hmﬂb@s is that the
This is an inherent tradeoff betwe

der.
abﬂl&i ordistingrishithfgsusisac Faurseaditegdy spacs ot aﬂb’a‘i’f}ea{ﬁ?(l‘rfitlﬁlr%“éﬁi because
the ?T(%l%% gf?lr Flg% g%b 'wlé&ri]%y irfisfldse ?ﬁ’r{%ﬁeﬂt NeddRbf ewbQC d1st1ngu1sh1ng and

odi nents o present 1 nventi
addragsengippedtvadalhibtysybérespatiadndrinitihod adddeseh iuthes &Ehmmanner.

processi ng nmet hods that include estinates for the

riability of rface mﬂve for s in the
003/} fibpdiend of W RESFuIRRoh Bre RAAAER ety sfi apethods which
use ddknfE ?%cengﬁlethﬁﬂpﬂﬁt RRIS chtNAREPRIr MLy RBIItRbS surface waves for
variability of surface-wave velocities into surface

changgy én rtheir gatocdies avor éuly]@@m ¢fi 24 |syaceemb&emmcs In other words,

ernbgglﬁn {n glg?rl(pﬁaatte obag rva{lﬁgilgp t%¥ Sar Sceel-vgarlﬁ/e V%l ?1%35 1ntP Sélrface wave
miti@idn( | Mbreh oveciiivallgsérmbadiednts aR@rmpico@y hbwelﬁcalqjiolb@tles of surface

used for surface-wave nmitigation by negati t he )
Wavey PcFatstiBrted ek the GHire pifTRESIEY e8ca RRG Ggﬁh% e ggfimgted local

prop\éﬁfe?f'cgﬂ HEEL8- forNF&r?ac'é Ratve it {gﬁ%&m9 qie%?cﬂgi%l%glfrﬂ%arﬁago% gffects of

applicabl’'e to multi-conponent” dat a
surfarotwaves| tiroeghnipadalijheary mgenmetiopdioenthat whie embsditenats anotpplicable
[ onsh| s, (such as olaﬁlzatlon

expl oit phase rel at
to m&ﬁf?‘?fﬁm*‘ggs 33(5%1% e%‘mrea ot F%‘E’é‘ie\}gﬁ’rg thagoens qoggronent, since it
does'THJ)tt bx;ﬁ@iﬁ%ﬁ@?elﬁﬁin@hlb§ (SRS PodALAITRARHRD) DA co-located

nore col ocat ed
recewers Note that multi-component data is seismic data measured by two or more co-

located sensors responsive to ground motion in different directions.

[0038] 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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sensors responsive to ground notion in different

directions. [0038] Enbodi nents determ ne the extent to
wakioeh2wbe regi on under study is in fact spatiBCT/¥S2009/032016

variabl e and in need of the benefits of those nethods.

In other words, enbodinents rapidly characterize or

estimate the variation in surface-wave velocity for a

regi-on. Theout of. the har cterization,is usefyl i
outnE e e R it nBSR R B FhRERmPRoRT (e Tl opirhce-wave
miti giRioR aflehsaksthufiebcesmmploy@d. TH-LtSUﬁle ful &uffbd-wa v ﬁﬂt@@tl‘bﬁ\tﬁethod may

n1t|gat|on nmet hod may be unnecessaré for sone or al

<}

be upegachgms fafsomgeor radlgpastionsfcthc pegien- onycloporsigpt Py subidprgions of the
survg)E %1162 ?)tr ?%grf Ka\%rsglgfﬁgig;agggr%%‘e\gﬁg ?na‘g ld!n( 9% g%s\)((yiﬁl\ré}g tto Pe approximately
constns Taitsubdikissorswbalid \aillsiwancthodd ¢f sikfacsvwaet hﬁtﬁi@aﬂ@ﬁ to be employed

surface-wave mitigation to he enployed in the
in thg §H0 PN ST he‘r%plglﬂf pig ragyd %@@CP%&? Ibwavléetl@rdei%{ml%the size of
anal ¥4 hex & ﬁlotlﬁi:eéﬁ%mtﬂaﬁ 5fhl%c§l' &Rk v&%@@lcﬂsﬁdeﬁlm%ﬁeé N #fi6odiments
estimation of |ocal surface-wave di spersion curves.
operkirtro diemenatesa slplﬂlahtrmptthatg(maanatleel& ckpﬂ:tSI thk vamipbitityadf surface wave
I .antitftlvel %thS the variability of surface wave
velogifiFsey ¢ fupgtigqyofs ction of space. [0039] Note that
enbodi nents recogni ze that the prior art techniques do
[0039pt MNvEPkHa¢ bhb¥dihRKE refdgRiRARAUNE plibi€arf Rehnifi@&tdd i explicitly take
velocities of the surface waves vary when anal yzi ng
mtomémp\t dpe rfﬂ¢te%1abfthes uelpeities WAViEs sttfaeh stavegipyhwhpemnalyzing the
propeft eg]g% gl%r(f)aggﬁ aVFS {QI %&g kﬁ%hgﬁ? gr%n%\/\%}ré %geapgg?elh%’ctl}fg]go wi¥es. Thus,

the merS@r&g:hSdﬂFI&iIﬁ{E\laVrﬁSy béﬂfmxs edesmwl;dmt @pp&eﬁng Reérface waves
characterlstlcs of the surface waves do not vary by
frompysisnic Kk wheamdeichpreeicapiagy thasubyy wanss dagot vary by more than a

smalgﬁgﬁcgﬁttagiggngggg% he ?ceﬁfé {3k \é@)\ﬁhé/ PREGER Velocmes and/or

rsron c acter stlc over the survey ar
disprsmanharacerigies, ovalr Ithe:)ﬁurtvb'ge apnitecoracd langtrhald of whd prior art methods
er. fromthe |n xact charac e |zat|on of .t hat

...Su
will ssagf%f diom, he sxpct; Gharqelgizption, QF jt o%ﬂayalamﬂw&%%feéultmg in only

apprB%%Y@lrenﬁgvais gf glﬁ%@%@§ AL ﬁﬁmﬂﬁ‘% RcEbdyNRa RO MRS (reducing
efl ections (reducing their strength or nodifying

theutsﬁn@ngth@hamhfam therpbhasadad slpehtusda)%pecpa)MO] Enbodi ment s
al so recogni ze that prior art techniques believe that

[004%@ npﬁm%e n%lle\lll S g f %?)%&128 ftha% meirrjl G5 tWEhV eaeu%s ggﬁeve azt ciosrnprehensive

o one US an error one

analyiYSf sPitha@rwaet plopediios e bﬂldﬂ)ﬁs aﬂuad)ﬂ toaﬂ%tylﬁbﬁe t® be performed.
estimate the properties at a few sel ected | ocati ons.

Thugx iy arebsshniguessiimitt Bpptanelysis Harcabmalci e NpReTEgatt pfpw sclected
locafi&i’ ~ O, fr&l&%ﬂ%}ﬁ asauh ket AT [ e

Ocaif?or exar?p l'e Bat ent ﬁtlP 1?‘lcat l%ron éﬁgﬁ?%?%ﬁact o§ acquiring
aux1ha§'hﬁeas\m:nmhtsl, scchfer elymplod ey Bmteﬁi Iad)liheui(m' 2005¥0024990 A1l to Laake,

referen rather(}ﬁen eﬁorac %1f ace

which is here y incorporated herein by re eren e, rat er than extracting near-surface
characterization from the data themselves. Others techniques, for example US Patent
6,266,620 B1 to Baeten 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 Publication 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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characterization fromthe data thensel ves. Qhers

techni ques, for exanple US Patent 6,266,620 Bl to
w@awvaender al ., which is hereby incorporated heCEUS200%032016

ref erence, even when attenpting automated detection of

the |l ocation of surface waves in a seismc record,

onIy contenpl ates determ ning the nininun1and naxinum

surf.ace-

of AFH PGS EtE A St Rital 4l dPsd WIS speh 36 o HOp] HRdthods such as

" Spde&ﬁﬁ‘)&ﬁél?s@bf SurfacaMiiagBs (SASWH'EN2Z2AERr PN 980 d " Taesi@l ddtermination
reference, attenpt to estimate the entire

of eeﬁsgwcmnoﬁ ol dlepenis a8l pavepIent syweps Seieclarplis ofsrface.
5}
wavcgsm) Pg@r ﬁlgyvss,blf}h{%ﬁﬁrﬁ§%rs{t§( R% %E%agt%é %.Elm L s¥1n T{Qo)g g/lultlchannel
Ana@@ﬁl cEfSSLtrﬁape by eo f(Mpes W' kby)\@hol‘mtﬂ’l(ﬂisk SRlClinrdSD. 'gilee! Hiadghai Xia,
sis of Surface Wayes (Nazar i

i a S . )
and § @8 yanovj gndsiyiplt wé%réaehméxsawf syrfaeq ‘é(%YqSéMf%%IWDi acye and passive

R > ﬂ%oﬁéald@ gﬁ)’l e?rgszdey 26(1):60-64), the discl f
me spectral -ana ge surt ac nmet hod( ¥ PhD) h%sISC OSures ©
whichheze biicbe motppraﬁéd Hﬁﬁ&eﬂte Aﬂme that thass miethodTatxen)pt to invert for the

near HEaiF SICpAHect Ry CHAAR B9t RIPTIGrD BHUGGna TSR avashy Also these

methbdk 'a?éqsﬂe\éﬁﬁﬁﬂy dafighedMel Jn'a%@'ﬁ[b%mﬁﬁl@'sﬁﬁh&a RhvaWnliaee the scismic
waves (MASW ;™ active and passive methods," The Leadin

bod}Edz@eefeQ TuIFb@refom() th@Uamaaly saopimg 28¢ yr@highy  themghose in typical
ox 1d1; ?c osur es oe v Ilaearﬂ l%r?z % n orrfaor atagd by
pIpighgp SHatc Yabtey® hailorthdvedalepy o &t ehpt 't i nvert

for the near-surface shear velocity, and do not
[004a1 t emptbollimdtits bf diceinstuitfoCEponay @6 esthhao,thd BesrllpBiakiabls velocity
are speC| fically designed to analyze the seismc
along the dixeet \Rathedd SHHACHBRV§NEOoR soukeE 10 BWW%%G that spatially variable

Veloaﬁf hEhOg g Lﬁateﬁlh%tllina%&iatahgllys1$ ARl tRHVARLES MR d b IRRE waves and/or
ose I'n typ I cal oratlion selsmcC surveys in
d1recursd1€facet\@amms pbsaibileaSTIngspaflali;yuwfrale wednodty.anp 84 Yjelds local surface-

Embodi ment s _of the inventi. te to estim

t he ..
wav BERROH| SOy LT SHEICS 4 SBT< e A4 GHE Senuath Pt aaéagrplwfvelocnles at

Ilséf)ﬁf@QSc%ﬁesf He ra‘ﬁﬂ]y§@ Wk S@erl QodaB6R Y Bl sulGBwllNdive correspondence
spatially variable velocity is accuratel y esti mated,

to g@m\@glyzsh asd dopbarathinsd featdres ohtheendy sued, as avoleasdmvingddaprelation to
sur 0SS

otnel e R TR ety PEES e o S U Pyodimas note hat the

use RF GRErdutfase-Hvave tphpeptidsV 8Yd AR&R cofrB§ohflingafiltdring criteria should be
surface-wave phase and group velocities at each

diffesgyd foragach geeg indhe revhig. anal ysis at every location in
the survey will have correspondence to geol ogi cal and

pogr I f res h e :
00460509 (ERL S0l PUPYL YRNBLERIRS BIL Boring
embpdinenstise Bwctticas Tiegaocosamerts tvathions or Eboshismeiotrscords 201 for a

not e that the use.of the_surface-wav ertie
particiay pagiy oF &t af ettt + B ??QST%IPFF%FS 4P B prgatsd bY Mor example,

firindlaf sh6f & iyrfaffite A brhfifC e sOrthfCMBE @hith. A plurality of sensors located
on or in the surface of the earth record the waves from the shot. In block 202, the records 102
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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[0042] FIGURE 2 depicts a process 200 to mtigate
surface waves accordi ng to enbodi nents of the

WO pwenti4on. The process starts with one or norBCHERRA/32016
records 201 for a particular basin or region of
interest. The seismic record nmay be created by, for
exanple, firing a shot of dynamte or vibrating the

rf of the.earth. A pl.urality of .sensaors. | ocat ed
10043 o T, oIS PRI ol bt tvePisiB o HispFh Sirves ot the
locafiéym Wh@ tBlodata 203, khe ‘g{bcgﬁﬁtheﬁ laesisRCAkétngl@Reidd & separate surface
anal yzed at all or substantially all of the |locations
wavesfrem dody asgs inrbdeck M dipte thehthe diligring catesiaarogaregs for each trace
f.u I e n
in thlenciaéér/ %eg?ﬁfgﬁl gl%lolag Qggggsglgng? %ﬁzﬁ&e futll§1 S%H{Ipﬁledmfté“rpgr éﬁtena 1’205 The
cr1teeia(2105|1ﬁd&hl@phém§0 the rS@ir@l(Hde@lSﬁdZﬂmtd ﬁnmgjt&t the sEﬁﬂace waves in
exanp the size of each_| ocation may be_ based on th

the wpye r%PfCtSh@ls&ngwiu@? idata B W18 mEigsiadnBirtise avaviai-t H\Iote that the

anal%ﬂ? of PRQURE™ R J}eefol?ﬁbf 9t 3€br E@os%alﬁﬁal%; Qf %? khSRREEIN dfthe survey,
e sensor gri The anal ysi s 1 nvol ves

suchdbateeveinsaugcd feecived pmn i ths catmet sdr\&pe)vmlcb ibe eualy sl aTo obtain such

the. |l gpcati ons. VVth ata 203, rocess t
data 3 BicHE Hny CRP TR 4 Ty T8Nk BT AR an e Reon @ regular
gridf 1ORERALY MBS Schddbrd tiRCkat2 R thd¥otiRal RAY vkhtefpol k&Y, 'o‘ﬂﬂle analysis
criteria are correct for each trace in"the data set
mayZ031s oB| ageds WAtdushotss birtine sensaas.set of ful |y sanpl ed
filtering criteria 205. The criteria 205 is then
pl i oxds 0
[004?Ee Sﬁﬂ?lglg]éévh\g% eaglcd §]9 tcﬁ:é%} ano%h%lr gjcorgs ggg 10,18 &r%% gurface waves

accofldih@ t@@ehbotintentd bf gt mdetﬁilblhf atke PRES. stm ﬁllthhﬁfe drhtﬁore seismic
angg{3|s of FIGURE 2 is perforned at al
reco 1akor ji2apargeuin regmntcrfemteé%sat ) rls@cgfmh éheslerpe@y chagggterizes the

spatiitl\ag Srlta%ﬁqbfg&goniz ﬁtézgfgfarcgﬁv\% fin Qﬁé 'fec'ofhgé?lgl S?tdr&% (i%ﬁ;e}ﬁ%%ydommant

o obtain such ypl ca
surfaensavesmades. plfaselockt opanates poishbenvint IGURK 2r&gUos, Provisional

Patefi S o0loR Q1o THULR AR oLy PHicoh WoEk Ak &t BATroNUY Rl the average

groupRRlotRls may focus on areas with shots, but no
sensors. [0044] FI GURES 3A and 3B deplct anot her
process 300 to mtigate surface waves according to
[0048 kb dt GhBE 4 d@PICtSh?él gxam@it 4Mof aphavepngo @erigceswa‘ret groyp vplocity map

of th?:(ggrv%% rﬁ%%heat td ee Igrg)?% 06121303%]% r%(ﬁ IthalfI b?(EURE 4 shows that

teres

the @h\aayateéa&rth atd@ﬁums @pdtlavamambhlomyrf&% viah'e chase
waves in the records 301 by cross-correl ating oninant
surface wave nodes. This bl ock operates_as shown

[0048] GURES PIOCES 1S §16 PresRcsETORB Ve IORI S P focaRisgHnQ block 304
wheﬁl# $62uRAG archGn BEE lVl,g.Ed Hﬁf004 oﬂeSSuﬁ a'BR. %& @bt in cach sub-

e average group ve 00|ty FI GURE 4 deplcts an
arcaehanpfaee 400¢ ofloanicaven hgasssurctlac dewalugvay ooptang| ogiwiyhin < 10%

varia E)ty, depending 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
w@00oh2w82 a conti nuous spatial variation of suP¢EHUS2009/032016

wave properties. [0046] 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

[00%5 Zf é}g |k()1_8 gr eﬁlsgm{;gﬁﬁgghggs% nﬁgga%{ifg, %ggtﬁtrég? gltaf @1% |S§S}ruvre{1 Q5% cannot be

subde@Bed B a féw Gub-Whdahinith<didiifér Baudiddaked, ithd, the QR&IREN ?\@c&@ls to block
the frequency, average speed and other factors. If the

307, guhere the REQesss $tartapfsuprEeGose compasing thtocks 3085309, 311, and 313 to
d - 0 r ' t he
cerefhBE AR kRS 85 A WP 0 To BRI ieGEh TR0
surface-wave data 301 using the sane nethod for
[00485t | ihici suly-firbexsslibspi@s s dihookud07e b esdvimiad LBl aupcdtdation of the

in this case ponly applLjed once to each_subregi on. :
Surf%grvr?@/es%uws%@%mfpp _é@f@stﬁp@eéégibﬁ@c‘f% 382 fo, kel e correlation
lengWMs oY o8NS Ve 1¥cifiEd BCLDNYaRC WILAE Y07 Jd8uQU KL 309 &M-D correlation
bl ock é%S is a collection of local dispersion curves
lengBB6Nbter thetatt his sssudicditied carrehtioHengtldl 3 tlbomepwéscouthgemrrelation
I,S then used in bl ock .[0047],)1f the determ nation .
1engg‘r8 "Els‘érg%eé’b% ¢ PEORFER Y IP\g%JéB Sh%%?ni" hosss el}r??&“‘s%%é@%lﬁrvgﬁdow S12¢
for SRNAysReis bRk vided Wikdowasib@&WMasxtd- Rhe aBes®l ddherence lengths may
di stinct boundaries, then the process proceeds to

encoyhise kargo ppatigheieeakiily for dhe dispersiont astimatoy ingricoibetg next step to be

C Y S 7, 31 3. det erm .
consfRTRL I8 PR e, pof s il R SO QUOUR, incrcase
proctdyengstithy eyd s on. [ 0048] The sub-process begins in

bl ock 307 by perform ng 2-D autocorrelation of the

urface-wave group velocity map 303. estimated in bl gck .

1004857 HeURA %E?Pd?tét ot oB TR D Paisgon eGP 30805 s operation
of bk 807 Ith Gfitokbrrdat RPARS- 408 HCHGIRE BriadupeSHade. SRbte3@8t map 400

of 2-D correlation lengths. Note that it is assuned
coultl nes de cub+devided becausn gtehs ai308 allswgraprelseathd haocity is constant.

| ati l. t hs. of f ti j -
Thog 3ht rét PR B P e S GalrSob e DR kuudl <iBe 3 brand 313,
Frorh h8aB8ial ofSingp 1500 PHRCorRlakion VIEREIAW oF itRE SurfRicOfdvet ﬂﬂéperties can be
t hesé coherence Iengths may encounter | arge spatia

foundde jbg 40P imafers o) erd 200 spEsrsictrclEsyhera?®s crudietipmthresbold is used.
next .St 0..he,cansi der a local property,of the .
Nor i 18 AR B HOuE BRR Bl a8 Dn MBERR gl ubio 0.1 from i
peakvadgessi.mg time and costs. [0049] FIGURE 5 depicts the
correlation map 500, which is the results 308 of the
eration of block 307 to autocorrelate the nm

Q 40Q of .
l005ﬁfq§ﬁeg_4thp et2308, dsauk-Pregseetnematoches %@DPI@%F’BE Hugt dgjgrmines the
2-D i #Wiﬂ&ﬂw RELAYS fodal ﬁﬁge@foﬁ Qve Eﬁfnﬁaﬁ%g? B0 WBRHRA 1B s "beam

velocTty is constant. Thus, the process begins
formopet alThomnsubifis tone & uberperabtes s310f ddnbork $he3@1do80%ize.3The running
win(ﬁ)r\])vd si%é:l' :135' the size of the 2-D array used for beam forming in block 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
woreaoenz0402r) and 200 m respectively, when 90% PCT/US2009/032016
correlation threshold is used. Note that the 90%
threshold nmeans that the correlation function val ue
drops to 0.1 fromits peak value of 1.0. [0050] Using
t he set 308 he sub-process .t hen oceeds Wt | ock
the Yo ot apal sl R a5 H A uEh WRESTES b R adequate
cstihQ6.aTheh, HeecSingAhCWindowasid iFUtdifblc. al so referred to as
"beam formng.” The result is one or nore val ues 310
denoti ng the w ndow size. The running w ndow size is |
[0051he Tdiesabprogepethon ppgpicaplagk Sd 1that vHRLRW ST B tiySY Rffa using one or

PRI RS R B BT RN, U NS i

withiHoweste winddve iprtheessedrdyr @stemationunfiilogal vdispeesiorsicaeves within the

. that is greater th the, correl ati | engths if the
Wani Upa-s R IrF s rogﬁéoqkém@ﬁ 4 w&ﬁgt%ﬂgﬁeﬁwwwﬁ%ﬁt cach (x.y)
locaB&MP! TIg d[sﬁtal%ion%ur'vés the Repmedtdy @Ifans}faﬁniﬁéfs%?sﬂigedata into the

array fornmed by the traces in the running wndow does

frequaicy prayenutebe ufomati entreneswlythhsnslowness| doapiiy, @epar detecting the

di fferent des ipn the.beamforned field. .ln ather . .
peay i B AR o1B S0 TLREE Poehdfe iy hgetie.  While
trand?T8rmERL UG ifitd the Wrcdqh e SwaRnfifbel @finAACeHia FOnLaiffcfidt @zimuths are

Thus, increasing the wi ndow size is desirable. [0051]

mergerealenshthp odfseisdirochien so st dheteswitiog Rff3atsamnking eameféresively satisty
e AR PR D96 08 P G P Py b

the t8his fofinCto didreaseitlid$ipnacholst Rgy lif sofhn-sheegath@rdata, meaning one
estimation of |ocal dispersion curves within the ) L
shot\gne dRARY deerias arprvscd g hepiosming, dhqcsopsmic dagespidhe reggiyers within

the Wind P SPELSIGBr G&ﬁﬁgﬁniﬁ%é Wﬂ%@%@ceiv@ﬁ %éaﬁﬂl% o-r%%eceiver and many

di spersion curves can y transtor
shots & gather datd ard nicd, bhiy the eguencly theeshetsuwiben thomandovorare used. If

frequency- phase s] owness donaipn, and by detecting the
Sup%‘ég‘%sgﬂr}]@% H{g‘ﬁ’ PFF@“‘Fllgeaq%r@HB&‘}lggglﬁge WHEPET Siar s ‘émv%%&tﬂan one shot

togefHeE aSHAd lafic@Rhlity, §REI8E ot (WWhbR dnti3RSTRERERDE@tRbe within the
into the frequency-wavenunber domain, data from

windfivf.f Roterthatadpeiud Hsmay éc wpergtive Edronch vhenesfifferent modes or velocities
direction, so.that the. resulti of f.set ;sa i.ng .can )
of gt Fibies 0 8y PrkRTiced R Sheid P BT ¢f e tocation.

The seism c data can be filtered in tinme or frequency

[0032¢f aF éntinféhgt widlh SHeOdxapte dMEIRAABE 41 AonSthg AdlocbBeldtd1s tap 500, the
ratio. |If comron-shot gat her data, neani ng one shot
survgm areaaippld kesibdiideddpie 409am by 300 pe arrpRingguniipg windows, and the

dispét@fogr@ ?Vetsrcﬂce?rt?h cal BE sﬁ‘tﬁﬁxﬁhé’@ﬁr‘?—:a Wed Qgtﬂngt&fe‘ﬁgaﬂgg%e@ﬁﬁg or beam
use or beantorm ng. f conmmon-recel ver, ani ng one
formieg e FGUWR BN demacty as heimplcwfaiffebcaddbanalr fcldsedhe Haduency-phase
the trace (ﬂ‘ t({we. S(P?ts W Ihl n Lhe w ndow are used. |f
slowness space, which is derived from analyzing the seismic record (shot or recetver gather)
from one 2-D spatial running window, where the dispersion curve 312 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@haueer entity, are used, both the shots aPc/URm®09/032016

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 maves with a curve

[ ced for h _node ad on to each
100535 0818k 39 G5 Eepp Rt 6 Fotml R PR @ R iy eppapmon-shor.
multdple to@Mdhhecaudromartped mpe@@hdfamﬁ&ovarioh@ cSMbMeoml &dne or more
mould be subdivided into 400 m by 200 m overl appi ng
commﬁ rihfly CRIMHIVESCCINRE ANHeSursHot sdagiere @ @ééaubfmaélacl@cal dispersion
curve oe%ﬁhlageé %frﬁb {éégm g?ﬁr?nﬁ% Aufd ? C%E% nﬁlidag KR%{ Sgagxxrﬁffi‘%o)yv 18 rnoved with
suffiofeat @fvelﬂ?albﬁama@ﬁrﬂeﬁtuﬁlhteb d)f i the tlbealf dh@pﬁﬂﬁﬁ@)bum‘basai dlfferent spatial

sl owness sp mhlch i's derlved from lyzing. t i
locatiQuiss nf e P‘é‘?{gﬁ)o‘e@é’ﬁ%f) dhe pletrg yardayas ‘3%? rdGF?F’%}H’éHi’ydhe spatial

reduﬁﬁ’@ﬂcg e Y rk@isﬁﬂc Waﬁd OWhe W@l ehib Qﬁtadér% PGt Q alrgéJ Téfteaﬂg %gploratlon

can be estimated by automatic peak detectio [in
seistB¥1surseyt, lthe peadesobpdrhtes be&rrﬁmmedvétnel avealtap ezfc?ﬁ% in each spatial

fre enc .th t curye 601 derived from beanf.or ned
dompngy e PROB s P G B pdl drmsEaen K TR R4
2-D runnlng w ndow such that there would be nmany

[005aYT VeEe hiltiflbRs@htes Bf Her HiSPeradbe durvef81D1is Heh %V@lta%&ﬂﬁfﬂ the sub-
,yY) location, as discussed belom1£0053] Bl ock 311 is

PTOCI(E@plédftl@@( 33 f%rwhrémﬂaé lecpipnBlogk At ssules g a wefl Idppleaveraged
dlspgrgfgﬂopu &05‘[ e%/ i) I,f)l fockONy n%%gtai/e{henmjsl i! 1R|lﬁock 315 Further

per-sS varl ous co 1 ons one or

proc@@;ﬁﬁ’gJ mlw tﬂatt@ro A Npdreagary &lode astdths ufi@facs hodveg aiyh eafrﬁoval of the
to. obtain many | ocal dispersion curve estimtes 312
dispeyyion offeet usiitg ke (Rlgssaibedriislow mEcpUriamgT MIHSRERN; s

noved with sufficient overlap to obtain estinates of

[0055e l&ﬁﬁhulﬂ%_%ﬁ{ ﬁfeoé}aﬁfﬂé’ &6 FﬁﬁUﬁEfi ecﬁ@ '&isp%ﬁﬁﬁ' @lrves, e.g. 601, for

| ocati ons he overlap regions of the sliding w ndow
overfippinigarubeindeviadowned: yerdded o path apatiabtheatiom oy obtfaint the spatially-

sei sm c .data. When seisnm c data are her sparse
vary i PR Qo ey gy SR Pt R g REFRSLh curves v,
(x.y. , tl.té. @eﬁ)@fgys Q5 iafin¥BorP ¥ e r(J( ap l&fatlgﬁ %l rfregl Qﬁbysﬂat Maleach individual
omai n and provi des suf fici ent I Spérsion curve

freq@@tcy,rmg dcqbioncysv.er mg ﬁ@vel{)@tyaapgtﬁh@dml (mypfb)e sechtthateghedispersion
of q)dls i on.curves gl% t hen aver a
Volurne can e me

QrVﬁ 8PS freqléefé‘y ALE eac%s 4 Map VIgW, \gﬁerf: il%lr% ungerstood that

subp roces§ spa

freqﬁén@? Ks 3dm3tan€$ilbdch rnilp. aF&eUREMmfan@WBrc&gm elhmPpRE FOONT701 of the
curves at each (x,y) location, This set is then used

spatia{yReERe digersionr e #rivoedisicryt Wisgrencigsanpmplyt mag 700 is for 5
L2 f f
res LBy TS 2 R RSB Byt AL oy 0 ey

Furtidrapes diat onaps 600 and Ugnht'eoafxan{pm@?zﬁ]thé:ombunmmgf woth31heind there
| f FI h a. 1
Wouf‘ﬁl%mor% n?aps foﬁiJ %rent frtequeengfe? persion curves, e.g. 601,

[0056] 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, (ii) group velocity is a monotonically

decreasing function of frequency, and (iii) phase velocity equals group velocity when
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over | appi ng runni ng wi ndows are averaged at each
spatial location to obtain the spatiallyvarying
wele@parEIdn curves over the survey area, creatPeLUS2009/032016
full volunme of dispersion curves (gp (x,y,f), i.e.
velocity as a function of (x,y) location and frequency
At each i ndivi dual frequency e.g. frequency f0, a

ffeqrﬁrsﬁs” e BR b s 2R S5 e Bt blaahe: 75 Rty tggert as the

AirySpHakd]Ris@ly0-B8y. ok Sivfadohedes i elpordfisiesGémiedataiaid the Airy phase
frequency is constant in each m FI GURES 7A and 7B

is atche ficguenex &ﬁﬁPS@@n@@e to melnemmturreo Heet rakp yelpsityichgye. In the high-

i %% g fe e
freqﬁriréé%9 76'6%, ?g ?or \éEE FISK ; %{%ﬁgolfa{?g% ﬁ]l% g? p{%@eﬁge%cny is a
monbhéatifadectdasingefactitepiof tfrdqhencgrnt(u) graupeachotity He a monotonically
. surve Further not e th 0.and 701 are
increay g0 tfﬁ?ﬂuéﬁ‘iyp ghd lilzlngrseb ity3ng, 2rgwRy VelReite asymptotically
[ t
reactfY ol & RS s UBIAY, (TP RE oy pRER e requency
rang@%oﬁa)thebzkmy: ph3@5 oﬁr:n tihessldt faf suriaw esvdilth ¢xplomatpdrosdsmic data.
313. th ejt he bloc erates to
The BpHEETGHe S & ot YRRt HEICdRea ARDFPCGBRE band
while follow ng the physical behavior of surface
[0057RV €SThel frotdis th@Wpioc el &b Cse &RE bréudIbantdh@ssbirSO€ caHRE at all (x,y)
curves are extrapol ated so that (i) phase velocity is
locationsp neewensandlly, thecewss ny bmam:tlieé rit ohe flocagign r{éy) tq icplyulate the

phas% 1%1{) an € h%‘ﬁla&)}glgn t(? F?l;i]o{r% | cﬁ? sh%??gtﬁgs wﬂ?se sLIlBF lgcated at the

requency, ase ve
samy/ @r or (drythé\hecﬂiﬂ’dﬁ pa€ee Ywhose rébcivehes Ilomteﬁra quar(&w))e n (Hdvs‘a‘ever this
t he range bel ow what is known in the art as the Airy

coulr% masmake, éubvqe;pfdhevrlrze phhavdng theHsREENRS Clifﬁese%r?lﬂdp‘éettio% because
hav1ﬁ% o Gt Qﬂ&ah&ﬁdal{?% i C¥lchl t{ﬁ pﬁgseatelfnrl ?rfﬁlﬂ ?pﬁﬁfferent for each

rresponding to m ni mim o e group vel oc
traccurtie shdtmedohnd  Aitginbtiedyighe proend, in ¢hgpretdne imiestp@r 1$1a30 proceed with

blocky A7 EREARL & BeePegaiShab b ShrB i sty Hppfgn of bot

sourgé Sﬁipre‘é&lv&cﬁdsbfloh§ \x@thﬁpt'ﬂetg%'ef:@ld)dk 3t E@ﬁ%ﬁﬁ& 4 40818 8Ndispersion
frequency, and (iii) phase velocity a gr oup

curvve kpppyatadymercht sopedetrycaieaqtain hlerog@rmgvzalhlreckaéﬂ involves having

el LTI 95% AR B T ) OB b moes o

the difab®ivastlaf el HRVBSCyl nTIﬁiSPchfea&h Soursetceiver fkaf, dhe Jdi@ic record
out put of block 315 is a set 316 of broader band | oca

dynagpisglbt shapges thevdisperfigpsmve tyepash drtegrating everpthe sudaes wave travel

p 8 NS, B0 REGS) B0 ANSE oy Ll pug i

associaedhvesity ana fuacyipn bbfre@leauy.at e t he phase term and
then apply it to all the traces in the shot gather

00s¥o3R 3?%3&@ et S0 Rt BF N Bl BpobEecoaP01 in block 319,
Thu, st the HRMRYLE00 tridcSby 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 this 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 surface waves can be used, such as time-reversal backpropagation or focal
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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@git240al | | ocations allows the cal cul ati on BPET/EHS2009/032016
phase termthat is different for each trace in the
shot record. Alternatively, the process in the present
invention may proceed Wi th blocks 317 and 319, which

am cal change dIS rS|on as .a
tran R B e s GORAME R  EnSis SRR LG SRV BSR TR Gpmispsface waves
and thhe au@«wﬁfr befdromklydi ahd bochdsausreh@bsBt w8, of
dlsper3|on curves appropriate for each source- recelver
Processing at block 317 involves havin

[0053} addGURE hdeniels ehicxanple $08 of ahassgnalehing ybjeg eéaltput of block 106

of FIGBKE! | tn'aHEhI 1?5 11t1tg oga!té(f &ﬂ{g des 16’{] FROURH'S RGRrived from the
wave at eac requ r each source recelver

com}@atmnal tﬂ[tﬂéh(ﬁi%fS]Fﬁ(ﬁJRE dorsahg:lzy Bmgie(mhdoylab:lb anpesidnhairve for the entire

urve b ath integrating over .the surface
recohyBGUE &1 & pigthd iR SIgn EprTeHg aehev%e R iR R Tiylgwest-velocity
surfABRYwA8 md RS %e@%e&écmo&pﬂé?&ﬁ 0% SRt Ror Piténifauf Mg shrtfa?Ce waves.
associ ated velocity as a function of frequency. [0058]
The data 318 is used to n1t|%ate surface waves in the
[0060h p W GEEIDP depig® 2n icnabple X0 31 phasthuaiching usige thﬁeoutput 318 of block

317. b P‘iggﬁﬁﬁ%? &%8%\/%2 1sepggs¥cht ; aCe?cU%he? el ﬁ%ﬁgrmgtgﬁﬁlg r eesclgxl;]vest-velocity
surf&%lv&dﬂe(?mé@mrtﬂe réddid.t FUSURE b,edéﬁtﬁiiéh lugfihgttﬂuqdéﬁhﬁ]@@@étﬂ correction

to mtigate surface waves. One manner to n1t|% ate the .
that éy pstiamsecdrandeapnilisd o qachese Mhditccisrorg; Mpie dhatfthacug P00 cxhibits
t
bett&%{tgeg@ﬁ%g@ﬁ%%ﬁg ¢ clep lﬁfoer S%Yfglr%t R/r\ngér% B t{agg ué I}%lortl I201 than does
the stathec whtdiauhe chegrdadiFIGURT8.si gnal of the body waves.
O her ways of mtigating the surface maves can be

00 FcaFIGHRE: fF nanire an Siémas LABCERBERGH: FhLSKoLAR of RIPURE 1.

narngl?t the3da Nagh |8 8cdVaS6s IkiApALSY rlf()gc e F‘I@UR% 200t MRed from the
| ows for better analysis and processing of the body

convgatiesl niQosbdf FI@GURE Budepitst ﬁltfamf&dﬁﬁﬂb 8800 BIGLPMELE, surface

wa BT Pl e DBecpba o rul of P 0 ob s cpgace wave

disp&sioh WMot @Emble@dly tréiﬁoxfé@rﬁﬁﬁ%bh@rtﬁ" théBisp@edfurfab&dRke %ell outside
usi ng a single reasonabl e di spersion curve for the

the wHigahen paedrd. Tihp cUREPHEHIdOrs WE Spitrgimenw doeidecta wiymize the
effeév%va \; gﬁ%&%&%ﬁ? RH th BBdJ G/SK% figt\gf%fl é(;oﬁllr%o!f&gﬁrfsﬁf%%egﬁzave mitigation

e record
coulll Ibatatcmimgbpfmddmmgsnhefvaﬁ&omm e m{tpa6ey step (ﬁURK}URE 10. However,
depi cts, an exanpl e 90 phase mat chi ng. usi ng

this W&fﬁc rgpreblpqﬁiélkwg\iqdatp;|1mngt1gqﬁ@%swwﬂgwear@l Qﬁgrade the body
wavg Sllgpglc tFIéHEé HE r%tlﬁ??u Uefdth B dRIcoff sEipUesivaalt JaBﬁ’ for body

ace- wave einthe record. FIGURE 9 is derl
waveldegrgdamionque di spersion correction that is estinmated
and applied for each trace in the record. Note that

[006‘2‘1e FYURE ??%eplc V! exarnple 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
between surface-wave mitigation and body wave degradation that is present in the prior art is
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better flatness and a tighter nore continuous wavel et
trace-to-trace, e.g. region 901, than does the surface
wWQ008/120302 he record of FIGURE 8. [0061] FI GURBPADUS2009/032016
depi cts an exanple 1000 of the output of block 108 of
FIGURE 1, nanely the data with surface waves nitigated
109. FIGURE 10 is derived fromthe conventional nethod

.of FIGURE 1 usi the filter. of Fl RE8 In FEI E . .
avoideg it i} edeel, S Jfatithé MEicRe A cn gt s el Tgrcpfrgntal axis
deplaﬂsttﬂag@ﬁmﬁnerw ndow 1001, because surface wave
di spersion was not conpletely renoved and sone of the
_di spersed surface wave fel I, outside the nmitigation
gitiondi SpatadlviinhomagengpusMedidw was kept narrow in order

to mnimze the effect of the wi ndowi ng on the body
[006\3@\/659@5 imedts SRAHI %patﬂ?tvtaﬁéblﬁﬁrr J)fa&ﬁ'f g@\(@avg& tt(hg@t dcB8unted for in

coul e achl eve yW| deni ng the w ndow I n
dlspﬁstongajrueotmorst\dpchl ryicd sGuREri a0 surFiopnevae, ndisd sitvgatibol with a reduced

L.ncl.ude nore y data in the mtigati on wi ndow
hkelﬁ}?é?dﬁ @?%Pd%@%@ St \B\%ﬁ%} ail gnal . Hence, the results

suffer fromthe tradeoff of surface-wave nitigation
[0064Pr EmEYodMR¥ELS qﬁ%ﬁdqiamme% bf Misgbionldurdeptat sirbe waves,

exanpl e 1100 of the output 320 of block 319. In FlI GURE
inchyding @sghysef@ély\hastanévéiﬂbbmﬂdmmtﬁéhlmgue 9 Araprieedpiage conjugation
oper, 1!3? fgla%@gagé f\x}aallb/g nHRR 1831 Enho% ml"h s% tega?& 1%{71 %?é’& cJt‘s]'QrE' input to several

typeV a<5ﬂ alifddet waod rhh@awan/ aﬁclhamgbeep aangﬁmamﬂ; ecds;fe@snon rbohleenon and
process. Note that_the mtigation w nd

horlwarlowt?rﬁ% radefie%cab?ﬁ nlflmUz% PRELS Ze?cltﬁ%*f t@ hfélm u) time-reversal
I,

backr IO WbsCrlied 2P the BAKEAR Brentd, A LAE HIOGE Blnyformation as

descvibadi onAiL & Bmkhmmaddadi).. JTlvfasphuLineé"EO’caU‘em‘fsforbmtlmam imaging concept

sur face-wave atl on ap d ve d dat i t hat
for §gia) FEARON A ARSpForBely RoPE e atct- it fi 80 pfggéé@ which is
hereDP R olpdRdted RE MBIk fe@dncaxi s depicts time and the
hori zontal axis depicts trace nunbers. Mtigation in
Eatl al 'y I nhonbgeneous Medi a [0063] Enbodi nents
[0068hab|Enkasiamints reenghizbithitt surgee-sigre avidgseres fugdgeentally different
fromgagercr‘neg\% \ée]; ? entlrﬁc%%ovg%ﬁ] gﬁagr{eflquﬂ{ r %&{smgﬂ)’g%l t B l\ﬁltlggtlu%ep q’é%]nres very

acculrdt& e lisp&oidn Otoédtidn U &b rtgclﬁﬁtﬁledeﬁichakabehc;mm&u filtoR8A] or focal
Enbodi nents perform path integration of dispersion
transF QRN iy OSk b Mitigation alsoenviassmgatielbhysyiag dispeisigngarves in a

freq@&@?%aﬂ I}hﬁrlg %gﬁ’[yleglgl LG 'tcgggverttﬁe %ﬁ&l%asru?fage Rhas Spectrum. The

ugati1 on oper at or fOT surtace-wave no
automatit gatimetion &dhidspepwnatuoyesnayer wse/uiidaﬁe@rencyl ahd,tlmwever, often is

practslgaﬁﬁlrigllpossible or yields erroneous estimates of dispersion curves at the low-amplitude
edges of the band. Dispersion curves may be extrapolated in an ad hoc manner, which yields
poor dispersion correction of the surface waves in the extrapolated frequency band. This is
not critical in Earthquake seismology where the goal is the localization of seismic sources,
since seismic sources still may be accurately localized using surface wave components within
the well-estimated frequency band of a given dispersion curve. However, this poor
extrapolation of some frequencies is extremely critical in noise mitigation, since the
frequency components of the surface waves in the poorly extrapolated band result in

complete misalignment or misfocusing, and therefore poor mitigation by subsequent filtering.
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types of surface wave mitigation including: i)
al i gnnent, dispersion correction and hori zont al
wo piovari4ny as described in U S Patent 5,781, SBGI/US2009/032016
Kim ii) tinme-reversal backpropagation as described in
t he Berkhout reference, ibid.; and iii) foca
transfornation as described in A J . Berkhout and D
10068}, SERUARG vgpa b su?%g% %?Q%T%ﬁ B i@ dof Eifoifion comection by
0 SICS - 5 A59, which is hereby
nKm%%H%F%% . éﬂﬁhﬂﬁu byk{e eﬁéﬁ . [0065] Enbodi nents
recogni ze that surface-wave n1t|gation i's
fundanmental |y different from surface-wave
i denti ficati grin; Epetihauake)sei pimotogy) «M tigation (2)
requi res very accurate di spersidn ‘correction for
t echni ques such as hori zont al fllterlng or foca
transformation to work well. Mtigation also requires
whespll(k,al, 'y Wealthodizeiper shanumbevasa functéorf sfeguttal cpordinate (x, v)
band that is sufficiently broad to cover the entire
and faqfcace-waand /speld distanceTiiemaryttomaidng the piopagdtion pafh of the surface
di spersion curves over a w de frequency band, however,
waveften is practically inpossible or yields erroneous
estimates of dispersion curves at the | ow anplitude

[ﬂﬂﬁﬁge%hg t % sterqgn(/gj(r | g‘df'ﬁeiﬁ SEII%]HK2 HACY \Nﬁ @X ugleqiuglg/ for 8 glven source-

trapola inan
g S L T S?*Efaﬁé“*’évéﬁ@fo%%? T a%%? the propagation
pathEafr thbh guethee weiresrmTlaig;phakeeteentﬂw gmabe iused heEq. (2) for alignment of
| ocal i zat i on of sel ur ces, e seism c sources
sur %CteuVY%VeWé(i? %éccé’bl%‘}ga élslgﬁt’la EHIPR QT g & WG VAN PR Vv e
conponents within the well-esti nated frequency band of
[0068] gmealdﬂ ePp §£1§é1§lﬂb&é§{p‘t‘@ssed'ﬂ%1\ﬁ@§ofth@bl@as@ eelbcuy as
extrapol ation of sone frequencies is extremely
critical in noise mtigation, since the frequency

conponents of the rurface mavEé %rthe poorlﬂ

ext r apoliatied, ;ygrd ak.ty, ymdtonpll gé t,saf) ghrent  or (3)
n1sfocu5|ng, and tHerefore popr i gation by

subsequent filtering.[0066] Spatial variability of
surface waves can be accounted for in dispersion

whetbof/ S o= by /@il £,y nand lﬁe(xpﬁ@@)& fzé()myff %(2%%@0% s
(1) to f(r \r ;f) —kr( \r ;f) =\ kr(x,y,f)
(2) where kr(x,y,f) is the | ocal horlzontal mavenunber
[006&}5 a Thengropagatioh miatarabe ceamiidngt be @xstsajgharithe from the source to

[.,.and / is the distance fromyrs to r alon
recewﬁe &0 éﬁ%ltrﬁfésﬁctwgﬂﬁ SPHaqeEAVEY FILRENGRSFA Of éseﬁzjﬂserﬁegalculawd
usin® TARReASLY-fbquchey $ay AradinkMinFStded &) aéd&ﬁﬂt Fd}m%ntal refraction of

uni quely for a given sourcereceiver pair, and accounts
surffoorwires. \Meote ahatathe ghasutefrace(riay ¢ ) pcanpler talewatatl drygwhhe equation

propagat i on
modeling it ray theory is considered inadequate. Equation (3) assumes that different

frequency components of surface waves propagate through different spatially varying media

determined by v, (x, v, /).

[0070] Embodiments use a technique where the phase term ¢ changes from trace to trace,

and so it is identical to changing the region of noise removal in the f~k space from trace to

trace. This ability to dynamically change the region of noise mitigation is derived from the
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path of the surface waves. This phase term now can be

used in Eq. (2) for alignnent of surface waves while
waewonedng for spatial variation of surface- wa@BUS2009/032016

properties. [0068] Equation (2) can also be expressed

in ternms of the phase velocity as v (r | rs /) =/

p(c ,y,f) di (3) where vp(r \r =2pf/ k r(r r,;/)

fact %%g“ﬁ#%%gé&af %ﬁe‘g%ié‘i*? %glhe)@/ggpggg 8%’9‘&6 %"&b%‘éf %}C%I%'Fg ”b#fiete“mmmc

manhé@sihg @PHREnSOUEIEE of thell8€ h¥EFontdl iReh AR
refractlon of surface waves can be neglected, or it

| so be cal cul ated using frequency-by-frequency

[007r11ay tF%@UR& I dspisey atyoase ol Pomitigts sBifee waves according to
emb?%t%{e?f‘strdsf‘?ﬁ‘e ;ﬁfveﬁtﬂ{ Wﬁi§§useglg%§mﬁé1§ffrv%h%ccﬂja§§fﬂlt R Pparticular

C an ate Yy wave at1on
basimodedgiongofi ihtereay Tll[‘femsymb $eaocdssrnabeb@dreaﬂedﬁb§q“mmtgel shot at or near the

surfq,‘cg ﬁ;gt L o0 Bg%ilgglfntgg)étsgés%ggﬂog&gé g}gtg{ fgfr:a(er enc#ce of the earth record

the Whveh %ro%mhe%ﬁétt ' 'Pﬂel roV&E ¥isBAsEREEA EGLRIA crh%je B¥imates 1202 for the
vp(x,y,f). [0070] Enbodi nents use a techni que where

survehergahables t%mmtés t2HRngey bertbenresuits 208 a)fthlaeie?-ﬂbnﬂ F§QURE 2, the

resul, G A7 AR R o G Rt oSl 4001 DR yp of FIGURE 3.

How@Red, iahy sépofdarl@laml@ﬁllchmcmﬁﬁestfaﬁ st O0avRb iR @he Region of interest
mtigation is derived fromthefact that the noise on a

maydievisad + Fae exdnple.Hbe reslts hAE of blogk 182 ex FEGPREC himayl betwsgd, where
e U GERFOTPLSULE SRS oL RS EhObf PRI orvey e

and thepimtiportdriacpss. 1200 to mtigate surface waves
according to enbodi nents of the invention The process

ses |sn1 survey recor 201 for a [
10073ksi AIGH é 8rPig %nn?w@g@t of THENSCEHETF clgff%owawmg surface
wav@ﬁm@é T?ﬂledSé?éme'dﬁfarlQO@ w?dﬁ@& scite & da@a?f‘fﬂltlﬁ%esﬁi‘b&%g §260, and is the

he earth. A plurality of sensors |ocated on or near
mput Haa priof Mrﬁaf:e-mee patgation ec BIGURRES eandd 1f MdOGIURES 14A and 14D
The

derigpinalcaor LgbThgson QuEs T TSt SREEE YR ratl bt Tasspgispersion
curvE®Y GP@ 1 jg)(e) alree(ﬁéﬂléy%d?a(g %V@ffreaﬁé?féi%s %leﬂﬁgtrﬂo%gly ng‘ @lz and =10

res 6 of bl'ock 305 of FI QU 3, or the resul
Hz, ?e%ﬂecﬂfvel?l ek c3d3s Ao 1Th B Fodld s’é@é@‘é Rlirve @MY SR} pﬁfcess 1200.

|sperS| on curve estimates for surface waves in

region of interest may be used. For exanple, the
[0073&s uiThs pxo)f@sx)begmwkthﬂdgcl@fllﬁ GiaRExtanpigicsh ieyleedl, dispersion curve

estlrﬁgg’ gvetrq %&1‘[ \;V%E(aﬂ’ g@ca/cl#]ﬂ XhithSs ?yi)réaﬂato% {1 exploratlon

par Se Oca 1 ons \N| urvey ea and
seisrhitt @t@ duetred b dERRaR . dep &R Ehﬁ%JEiﬁcﬂ;ﬁmd@@!h@ts&rfa& waves. This

extraﬁ))(()faart?c))lneste%f hesl]pesI Slnr]n&gztlilrgg sl}/rfa%gtv?av%:ss ?fothg %gttmal;tgii rl](s)gcals lcilrsi)gr(s:l?)n curves
do not span through the entire energetic frequency band of the surface waves. It is also
needed if the local dispersion curves span through different frequency bands, since local
dispersions curves need to be path-integrated in the frequency domain, following the block
1205 below. Extrapolation is performed such that the extrapolated phase velocities conform
to the physical behavior of surface waves. In the low-frequency end, the dispersion curves
are extrapolated so that (i) phase velocity is a monotonically decreasing function of

frequency, (i1) group velocity is a monotonically decreasing function of frequency, and (iii)

phase velocity equals group velocity when frequency /= 0. In the high-frequency end, the
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wave noi se 1301. Seismc data 1300 woul d serve as data
1201 in the process 1200, and is the input data prior

w0 ooguefere- wave mtigation in Fl GURES 10 and RAT/US2009/032016
FI GURES 14A and 14D depi ct exanpl es of | ocal
di spersion curves 1401, 1402 of surface waves. The
| ocal dispersion curves vp(Xx,Yy, f) are displayed at two

aispes S GG selrpoiT e T D B oibstss Rpand L G stpereasine
funceibh YEAcdkdey,f(R) group @@1%)81‘[}1%@Qnoﬁ&@tﬁ@élly-ﬁh@re@ilﬁ)g fMStion of frequency,
begins with block 1203 that extrapol ates the | oca
and Eﬂ% pleassivelecty pyd gewspiviekacky apxaptoticalyfeadd thasame walye as frequency
goes, {o %?%R?y ﬁ%ngutgwefcgl % EIOE% Hgﬁ?llg % s%t é? fb'{_gadetn%oand local dispersion
"orati on sei IfTeren

cunﬁﬁnﬂﬁdhﬂ@pmmﬂhh@nﬁﬁﬁﬂtﬁuﬂﬂﬂﬁdh@@ﬁﬁMﬁbmﬁﬁqmayes. Thi s
extrapol ati on step hel ps in nitigating surface waves

1004 o GRTRHES drk #1s” L bl & oSl Tapitraion AbCIock 1203 to

extratOIHABR. MAVESn thi fﬂeﬁuéﬂc? Qloﬁl%ﬁ{jSQer'af sﬁfﬁﬁeﬁtﬂp%de frequency band for
i spersion curves span through different frequency

ﬁnﬁbaﬂde@erQ@@nidﬂéﬂﬂﬂié@enbpmngmauﬁvekwneemttWVbéSGIatoneqmnd
ath n.the fr ency, domai following th .
tocafiiic g 558 1BLF BuihC S dpsel BERE eI g b 2 Seail tocation

The ﬁ)‘ﬁ% {sa%geekaéfdp&g?g gﬂ]\;/y? gi(gl Mé@fcu&fﬁ&{ {anéttlgothte input phase velocity
om#fre n end, the di spersian c rves ar e i i

v, Caxtf )ap &ﬁ BB tsﬁge extyapo VETIQN 8 WRE 13A. The line 1505 is the
nnnotonlcally decreasing function of frequency

extrapogigs (asplopiasy vielocHy myd st cill thy sere degsting fifmclﬂneohm is the
of frequency, and (iii) phase velocity equal s group

extrapslaged dgcalesour velpgency, (r. /0. calpulpted wilkgh the depvé nhpse velocity
end, thedispersion curves are extrapolated so that (i)

7 (phiadk vel ocity is a nonotonical |y decreasi ng function
of frequency, (ii) group velocity is a nDnotonlcaIIy

i ncreasi ng function of frequency and (iii)

[0075k| S¥ce fhaaysdofdispgssion cuivis ¥20shanhesn platamles} ap éh}éﬁat?%l FIGURES
| T
15A2$1'thél’§, %ﬂ]% C@éceffggg%ﬁ%ﬂf‘ex a%oﬁﬁwgo :rlglgé -‘t/)lgn dﬁﬁogg({hpﬂéquency, the

surfaticSParesi 00 teatedes 1204 propigasipgrthiongh saam&) fspatplignayying medium
band as a function of space. [0074] FI GURES 15A and .

defik@Bydibpiletal horizpntakmiaec ofimbhie dper. 40 i dicobatinl vekatia0d £, (x, v, /)
to extrapol ate the curves in the frequency domain over

is expmipgd o deppipe whether e ey bo aeng Ber ¥q4 defgaciigpe This can be

dondTbd &%1 ggeri] bg %ﬁ&ﬂﬁ@ﬂg%% %&% 0 ?sg ﬁg%ﬁ_ﬁgs Qﬁé/ n d?}? gf refracuon of the

¢urve t one spatia
2-D ieliimput ckamales piastivblatitivoy of ph« indek Jof aéfrzmmen If the variation
1503 is the.local group

atial | oc The |in
causgR TS § {3 b%f? >§u§h ftyatc%ﬂcemufﬁeedd PRENGIYhE MOsui4hh as%uarter of the
wav¥Bh@R] th¥n MeXefrdotion ks SitdRRd 3RG1d Be hb@uRitl FaRAkAL$Hth integration.
version of FIGURE 15A. The line 1505 is the

extrapol ated | ocal phase velocity vp(x,y,f) at the
[0076pat i Hor cedashiabmeceTiee NaiEq56E 13 SJ.SQ(héO 1ntegrate the local horizontal

wavenumber from the shot to receiver along the propagation path of the surface waves. If it
was determined in block 1205 that the horizontal refraction might be non-negligible, the
propagation path from the shot to receiver is modeled using 2-D ray tracing, or wave equation

modeling is employed to directly calculate the phase term @(r|r,; /) in block 1206. 2-D ray

tracing and wave equation modeling are exemplified by Virieus, J., Farra, V. and Madariaga,
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extrapol ated | ocal group velocity vg(x,y,f) cal cul ated
usi ng the input phase velocity vp(c ,y,f) . [0075]
w@ewe/12d3e2 set of di spersion curves 1204 has beR€iI/US2009/032016
obtained as illustrated in FI GURES 15A and 15B, the
process continues as shown in FIGURE 12. For each
frequency, the surface waves are treated as waves

a t|n t hrou 2-D spatiall ar yin di um
R, BORRAdan, el o bl e R R st s Porlf Qo geation™. 3
GeophykheR&Ra93,ab5852635B i(0F aﬁcﬂx%)( XwiYich ) isi Ber€b y’:lflhaﬁ?oﬁatéd herein by
det er mi ne whether there ma e strong horizon

refereaeq; gudl ikedly, KhiRs, Baid. e WoaneltﬁloP exivpiferd, By M, d@io, “Synthetic
sclsrglg? Rns! V\ﬂ?fn?tc?cfn‘l?%reﬁc%ca%ﬁ%a I’ (‘d'cl ﬁgy Fest EF j f’fj e% chg%tllogl modeling),

Faction o dm-and exam’nes

whiahais haitebp incofpdrdted herd@byokfaraice aOtthadwiselthe pxbpagaaibh phihdm assumed

causes rays to bhend such that accunul ate se er.ror
to bg & staielt g o gusaw@f: R freqeheT wéffbé bf%@dlpﬁ ds a phase term
1201§% LAGid-QR is strong and shoul d be accounted for

during pat h integration. [0076] For each shot-receiver

pair, Eq. (2) is used to integrate the |oca

[007Abr i zonFHGURGSe nidibeandf r 66 t dpighohe tmth-ededroted ahawg velocities
ropagation path of the surface waves. If it was

5 (1 £ MR G ( T/ HARBOBIND T e avel | Ppoms alocities 5y (x. v, /) in

refraction élght be non-negligible, the propagation .
FIGHREN 44 s2n trreliEprsnt thot #%@%ﬁ)ﬂﬁe&ﬂi 75 L4 epreprge @elzn@rked by “x

Simfyffe SPYE 18 28 PrcHiRhoBP pRRlePed BfIReREER ne)
taod 300 p PRI ph RS HARRDS, Ve NS PR O, g&ﬂ%% B9 358 shots 1407,
1404;@? al LF?@BRBS’ 14%? §§da I?Ba Yip! t'hf‘ Xréllglé);eé t41 a%ﬁ}p% t%n Ijath of the surface

er ogeneous mne or ear

wavéLBPRYEncdRRShe a $Baighioid- &ﬁaect(ﬂgahe ko@ee agd rcc‘éhzlcfl hNog that in the
her eby |ncor orated herein by reference, and Kelly, K
comparisopi ] IQE,@ 148, @nck HC thy progass M(}Oo@lﬂlarchalm challg%dlspcrsmn

C f [ e
curv&_i\ﬂgé1 a{ﬂgsb(ﬁﬁ (ﬁln%g ﬁqﬁcwav éi %‘1@ uIIg ellgérllr lrgrg ﬁ)ﬁg @Q‘Bﬁ%ﬁﬁﬁ)n of either
FIGUBERe&ynd fﬂﬂgropdiﬂ@URdESthl(éaﬁd b4F stefveyr thatcthe pffiohﬁf 1309eperforms a
t he propagation path is assuned to be trai i ne
freayqusoy HE L ERYCRA I P Rle 10 ltﬁﬁ%mﬁétt%?i o) fgwe&%@mponents
of thS sﬂrfﬁ’crca%vcsefeafﬂp% Qd tﬁﬁfu fagfreldhAoeD {119@317] NotdES ach map of

14B and 14C d th i ntegrated phase
FIGUBESC]M[H d4Cy l{E a\ndsL4fE') de.pgﬁs( k rapfeschtatien Hf) the4hase ﬂed,@ﬁtycthat would

eo 435t RF Py BT SrLE RERSAEE Y S fr oo AR Pt gven
shotr espectively marked by "x". Simlarly, FIGJRES 14E and
14F depict the path-integrated phase velocities v (r

; 1404, 1406 of the | ocal phase velocities
[007§1< yTlfe)phaﬁe fermURe7 farpach trach e roavresashis i {Wovia block 1208 to phase

correct each trace within a trace gather by its unique phase correction. The phase-corrected
data are processed for surface wave mitigation to eliminate surface-wave noise from seismic

data in block 1208, resulting in data with surface waves mitigated, 1209.

[0079] FIGURE 16 depicts an example of dispersion correction without using the process
1200. FIGURE 16 depicts dispersion corrections or phase matching for the slowest-velocity
surface-wave mode in the record. FIGURE 16 is derived from the conventional method of
FIGURE 1 with a single reasonable dispersion curve for the entire record. Note region 1601

with poor flattening of the surface waves.
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1408 as in FIGURES 14B and 14C. In this exanple, the
propagati on path of the surface waves is assuned to be
wa2@onz4ght | i ne connecting the source and r ecRCTES2009/032016
Note that in the conparison of FI GURES 14B and 14C the
process 1200 dynam cal |y changes di spersion curves

dependi ng both on the source and the receiver

cat.i onparison o it her FI S.14B 1
00sgf° 2FIGRRE 0, 6HTh 3R Mufls, &' b b 2 e bt DR Froure 17
showR @IshEKidB carrbtREY O flash Yndtd B Rn et Nek EstiviloeBy Slirfacefhve mode in
so it assunes that different freauency conmponent s of
the neperds UriGARE Wave derpred pistet @ uriqre dighediopfagrrgptiontepn @(r|r; /) or
nedi a. Note that each map of FI GURES 14B, 14C, 14E, )
phasg e atrcage rest 18 the Kepide SASPARIORTBAS is8 to pazethy ayayes asshown in
t ' h . ' :
FIGLRE, 1287 o it EGORECE: SRMBH Bl Haftlest R R 10fer tfilcontinuons
wavelbotrace[t008¢, clhacgibad 201, ehan doel thef urfaeachvd imathe récordoMFIGURE

used in Eq. (1) via block 1208 to phase correct eac .
16. telngdionon i fabk Cabh é‘fm&wth alt il atepHaghout disturbing the

upp& PoFRmldroRk oriPe Phase-corrected data are processed for
surface wave mtigation to elimnate surface-wave

noi se fromseismc data in block 1208, resulting'in
[008dht Aot that isut frafeeablatoasse wirtightarpenthsiaddock] ROBohich BuRBost cases

it 35 FGRLRL® 0, OGR4 BB BaSPELEY R AR oo

desc€iBEd BCUS PA&nOS5,78N38T T8t ChKRg fbiomitigdatos berv&sibn iebloek i Y08 or the
surface-wave node in the record. FIGJURE 16 i s derive

d
methads gescribed ahrventithoisarcchisr leeks 06 of BPERE 2ind3 18 of iFAGIURE 3.

reasonabl e di spersion curve for the entire record.

00 YO SR BBREE S 0L o O YIS v
softwart partd/dr X0 ghvardre, ind @k ah 0Fmb kiR etcdH s NMovendingpensitahin software,
for the s mest-velocit¥f

correctyﬁgé or phase matchin I

the gPIRSCEFePTIde TYPHIRR 8P daty GURIECTY SPEMES 1o gyt form the

neced§ir Jashks UNMTRUSrSHr SRESSERR §QRIAKT EANLE RIRd [ \a pcedsdr readable
or phase termat each trace in the record. The phase

mediuvgr.m The Umedkssa whilghte mivaiwa exyamckidovanyi medin@UREL 70 store or

te that. FIGQJRE 17 exhjbits better at ness an :

wang B P ighe. EONPR Qe VT aieble B L e gan clectroni

circdi€ 94 @BmicOaductdh aibntReSddvite, SURICAGE aWBNE infenid?e, heCR4dble ROM
of FIGURE 16. Thus, the distortion at 1701 can be

(ERQIMRd 8 vikawp ¢hisks et theorspagh diskvit PHIIM., ansantied) digk.tnbard disk, a fiber
optiéé?%?fémp Q! ?ge 8(§det s@?m%ﬁf%q{-]ay {)eo 8§\;\'7%|11é)&$etﬁie i%l Ioggr{?pk%bé%tworks such as

rable use stral ght “raypat
the whiredh, thetinotnsé. cases will be adequate. Al so note that

it is preferable to use the spatial |ow pass filter
[()()ST]at hFOI%URE 18 illustrates computer system 1800 adapted to use the present invention.
Central processing unit (CPU) 1801 is coupled to system bus 1802. The CPU 1801 may be
any general purpose CPU, such as an HP PA-8500 or Intel Pentium processor or a cluster of
many such CPUs as exemplified by modern high-performance computers. However, the
present invention is not restricted by the architecture of CPU 1801 as long as CPU 1801
supports the inventive operations as described herein. Bus 1802 is coupled to random access
memory (RAM) 1803, which may be SRAM, DRAM, or SDRAM. ROM 1804 is also
coupled to bus 1802, which may be PROM, EPROM, or EEPROM. RAM 1803 and ROM

1804 hold user and system data and programs as is well known in the art.
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described in US Patent 5,781,503 to Y. C Kimfor

mtigation correction in block 1208 or the nethods
waele®entderl above with respect to bl ocks 206 of PEI/GRRBEY/@32016

and 319 of FIGURE 3. [0082] Note that any of the

functions described herein may be inplenmented in

har dware, software, and/or firmnvare, and/or any

i nabhon thereo When, i mpl e te soft
100357 TR AAEO SR Sl Bleg st OMRL AT epBralie2fid S eqpiygnications
adapt@Uur® @GMENIsSr {nterRRE fc@FdM 8085 aNE Cpsdr Yard A8HS. THRE/O adapter card
f ogram or code segnents can be stored in a processor
180% eenghis do wiuagendevidgs 18p6.cwek gpone eaduse f gdardifrivereyCD drive, a
ﬂopﬂ);pgo lﬁ(rjrgrtn?eg%a [%g' dﬂoet I?(?ttli;ec %ﬁmﬁﬁt% é;férgtr r ?Q\% &%ladapter 1805 is also
conneletim@lpnﬂﬂ@r t8eC twlhom would ranuwtthe @sﬁa&[ﬁoqﬁnd Lpap@rcop”enrbf mforrnatlon

deV|ce | ash nory, an erasabl e
suchqay ﬂwagﬁna Figgl&gr@maa%%a@ﬁ dNeR tegd- fm«rm}ﬁﬁ bt E% & printer (c.g.
1nkJé:{' 1§|§er &c. tfadrﬂx %a%hme (g)gfer%chﬁle ni&tfons Izﬁﬁ lg@fj?s adapted
segment s”’may be down d via conputer networks such
to caqald: ke d:cvmlelrtﬂed;ystdnntlﬁ%m a retwork] DRIZ3 whikdhGRlg bkBone or more of a
| ust rates conp

t 800 dt
elenlops e et G \OATORAR BRGCEea hg Ft aret) Ebge: network.

and/bB tHeOMRI-&d deBv&¥ St 888 RHRr2&0&ard TiRYS CBkhILSAderB utbd%:vﬁd%y such as
gener al purpose CPU, such as an HP PA-8500 or Intel

keytpars 181;3; poiotesdoricol803, i tﬁ@ t:@mlfmiﬁr syatom E80h Thrdespday card 1809 is
criv R b R YRR U Bre B R TR BT e by

the architecture of CPU 1801 as |ong as CPU 1801

[0085]J ppalticighhke prey@ntinwatiopandits adsankged Baes bémﬁdieb@rteid fn detail, it
s 1802 is coupled to random access nenpry

ShOUi%bg undgiptend thay VB@O@W%@RMS“WOWMW% F08 biegnade herein

LT s Rt T PR

clairdat M(nerdveprthg seoye @fsSthe $>msehtl apiphioatroni 19 IIOh e'ntatded[tﬁﬂmqmlted to the

Bus 2.1s also cou i nput /
pameﬁﬁﬁf pgppdipepts ol thespys! eséo‘ﬁﬁ‘g%‘ilee gf%na%g PS%&? gf matter, means,
methid hnd Ue8% deldriycianans @%&ﬂ&@i@n angd ol %P bﬁﬂn&?rs@ﬂﬂﬁp%e art will

The I/ O adapter card 1805 connects to storage” devices
readil g O@nprepingh @moﬂr@ disclosure of the Haesgntirinvamtion, @Mcdsscs.e machines,

a tape dri,v to. the co
mangEb RSO ipd afiied, TRgHs el i ERARY e sting or later to
be dBVdl&ierthdBefformvhiubitammiilythkiRwriHteos s hetiedOsudkiaftially the same
aper copies of information such as docunent,
resugr@étﬂ@ﬂg ﬁ%m%'ﬁonchng epbedimeatscdessinas hdngin ravebopiikizasr acgarding to the
pres%ﬁc ﬁxlffﬁlrtl’oﬂt eAcc(o?dlgiglgf % %é{jenliérﬁs gg%lfsue %'111%0& elnger:]cg ?8; ér}céudfgﬂ‘_chm their

scope Ssualil ppdcesket, Omﬁchﬂll&ise niaRefacry Wokiposiyisheof #BG6r, tnhcads, methods, or

network 1812, which nay be one or nore of a
steps.
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t el ephone network, a I ocal (LAN) and/or a w de-area
(WAN) network, an Ethernet network, and/or the
WO paoenergd2 net wor k. User interface card 1808 coril/g82009/032016
user input devices, such as keyboard 1813, pointing
devi ce 1807, to the conmputer system 1800. The displ ay
card 1809 is driven by CPU 1801 to control the display
on di splay device 1810. [0085] Although the present
invention and its advant agdsAMSe been described in
detail, it should be understood that various changes,
VWM&FQﬂLithLons and alterations can be nade herein
Pt hyhdeparting fromthe spirit and scope of the
i nvention as defined by the appended cl ai ns. Mbreover,
1. the $60pe oPprdcbRiny &pRititichRIsnEati9By tstad@hn inhogidgdestous region,
to be limted to the particul ar enbodi nents of the
wheyginp hesssisnna sHivee datgeabaisesubasly woiep 684 stdsrcoraventtaat at least one
ri . in. the
ﬁnug%%gft#%%t@%ﬂ%aﬁggb%%ﬁggngﬁggﬁggﬁ)%k@lI in the art
Wil readily appreciate fromthe disclosure of the
pr eseiving sewent saney pate fessstdeasraichsonss; nanuf act ur e,
conpositions of matter, means, nethods, or steps,
present | Xi. St or ..l ater to be.devel oped fhat
e faBin & paeI of Hepl ARET e P R Ere Yt eve
substantially the same result as the correspondi ng
enbei pERiing thlegishdres chebeion BBYddP @reqﬁéﬂcfy‘ zefld;accor di ng
to the present invention. Accordingly, the appended
clains are intended to include within their scope such
pr SeegraEng thepeifapelatedndisRmrsion ¢HB/CS AdAgos iPpthofiempthe source to the
recelVBl.ter, neans, nethods, or steps.CLAIMS Wat is
cldined is: 1. A nmethod of processing exploration
seism c survey data of an inhonbgeneous region,
whéoreiimg 4 hBeswignthe psthrivegratiah auocespmidses body waves
and surface waves from at | east one source and at
| east, one receiver, and the nethod risi
- oAl yTAgS BIEP s ¢ Torpes AL TP ik Bqrti af the surfuce waves
fronS@B 88Emid REVEyN@t2 pl urality of |ocal dispersion curves
fromthe survey data; extrapolating the dispersion
curves to a broader frequency band; integrating the
2. extThapesthedal alagpds svhsreie (he derming ﬁgplarabgt ff facahfisprasion curves
Cmﬁgg ce to the receiver; formng a filter using the
ath-integration curves; and applying the filter to
the seismc data to renove at |east a portion of the
suchaegenmanga spatial variability of properties of the surface waves in the seismic

survey data;

determining whether the region can be subdivided into a plurality of sub-regions
based on the characterization, wherein the spatial variability is relatively constant within each

sub-region;

if the determining is affirmative, estimating at least one local dispersion curve for

cach sub-region;

if the determining is negative, forming at least one dispersion curve for each location

in the region; and

using the dispersion curves from one of the estimating and the forming, extrapolating
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fromthe seismc survey data. 2. The nethod of claim
1, wherein the formng a plurality of |ocal dispersion
W@ ewa4ednpri ses: characterizing a spatial vaPCHDB1009/432016
of properties of the surface waves in the seismc
survey data; determ ning whether the region can be
subdivided into a plurality of sub-regions based on
th 41 haracteri z h,on erﬁin the spatial variability
© %peFSé“i’na?uf Va1 yetd SHUHEY % n each sub-region: if the
determning is affirmative, estimating at |east one
3. | ogab ntb@Eos chim Q)rwierdinrthe sgdhiafiybrarggg @rapettl it e least one of a
deterninin? is negative, formng at |east one
phasgjagf 8F8IPAS %&V@éﬂwwfé%wweécat. on in the region; and
usi ng the dispersion curves fromone of the estlnating
an r I
4. ongE E}?e lﬁdqul?ed;ag? géﬁﬂgﬁ@ﬁ i e g)'ilh:%ﬁ%la Bed §1 rterf Mkations, and the

ﬁnnmmgaphmdnhefkpduhqkiymyanyﬁngmgnmperty is at | east one
of a phase and group velocity of the surface waves. 4.

Th .hod. .of | ai 1
1 EpdT e SRk ShEh M AR R PG Rl Ri G b Fggpripnd

| ocal dispersion curves conprises: analyzing at |east

onestitktingCet Wavteoly el tdyspbBionea@hc | foe ahd Qtrfade Wage property for

region; and estimating at |east one |ocal dispersion
locatiesia thegicgioe sur f ace wave property for locations in

the region. 5. The nethod of claim4, wherein the

5. SUTHAGRINRAVEF cﬁélﬁ{)@ M Nerb ¢ e 9151‘? Cv?/ aie%‘ﬂ%éﬁ\xﬁé rag?ﬁul% Ff]eelocity of the

surface waves. The net
anﬁnegmnﬁ&conprlses a plurallty of | ocations, and the
seism c data is a sparse data set, and the formng of

a urallt al. di.spersion curves co

6. andny o dar uacE e R ReRh TSR p EPRMTET Ingudops and the
seisifiRA3L ifatsparS€idath Oet, G thO@GarhnliRP of B SIBRIIKESTF RRal dispersion curves

formng a di spersion curve fromthe anal yzed data; and
COmpriscs:

analyzing at least one surface wave property using the sparse data set for one location

in the region;
forming a dispersion curve from the analyzed data; and
interpolating the dispersion curve into a plurality of dispersion curves for the region.

7. The method of claim 1, wherein the extrapolating is performed such that phase

velocities conform to a physical behavior of the surface waves.
8. The method of claim 7, wherein the extrapolating the dispersion curves comprises:

extrapolating a lower frequency curve such that a phase velocity of the curve
monotonically decreases as a function frequency, group velocity of the curve monotonically
decreases as a function frequency, and phase velocity equals group velocity when frequency

equals zero; and

extrapolating a higher frequency curve such that a phase velocity of the curve

monotonically decreases as a function frequency, group velocity of the curve monotonically
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i nterpol ating the dispersion curve into a plurality of
di spersion curves for the region. 7. The nethod of
W@ @992 wherei n the extrapol ating i s perfor nedl/Es2n9/032016
t hat phase velocities conformto a physical behavior
of the surface waves. 8. The nethod of claim7,
mherein t he extrapolating t he di spersion curves

ext olatin ower .frequen urve
inerGREPALE SRS VERBRDY B rlins Y FHHGRERS B e AR as group
velo@lleﬁvvﬁasﬁgq@ﬁc@ﬁcwa@éslt@ﬂalfdrlﬁﬂmeylcy, group velocity of
the curve nonotonically decreases as a function
freguency, and phase velocity equals group velocity
9. m@h@ﬂlﬁé@@@f&iﬂl@du&r@eféwapﬂ%% extrapol ating a hi gher
frequency curve such that a phase velocity of the
cu function frequency,
grg%gmv o%??@gﬁéf%ﬁe curveiigeg?%hlcalIylncreases as
a function frequency, and phase vel ocity approaches
t hdetsemipingalhshardiogronipl rerhaontayfcol snrficecegamen elpng the path.
increases toward infinity. 9. The nethod of claim1,
furd her alculatl an index of refraction
10. algﬁgr% Q§%§£@kﬂngg ermﬁomﬁrIS 't her hori zont al
refraction affects surface waves al ong the path. 10.
Theéf thetittoniadtic igiaffirthatif ¢l rrhddting gysaitts fon ghe infegtdti@n; and
determnation is affirmative, nodeling the path for

the. jntegration;. and jf the det nati on i.s negati
us&'t b g@iﬂﬁﬁﬁm s RESHRE R TSNS E]m @%twa?fat pgurce and e receiver

aSﬂk%ﬁ@“ﬁ§HWQ§wgﬁﬁogath for the integration. 11. The
hod of claim 10, wherein nodeling conprises at

Ieast one of: two di mensional ray traC|n? and wave
11. eqlae msthatodeldimg 0, whereThmogd ingadmpiised ailgpstionewtier ei n
integrating the extrapol ated di spersion curves results

i@ %i{%r?e%ﬁlfgl)ngﬂg leaé’iﬁg atn?wgve%ﬁgatﬁo:ﬁﬁ?é&ﬁl ng a filter

uses e phase Yérm orm-'t 3. The net hod
of claim1, wherein applying conprises at |east one

12. of Themictlgait efidaisur, fval&e&nmmgatimg th&@xd‘aﬁcﬁl&tkdid@persion curves results
correction and ho nt al terin mtigatin

in atgehst QRePRAS wgmu%r}% ?@rﬁ%n% e PlFswes Blalbpohag i R the filfer.

mtigating surface waves using focal transformation.

13. 14Thd BRiHmRITRGiAM1, haldm dpplfiHE Eaﬁbn% Pk JAG of
organi zing the seismc survey data into a gather of

traces;
rnitigating surfaces waves using dispersion correction and horizontal filtering;

mitigating surface waves using time-reversal backpropagation; and
mitigating surface waves using focal transformation.

14. The method of claim 1, further comprising;:
organizing the seismic survey data into a gather of traces;

wherein the gather is one of a common-shot type, a common-receiver type, and a

super-shot type.
15. The method of claim 1, further comprising;:

using the seismic survey data having the portion of surface waves removed to
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wherein the gather is one of a common-shot type, a

comon-recei ver type, and a super-shot type. 15. The
woreionozb4ef cl aim 1, further conprising: using RPEEUS2009/032016

seism c survey data having the portion of surface

waves renoved todeterm ne whether there is an

underground deposit of hydrocarbons in the region. 16.

rocess expl.orat.i vey. dat a
aetefpREN TR oBnat do FaER oSl L ERE LG BHRYFY ey
data conpri ses body waves and surface waves, wherein
16. t hey siuthbaoe piYShgl dx@Uehtidn RiBndc SOWEYE dath Of an frtRAIogeicous region,
along a path, the seismc, survey data conprises data
wheyegp ﬂae BFibfRis] rltry%riafélowmrlssﬁ éporivé CEVR ANE AuFface Ay, peherein the
surfa{E%t \QQ\%S CRIRY 'ﬁ%n{]% du'?é EY gt fe@&v& Lgﬁ? étﬁp@[{es kéﬁ}mc survey data
curve over the pat t B source an ecel ver pair
compasandatafthas plucdity ef tduose etnelrrmewdn enies, and e methve cmmpmmg.
function of an area location and frequency; and phase
natchln the surface waves in sei.sm ¢ dat
Chitpia £ BerlisRERon Bias oxd et B nBD A LIRS to form
a phMb%&fe@tlbﬂﬂ Cerin) WBGFAE HIRNCUrSe RPE r@ﬂehsn foPan @8Ghlocation and frequency;
frequency. 18. The nethod of claim 16, wherein the
andjntegration is operable for each node of a plurality
of nodes of the surface waves. 19. The nethod of claim
%GPhﬁg %ﬁa%lﬁn%ﬁl% sm’f%ea\lvé\;% 019 Ihc%‘glﬂﬁl?ﬁeda{tf ﬁﬁ#lé/ e ﬁ%éer Soretfon term.
or ne rom-one 'source an
20. The nethod of claim 16, mherern the plurality of
17. solhe enctledcleif\caimp®i whe@iretht antogdtidr Broparapletvatdchyfregiiency.
sources and one receiver 21. The nethod of claim 16,

her ol at.ing the .di spersiopon
cuntpEehe BB <Buare-y bEBnlts BETERA ih BERCL i fish ghode of a
plurzﬁltyb?%ﬂesomhé)gur%@%vz‘!?l ocities and group velocities
he surface waves. 22. The nethod of claim 16,

further conprising: mtigating the surface waves using
19. t hdhphegteod of elebnilén wheram tR3plurisy @é tshiege geceeveaipgirg are formed

fromV\é;}l s%' %e'ynal g)"l-1 rlalntg o%?&% Ve§s : mtigating the surface

€ phase matched surface waves.
24 The met hod of claim 22, wherein mtigating
20. coffpe inseBodbf clyah i Ii6g whoeciss tlief pluealita € Solye wsdedgr gairs are formed
S at|aJ ering of the surface wave involving the
fI‘OII]péh éa F}ép#ﬁourccs and one receiver.

21. The method of claim 16, further comprising:

extrapolating the dispersion curves to a broader frequency band with constraints on at

least one of phase velocities and group velocities of the surface waves.
22. The method of claim 16, further comprising:
mitigating the surface waves using the phase correction term.
23. The method of claim 22, wherein mitigating comprises:
mitigating the surface waves by windowing of the phase matched surface waves.

24. The method of claim 22, wherein mitigating comprises:

27



25. The nethod of claim 24, wherein mtigating

conprise at least one of: mtigating surfaces waves
waigingddsper si on correction and hori zontal fiPCEUS909/032016

mtigating surface waves using tine-reversal

backpropagation; and mtigating surface waves using

focal transformation.

mitigating the surface waves by using a spatial filtering of the surface wave involving

the phase terms.

25. The method of claim 24, wherein mitigating comprise at least one of:
mitigating surfaces waves using dispersion correction and horizontal filtering;
mitigating surface waves using time-reversal backpropagation; and

mitigating surface waves using focal transformation.
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