WD 2009/ 120402PCT/ US2009/ 032016 SURFACE WAVE M Tl GATI ON | N SPATI ALLY

| NHOMOGENEQUS MEDI A CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] Thi s
appl i cat iwo 20é9%i20®2t he benefit of U S. Provisional PateRrCTASpI0O3LIHON

61/ 072,311, filed March 28, 2008, and is related to copending and commonly
assigned U.S. 5Provisional Patent Application 61/072,248, filed March 28,
2008 the entirety of which is hereby incorporated by reference. TECHN CAL

FI ELD [ OOOURIFAT WA VEAVITPIGATIONSEN SPATEAEN A INAONMOGBSEOUSPIEDIA dat a
and in specific to characterizing spatial variability of surface waves

and then mtigati NgCROJPREMARESCETOGERBATHD X PPRieragedepus nedi a.
BACKGROUND OF THE | NVENTI ON [0003] in seismc survey data, surface waves

typi cal Iﬁlmdom' nate i ntended reflection si gnal s or body wave signals from
the subs¥9PHce. Thissapplicatian gdaims atheebensiibrafelifat Broyiweanab PatapoyRplicadon f or

further h$7h | rent. ot i i i sumne
the 15 oF S5, ROERRRICS, JHE 0 is Pbl R Lol ip il i a3
spat isal | BrohBiongk Retents Appfidagion radsan2t148g filed Massh R&AR00Spthic naltirayrdf ackechvay e
m tigation and/ or unwant eg%attenuat ion of reflection signals. [0004] FI GURE
1 depi ctlﬁer%ibﬁl%‘?@%ategﬁb’c@ ‘B0 to mtigate surface waves. Various existing
filtering techniques may be used in the process 100. The process starts

with one or nore TECHNICAL FIELD

[0002]  This application relates in general to processing seismic data and in specific to
characterizing spatial variability of surface waves and then mitigating surface waves in

10  spatially inhomogeneous media.
BACKGROUND OF THE INVENTION

[0003] In seismic survey data, surface waves typically dominate intended reflection signals
or body wave signals from the subsurface. Thus, it is desirable to attenuate them or remove
them for further seismic processing. Current mitigation techniques typically assume the
15  properties of the medium that transmits the surface waves are spatially homogeneous, often
resulting in less than optimal surface wave mitigation and/or unwanted attenuation of

reflection signals.

[0004] FIGURE 1 depicts a typical process 100 to mitigate surface waves. Various existing
filtering techniques may be used in the process 100. The process starts with one or more
20  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
25  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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20 seismc records 101 for a particular region of interest. In block 102,
the records 101 arc anal yzed at very few | ocations. The anal ysis invol ves
det er m niwg 20év120R0ci ti es and di spersion curves at thepPegns2600m3203€! ect ed
| ocations. The data resulting from block 102 are sparsely sanpl ed
surface-wave properties 103. Wth this data 103, the process then designs
filtering criteria to separate surface waves from body waves in bl ock 104.
The resultln arse fi criteria 1 t hen |nter ol ate

The pr odulstrbyce R oRsiIbit Brupihe ikt sovideRal i apeieanih P roaghsy”
record Iaadxolaﬁld ﬁlmﬂﬁlg%‘ralaltal;epaﬁhesmmcermleaﬁ@ﬂl Boidyteive@ 107 are next used
in block 108 by the process for the mtigation of surface waves in the
input data 101 to produce data 109 with mtigated surface waves. Note that
in ot herl 0P ceddesproegss thag s a@f‘étRﬂ/arriéuqsrtéﬁéffﬁrté§férd@aqenrvévq§dr Rheg-mgehedyer y

s %b@%&%%rﬂ%%%&%%b%@ﬁéf e Eid R BREA0 chalflrerisies of the surface waves

i nexact Wynindcemgehourfaoe wasied iaaescivanie rqepap drltas@maahdigmlsot dmp‘redséeme hehg

criteria to. separate surfac waves from body waves 0 process that
s used 49 TG GEHATEAGE WAL D dOTEPAY reglorswgstg ?Jaﬂr%a dependept ng,
whi ch i Sve?ocﬂf?ts{}%luféf of tBEOWFRE W8, AihsPR6SLQD aGHARRCH SV bt 1§%op6n1§zhfat B face
waves 5 by flattening the surface waves in a seismc record. Phase

mat chi ngoaipsd wohprtiessgsice demhiongf mnd;etsnmgyecstd f db®- mnmemeifotrhmsmfactdre

time domain by remgvin thefre en ent  vel ocj t ruct of t he
Surt ace TG VY daphkseus becebtk RatlegBi Riidgs RObE i Yt Higfied
com@ct frdubhs ﬁahg@nmeecem%wame% e ve 8hs RinGadeOe Ml Inl Bh SMBRIBAEESIcON Of
the surface wave I's very advant ageous because it allows small w ndows to be

used ové)‘al’I’PWetlllnﬁ Mlné@wszd(m é&%é’m@t PalitgS08f whisd is hefehyeinoeiperated raspipvy t he
surface VS ce, da@ids P OVERY, atlacf 16 WA 5, Whd gowsah %‘e an S Pa'%e%gl {
5,781, 56% W th here% |n08r ora‘fveptf1 hersi n by nee "¢ e3CResS efdhe
use of @uﬁfb@iwa{ledl@w pass filter on the tinme-ali gned and conpr essed
surface-wave data. [0006]In phase-matched filtering, corrpressi on and

al i gnnment of surface Wav?fil (aot_e 15achi eved by gase con at| ng the surface
waves IP908]n t dB mheegoeiagd Jdsing, ﬁ%@ﬁ@sﬁl%aé t4l rgefnéa asge?a%waéf?% $tfhe

surfigce ANGS B% ?g&%&@hﬁ%ﬁﬁﬁg 'tlfé §1{Pfacé '\xfé'%esd‘éﬁ?b rlﬁ%é ﬁfe%‘% %@Bgﬁﬁl using the

conj ugati on, ongatl1 on e wav

di sper S'e@ﬁmh@d%ﬁl@t\%%cn}hiﬁ (Pﬁaflﬁe SRl ddGRdvRS aMetRTREIR] A tBe Tt1ﬁ%ﬂdcﬁﬂ1d1ﬁlﬁﬁ& at t
=to by atine shif npl enented by a |inear phase shift in the

f requenaye RIRI ddnjuly Qﬂl(ﬁtp\@rﬁfée bb(e tdAEHor 41 @S iALED BF KRN walfbimaNGfcolbrispbidisn &an be
mat hemati cal | y expressed as cl)=Q f )expi 4,r-2t-toil cif, (1)
negated. The phase conjugated waveforms are then aligned at r=¢ by a time shift

implemented by a linear phase shift in the frequency domain, followed by the inverse Fourier

20  transform. This can be mathematically expressed as

g.(tk, )= [G( [ expi[k,r=2nf(11,)] df, (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, .

25 [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



where kr = f, (f), r=11. rs1 , rs and r are the locations of the source and
the receiver, j(t,lcr) is the waveform phase-conjugated by the phase term
(o(r, f)=wonroedosoken tinme shifted tot =1t" . 25[0007] pDeas2aoe/08dees val ue
of aligning and conpressing 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 performan analysis of the

di spersion curv ion curv

es Qf t he gu face waves. These difpers S, oL
f r equency TGRS e, BPBAToHEE e SRy et ¢ TORAR IOy B8h BHed wo
2009/ 1204 8RSl dipRPQH Q3016 (FPRBoRERLES BNralck Vit d 6 ReHSurd & RIMRRIRY Bedphe
survey area. Seism c processors then typically apply one di spersion curve,

1"), (1.) ¢t e, g t 3 urve t r up ... of
trhoes, Aol hBHE e RS R o BR PLEE: b By ) HOR RS b Bunisty
change within th [ ou f. traces, and thus spatial chan of k, within the
ar ouporths et OF uFS Bl il S5, oBNEs oM F o 0BT Rl FRTBYS et sl
align a wayghiele is practiced in several areas of geophysics. For exanple,
the '503 patent to Kim applies phase renoval to the alignnent of surface
waves and teaches the use of a single dispersion function to phase match
all the [0908les iThcaresmivehiof phesvite aligder veoniéldeis apragreed | in svaradiaarekssefi smi ¢

[ : I ‘ N ' ' | i k
Cerom o GRS IO hTBHEy Moo ML KBRS biuEPEROET o B PHBLEE o

Yil maz, spffh&dWevddaha ddcRGans Lftdof a39edI€ Hp&bioFf Rioa td PRasERRRNY A Gl Stades
1987, which is hereby incorporated herein by reference. Again, only a

si ngl e NIV® Seisde ireserd yndgs sonsderpdone aBhsterdgee s¢ipmichopessive.de nermzd i@igeut hi s
al i ggnent - of. cour I i . tpon:re i Lfferent

£1 e Ooon Pl SHRReR s SRHISE 16 MGl Bl il YHRY L BAL BN S (Bt

sour ce- rseimiy efecofdf sefe d). styahae:, Beiemid Batai Pgdesding)cSooivtymayf Bxploration
appropriate in comopn m dpaint (CWP) processingbmhen it is proper to ignore
st r uct urFsphEHestan! Kt w@&@, is hergby iRgREIPrtRe hersHsbwmrdcraRcse g, Gply & singlspi ¢

and hor i ﬂlncti@%?%‘gﬁ@'eh% agh ISEL :cir??the; %g&ﬁﬁ@&&%v%r‘t}wgsa@ nhlcRE Ghdubnt fe CWP

record I s presune e sorting o ata to sanp e sane subsurface

poi nt. 20066008]s \Wgn fabctiont tesalks ooapdifkichty tine corwotiveds chiOtiase bocdusnger

sui tl%bl er’emgvngs Rleeesflfe%% lE)f source-receiver offset distance. Use of a single function may be
appropriate in common midpoint (CMP) processing when it is proper to ignore structuring
and anisotropy, i.c., when the beds are essentially isotropic and horizontal, because the
reflection represented on each trace in the CMP record is presumed by the sorting of the data

to sample the same subsurface point.

20  [0009] When structural complexity is involved, NMO is no longer suitable, and prestack
migration must be applied. In migration, phase matching or alignment of reflections in a
record is accomplished by calculating the traveltime to the reflector as a wave propagates
through a complex, spatially varying velocity overburden, see Yilmaz, ibid. The traveltime
computation involves a path integration over the portions of the subsurface through which the

25  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

30  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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m gration nmust be applied. In mgration, phase matching or alignnent of
reflections in a record is acconplished by calculating the traveltine to

t he refl ewbDaposa20@2wWave propagates through a conpl ex, spamitskéog/osrmnyi ng

vel ocity overburden, see Yilnmaz, ibid. The traveltinme conputation involves
a path integration over the portions of the subsurface through which the 25
wave travels on its path to the reflector and back to the surface. However,
this path integr IS a scalar.integration assumn ne n er, e.q.

vel oot tyrpfy B3 obBeft S At TSR BRI el ol Sopeiefon
space, WeintopRke céi@teddanané biasldrias@Us uralakiencoik AdvddRomayEngatfihction,
General i zations for anisotropy exist 1n which the traveltine is conputed
from a ropelyepedaad sunfasetworvondipgemetghingeand WM& Imébsrpere £ouwlaxedases sychas a
function_of. di.rectio 3 I.SQLT , i r | ong of ve t hrough
the voxel Iifﬂ}:,g(iiécl:too ittfrllee awﬁﬁﬁ]et'%e g?r%ecffl or?a{iﬁgeg%lécfﬁlg&lgg ﬁ%eea{t“/lgﬁga\cé?tgy |a{e dto
arrige dhtepradivel tinme for the wave to the reflector and back to the WO

2009/ 120402PCT/ US2009/ 032016 surface. In all of these cases, a single
travel ti is applied to.each trace for each wavefield bein hase .
correct e[gQEIQIn t AdotichpRlicaliguel magy rEsngels| F%aféo de’rfed! rtag%alss"ilfﬁﬁ e
functi oneyhiaielotydh Andats shifcasss WRYSRNARR ANRL GRichG dads MBivel Brbgrdmor e
conpl ex cases, such as mgration, the traveltinme is deri'ved froma

di f f er erfimd-tavetsedand ten eacmittadao®, a ngdipat in Biertte doats ioo Mmagedifd o ]duabsduere
application, .in, many,.respects identical sei, s i gratio Is tine-
EDer et b g A Enne SpTiaes o Fifloatd o baaler Srashs st iadHy
recqvermafordy 1av@sd iPss16AY ers et -RBE b0 WEicE Nk tR@éby McdrRraredinerain yor der
to focus or inmage individual source points in the medium for exanple see
M Fi nk rafeeenge. Friaer fimeasyassel & equiealendvter iaprsaloofniher gigr of thawndase irpthspl ens
L7, RL B00eR908m! 61, 1S ORLAY LNGRLPYLALeS ] Rl ksl ehendg. yince
time reversal i s equi val ént It FeverREr oY He 'Si gno e p“hase‘ i'n{he
frequenayvagiBhweldd] vavss efubk@i@lly fetraphdised fes®Vakedelved affalhendtphes
sense. In tine-reversal, however, waves are physically retransmtted froma
recei verc@pyalyls achievpthdyethe ewieal PrrRagatipg dyoyehyhe meediey.e sThip dp dpiaremily

t hr qygh {: j L S dn$ i n 1 tf.fe 0 ¥ale :
 nvani AT Tl ind Mrfnd ApRRlof ke pecthial WP AT MRIRGARE Mt

t hr ough préeagaedithuougis thegnddiowilusidg énotviddhe oS thatspatidlly-waayiyg ngoviel Hicldtof tHd el d
of the nmedj.um Al¢thou conput atignal time-reversal techniques exist. where
physi ca|mff<léwansrﬁ1§gquga SPOPRENGRA) e dIMSsTaNgisal JGETBES SIS £ B) e@xé??ﬁﬁ‘ém\. J.

Ber kKhoutyetra BHSRidNdoft he WivEs ti$ nef reﬁﬁirécﬂi e if&ag).la%le Rarjt ﬂe&khohﬂt"@gﬂﬁ%é ap of
prestack mgration, velocity estimation, and 20 AVO anal ysis," 1997,
Geophysilusifs @5xisa60 imegingHParsll himtednytiannefqr psackt eritemeivelotify estingtioncad t hey

o B TARD SRubie P s, L AR HLAET R, LhSLE B RS 5
por ti onseRfenichetRybsyr fiflar tHrOUIIMYINLED rhiBtvRY € FuFtBMlose,| el F@pbRRoWN,
see for exanple R Snieder, "3-D linearized scattering
directed to imaging.
[0011]  For surface waves, path integration over the portions of the subsurface through
which the wave travels is also known, see for example R. Snieder, "3-D linearized scattering
25  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
30  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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25 of surface waves and a formalismfor surface wave hol ography," Geophys.
J. R astr. Soc. 84, 581-605, 1986, which is hereby incorporated herein by
ref er encewOHoweres2 the path integration is nostly usedPCoruseéve/obmisar d
nodel i ng of surface waves. Furthernore, these forward nodeling formnulations
again incorporate anplitude terns at the source and the receiver |ocations,
trying to account for both anplitude and phase of the surface waves. Even
30 when .i,t is used.for, phase-matchin for, exanpl e see. St evens and.

VEL augh TSR R SRKENTRE: JF dE iy SorGURl The 3 5ot Mradetivanehe ,
Pur e apghmnn&aﬁﬂagsnsgﬁgJ 1547- 1582, 2001, whi ch is hereby incorporated
herein by reference, it was used to facilitate the detection and WO

2009/ 120402PCT/ US2009/ 032016 identificati on of weak surface wave events.
Note that the goal is b&RIEF SYVEYIARY OIhTHE ERYENIIOur ces in space.

BRI EF SUMVARY OF THE | NVENTI ON [ 0012] Enbodi nents of the invention are

di r ect edoh ) SY SkaFBaiAR! e diydnligh £12Gd B SPALREknY HIAR! b cfblc
surface waves to be accounted for I n dispersion torrection 1n selsmc data
pr océssispgtial Marigbijiiyebllsurfacpevaves ts be faacainialvfor noidsgpersidn gatdcoon imis¢ibmic
reduced ] i kel i hood .attenuating si.gnal. Enbodinents of. the i nt.j on are
bper at | VEADOROSEE: {31 YoRAOERATEHE HEETANe DL e O e

net hod off BHARBESE NGeAP! OERbdAMARI B theSHVRNoHakd opfatRedWifte hphital BN

i nhonogeneous region, wherein the seism c survey data conprises body waves
and sur finleenmegenesusfmesha.at | east one source and at |east one receiver, and
the method conprising: receiving seismc survey data fromat |east one
sensor; i ng pl gt I | di r.si.on curv r he surv

dar e el S hsE bRt E, & BiMon veRRE NI, SR SN Sy TBL, e

i nt @gr atdch@irddén axtinhgadgnesusdi<piey, Siiticia uhy 63isalio Rgnay pditd cbmprizdshodour ce
15 to the receiver; formng a filter using the @ath-integration curves; and

appl yi ng"¥se apqd purdieervinvicn dosb plsleRe 0BG BAUTES ARG AblFast Ane regsder.andghe imsthask ¢ he
surface S fr g IS r 014] h i s a
ot hod PTErS, MEEh ST Gl SR SR & topd b RS MR TR &

i nhonogdoed dspesginanrvesHemethe duheysiats rkitamlatingythe dispersiomenivee o HoAyrd20

waves and surface waves, .wherein the rface waves travel froma source to
a recei w@“ﬁ%ﬁ@“& paggratney e§éfr§1?ﬁq%1@‘i HPSP%@IO&M ¢ ‘%B%thfa‘if%%?%$°“éce
plunal ity (Rf {KONES %ﬁﬂiﬁg lCHIEr MR IngPRt rp%th-ﬁ%%rétﬁ% ARIROoGh$ PP ing thG filter to
integrating a | ocal dispersion curve over the path of a sourcé and receiver
of a paithe sasthur data tphase ccbrieast tiportiarepithe wodred watvdselromrthe s¢isma fumveyt i on
of an ar | ocation and frequency; and phase matching the surface waves in
the sei st data using the 25phase correction term [0015] The foregoing
has outlined rather broadly the features and technical advantages of the

present [0OMgNt | Afbthdr @hBRIimetalk & methdatati greekssiag Qe&%)ll@tdtm Rfsntibguivey efatd on
that follows may be better understood. Additional features and advant ages
of the ias¢eFd Bhapiphoraeeceaus: [l HEIEFIAADE SCISPHT SHIVEYr dAtd IKemBLitsebedyof

t he »gl ai f, ' ' i 12he ? Fat e t hlled in
2 fd t NPLRF e dYced Kidd
t he grt V’?%ae? Itligﬁcg%gagfg%’g{lheééﬁg speg{:a ?glﬁxe]%)oa'l%ngﬁlttn d?(;s&cc[eosgea ﬁ%@be‘g &
readi | y a path, the seismic survey data comprises data for a plurality of source and receiver pairs, and
the method comprising: integrating a local 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

25  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

30  those skilled in the art that the conception and specific embodiment disclosed may be readily
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WO 2009/ 120402PCT/ US2009/ 032016 utilized as a basis for nodifying or

desi gning other structures for carrying out the sane purposes of the
present iwoentywiamo2lt should al so be realized by those ®kiriuseaioseothe art

t hat such equival ent constructions do not depart fromthe spirit and scope
of the invention as set forth in the appended cl ains. The novel features
whi ch arc believed to be characteristic of 5 the invention, both as to its
or gani zat i.on, and t hod of .operatipn, together wth further objects and
advant agtliZiy B SpEREeRy aRodiRRER 3 B ep gy biie STl ek PRt Msnsiien
consi denggpdsBs 60MRGEEdANINMEATb NE sBEHQRRAMY RALIIIY BBsc $Killédint BeREr that
expressly understood, however, that each of the figures is provided for the

pur pose S8th pquividentaongrucaags de aet departdrom tg/spindandsscape of Hicdavadionss et

definiti he ljmts. .of t LNy i I Rl EE PT| OF
THE. DRAWP fﬁ{?o%‘fh‘i{—%ir aagg{%r@%clggr}%f g%ur%pn‘ﬂg{r%tag%B?Irl\egvggftJ’t% éggrﬁgg%elﬁ%c &

i nvest i ahe imveheognishias ooy tRARIZhdort hed hadth@vonNgpaated,i ppétasr watkefarther
conjunction with the acconpanyin% drawﬁngg, iin which: [0017] FIGURE 1

depi ct s W5t 8rd gdvapgss eyt P BRtter gudersogds e theyEdlowing dessipiign whemurRE 2

is a pr i ML gat i kNE j t e
151 pvent e pE T ephERtFpIdi AEC AR Ar FRGCLTR L S BIRMIRP LRttty
sur f ace hoswegsr, tleat cactdonthet fogueesos diroadtd fafthe iperposy eftlivstratidn04RI0JesEilifbidRE 4

depicts an ex | e. of .an average surface-wa roup, velocity map of the
cuPvey. AP Ee afaged b LB ie BT L RSN henBe] D0o1] FI GURE. 5
depicts an autocorrelation of the map of FIGURE 4, according to enbodi nents

of tipe i nvention; [O002BRAEPURESCERIPPIONSORTIEE BRAWINGS beanforned field
in the frequency-phase sl owness space, according to enbodi nents of the

i nventi on; [ 0023] FI GURES 7A and 7B depict exanples of the
spati al Il01&lr yForg mpesprannlein uadersiendiag of thosessnt myprsim, Foferguesns ingy, made

canp! ¢ i< RBORAE Rt o oo bORANCR T o ARG PR G R

used to phase-correct, or flatten, each trace in a seismc record; WO
2009/ 12000PRCTFIUSIRID 9/d6Ri2 3 hbprior art process to mitigate surface waves;

[0018] FIGURE 2 is a process to mitigate surface waves, according to embodiments of the

15 invention;

[0019] FIGURES 3A and 3B depict another process to mitigate surface waves, according to

embodiments of the invention;

[0020] FIGURE 4 depicts an example of an average surface-wave group velocity map of

the survey area, according to embodiments of the invention;

20 [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

25  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;



[ 0025] FIGURE 9 depicts an exanple of the seismc data after the output 318
of block 317 of FIGURE 3, according to enbodi nents of the invention, which

i s used twophageemorrect, or flatten, each trace in a seC3mSe0O3WIE;

[ 0026] FI GURE 10 depicts an exanple of the output of the process of Fl GURE
1 with 5surface waves mitigated; [0027] FIGURE 11 depicts an exanple of the
out put of the process of FIGURE 3 with surface waves mtigated, according

1 1 gat AV 2 R Sl PHET St o Bttt b g phCA Ao 36

10[ 0029]JfIFEGRRELS, &@&dﬁ%&o%@&ﬁﬁ@ﬂt@opﬁhe $iBlcHiTbE, WEN%WS@@E@?MQBIC@ﬁ&tD&
surface wave noi se; [0030] Fl GURES 14A- 14F deplct exanpl es of | ocal

di sper siftice regk Faeaa asssmiesePrds of process 1200: [0031] FI GURES | 5A and
| 5B depict an exanple of the operation of block 1203 to 15extrapolate the

curves Tifusd)e MIBLHANSY AR, AMEISWEIACHER! o M dRalLeauBRoYRPAN "

surface mtigation; dep cts an exa
di spér sisarfagowaestniidgated;t hout usi ng the process 1200 [0033]FIGURE 17
depi cts an exanpl e of dispersion correction using the operation of 20 bl ock

depi ot & 10T oo 1GRE ASBPeR: APy Lyt P iny cReirEostan bl L BEA S e

embodi MeRtEcOhatenitipneMtac &t ding to embodiments of the 1nvent10n,

[0028] FIGURE 12 depicts a process to mitigate surface waves, according to embodiments

of the invention,;

10 [0029] FIGURE 13 depicts an example of seismic survey data containing surface wave

noise;

[0030] FIGURES 14A-14F depict examples of local dispersion curves and the results of
process 1200;

[0031] FIGURES 15A and 15B depict an example of the operation of block 1203 to
15  extrapolate the curves in the frequency domain over sufficiently wide frequency 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

20  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
25  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

7



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0035] Note that there is another
limtation on Fourier nethods, nanely spatial variability 25 of surface
wave propwotn@s1204bdi s probl emis observed in the prior a&ctusasd/oymié has not
been dealt with. Separating surface waves from body waves requires a
deci si on about the specific threshold for separation, namely at what

vel ocity (or range of velocities) are the surface 7 WO

2009/ 120402PCT/ US2009/ 032016 .waves .and body, waves., Filteri.ng,require
Sotti no RGN HPELRAVES TUCHRE FRRi RS SrRe VS R snelds ot TEMENE Pitese
t hr esholfdssel SDéidhE Bh!tHesRahfethidiBistypiRRIR) peifdiencledySiaby ARCigdsic irbcdriieindat a,

perhaps ones fromdifferent parts of a seismc survey. No matter how

t hor oughh@datanzarhaps onies fram diffgreag parits off & saigBic|sHBEY- iﬁ/ﬂ Bygenlow omerphan y
identify ; Lty thr I - a - I dat a.
Fur ter M3 Byt HPuREGR it GBS Ry AL E R B TR b RdPREhy Mo Bos S

| ocatsi orsm @nbiher sipsld sitvet sutht alaer Waiiehefnbicg att iis Gidt agpaenti Howothes ehiréshohied

t hor ough anal ysis gver the entire survey area._ [0036] Typically, very little
i s knowfsupat ¥ pdificeant \\apations | Gapy b used ok puFfacca Wi aNitigrtE, 1§Ve8 if none

processHggbﬁﬁ&fgﬁﬁﬁ%ﬁ%@?g§ggggthgmggggag sQpe kind of (usually ad hoc) 10

i nterpolation o cities between the avail abl e anal ysis points.
Nonet hel ess, spatial variability exists, and processes attenpt to adj ust
for it HP0YG]deniTypidatlgi vemyelitls isy kuowesibbor spatal aesambiyesf dind shidahe-wewees,
so that each.zone includes.not only the velocity at any, o | ocat i ut
150t e CIteS: PaplaCoE S s Bueets BopLir s Phg WA AL PE ha
t he 19bi lihfeypdlRioi St 1h8 Gkl SokidshotS o BREaViBNEIS AR sRAHINYAVeSHBHEI@EY safe!
record i s reduced because 15the zones for each are wider. This is an

i nher entvaripbilibo¢¥istheandeprpcagbastatiegnt Ehidipstdauitdadwidssingdhapselpelty vancbdoni | ity
when Spashi f%e way isaatr)lidl ‘t;otd iasve"sids%r gtsga%hiz%n}: E]ﬂc ua‘;%(sj rc]) 8nlrr%ﬂn(\affr:lbci[c 00@’311 ne
Enbodi ment s ot -t he pres ntonvention are directed’t 8 gys ens and et Aods

whi ch ugecdsieh it els@ recasisipagdnriibbitdsy. t Niad pioblehlitéh esitléning @sndods it et the
variability of surface waves for changes in their velocities as a function
of 2-D sﬁ?ﬁ&% t(aﬁlgtupg%ﬁu@ﬁ é\g,r_faqe,yvqypﬁ aird Dgslygeaves on any one record is reduced because

15 the zones for ecach are wider. This is an inherent tradeoff between distinguishing and

addressing spatial variability when spatial variability is addressed in this ad hoc manner.

[0037] Embodiments of the present invention are directed to systems and methods which
use seismic processing methods that include estimates for the variability of surface waves for
changes in their velocities as a function of 2-D space and frequency. In other words,
20  embodiments incorporate spatial variability of surface-wave velocities into surface wave
mitigation. More specifically, embodiments determine (i) how local properties of surface
waves can be estimated over the entire seismic survey area, and (ii) how the estimated local
properties can be used for surface-wave mitigation by negating the propagation effects of
surface waves through spatially varying media. Note that while embodiments are applicable
25  to multi-component data, the embodiments do not require more than one component, since it
does not exploit phase relationships (such as polarization attributes) between co-located
receivers. Note that multi-component data is seismic data measured by two or more co-

located sensors responsive to ground motion in different directions.

[0038] Embodiments determine the extent to which the region under study is in fact
30  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



20 enbodi nents incorporate spatial variability of surface-wave velocities
into surface wave mtigation. Mre specifically, enbodinents determne (i)
how | ocalwpropenoioes of surface waves can be estinmated @cErUSkéve/08avé re
seismc survey area, and (ii) how the estimated | ocal properties can be
used for surface-wave mtigation by negating the propagation effects of
surface waves through spatially varying nedia. Note that while enbodi nents

are applicable. 25 t | t.i -conmponent, dat t he enbodi nept s ngt require
ror e ¢ haHBResT B AR an, Pe 0 BBl T pheter Bl nePOReh fs
(such asmipigh@ér matho@8 nikt bé BbRIEd bahueane 6at bafaat 8ehve ekiBibMInSmeiNol ndyhat
mul ti-conmponent data is seismc data nmeasured by two or nore co-| ocated
sensor s beaypeerspars feosqgroond! pettionn of thedicgioar enich @ortms jopyabdivisions of the

[ 0038] E [ t t er ich t ' is
[ fact IS pan g e LD by Rk TR o g b PR S BT s
i n otherconaats, TeshddiviEoh svouRpiltlvy methadaof eurfate-vaive asitipamdretot Beeenvigloyerlt | on
in surface-wave velocity for a region. The WO 2009/ 120402PCT/ US2009/ 032016
out put df thBibakgioatt dh¢ LuPrLef the Ty FhaTagtaraEra AUK] Mg0 GRETRER thedzg of |
sur face-aeisMdx:ah D TR oMl REARTRL QKCHispcivs e 18, T hrbodiments
surface-wave mtigation nethod nay be unnecessary For some or all portions
of the ropgrabnto Stnehatarspatialsmagr thethdinvitgivolysdapiicts e surabdity af cerfare wag on
have surf?cermave prapergies that can be assunmed to be approximtely 5
const ant"CIOFHeS a8 ARHITIORPEPARBUl d al | ow met hods of surface-wave mitigation
to be enployed in the sub-regions. The output of the rapid characterization
woulig aljggzgjet Ro#¥ tha dlRdshdfs Rlco@ilad st e pNeartitdthhRRC£86 hoBdxpasiti9ftatcocal
surface-wave di spersion curves. Enmbodi ments operate to generate a Spati al
map t hatintguageobptathevacy thisghe tvelackies vefr thabsurfacy wives urabacdonasalyzatodic i es
as a fungction of. space. 10003 te that enbodi nents.recqogni ze that the
i or - antoralnalBRE e diite i foh R ARESP SIS EEERE MG (e he
vel oci t ites pebr tft@ppieatB6LFIGVRE Vaiay patferm adaduazdlngn biypreysgesutfaes wabes
surface waves to distinguish themfromthe deeper reflective body waves.
Thus, t HEompseignicadata 3iheh e ehaggcteristores the wrifagreV s oS yaEt BY Yror¢ than a
suppkessi 5 f i.sm t lSLd t he
U Pace R REE (HNEE). | B MRl e e B e I CRREE LD

t he per chspeesjen clivangeisoits bhe thurshaee anewbecoales darpere allasfdhopridt apansthods

characterjstigs over the surv area becones |arger, .al|l of the prior art
met hods Wil ﬁufﬁﬂaf‘?% thf JRPiE Cﬁ%é%ar&aﬂeﬂaqfa@% S iVGHgl?iLtyt rgxuliesain gply
vari abi |a;ph%xirf1§£§ $hhbig df %uﬁﬂé@/w%r%yd?%ﬁnfngrfﬁé’ BbdPlvastirdReaoN@YEfcad/ or
har m ng e body wave reflections (reducing their strength or nodifying

t hei r phhsestangthaonphodifdes theephase)and 20jpdi0ARsBedisdi ment s al so recogni ze t hat
prior art techni ques believe that conprehensive analysis of surface-way-e

ies i : d/ or . - : : d. Thus
o BB B R SRRSO R B RBE Rt BRLLGS TRt
few sel embidis| sTCakfabSavOpR&Yertic’Cinbélwasroat aadpt té @rioRprone tBricZgerfdifed.

shal | ow near-surface by acquiring auxiliary nmeasurenents, see for exanple
US Pat enkhusyptioicait itehnies ligub dggoanalystsoto, giate S popertics gt geewpyelected

i ncor por erej . r . e t r.-

char bt GOS0 o Fome AR o0 Shpabh oSBT Al DRRE BRI
US Pat eniuxBiad6meb2beriénts, acBaateaametc @R PatanhPablidasoh@0@3§014900 riplotoal idte,

herei n by reference, .even when atteppting autonated detection of the
[ ocati o iFh sigr hAE VBSABROTRIA aheins Y cref et T B yhato ¥ EaRINgt Bear-surface

det er m ni,BG o{efiSan HEHMIRN da A FEN SUT f@ﬁ%fs}"’?e\éﬁniéﬁéso%i ¥xhfipR §47 B&¥nt 30
Ot her techniques, such as US Patent Publication 2005/ 0143924 Al to Lefebvre

et al., Gitetli B1 heBettyn ehelorplorlaisiterélgr micorpbyatedehaeinryercfaetoenpient when
estimate the .entire di rsion rve, but only for a very small spatial
ccal o by EPHGH Hemes At ticDen g Wgaiat R e Peud b s gocSRE onfy
2009/ 12%9‘%8@4‘[&%53&@1%@3%0&@ minimum and maximum surface-wave velocity in a survey.
30  Other techniques, such as US Patent Publication 2005/0143924 A1l 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

9



of data, simlar to the geotechnical and |ocal scales typical of well-known
nmet hods such as "Spectral Analysis of Surface Waves (SASW" (Nazarian, S.
(1984); "woeéwnzo4et ermi nati on of elastic noduli of soi lPCiaseeM0320a6d
pavenment systens by spectral -anal ysi s-of -surfacewaves nethod,” PhD thesis,
The University of Texas at Austin, Austin, Tex.); "Miltichannel 5 Analysis
of Surface Waves (MASW" by Choon B. Park, Richard D. MIler, Jianghai X a,

and Jul i vano naI urf waye S

a0, Jul B0l 00 O, SR AL 0h P ER YR VAW
26( 1) : 60-spdotsal tArRIyEisSeH mﬁarcewaxfes BASIW )2 (RaRela8bs. rmmr PR @tiLdetBinination
reference. Note that these nethods attenpt to invert for the near-surface

shear velfodfstiy madei @b sedt depositsrprd tP6V¢ﬁlQﬁtgﬁé’§Ténl§u1?yf é@@tr\ﬂ)amymse@%wrfapﬁese
10 met h‘%geﬁve?met e%r{p gr%' JTHERh %Fs o? 1%”2% zﬁzﬁushﬁ% ‘Peg S‘Mmﬁ%ﬁa VES

and not S€l s Waves. her &rore elr s’pa Ing rates arc
hi gher tmnysﬁdﬂoﬁSuﬂfatetwpvesadMASW)orb@tcmnsler Bdﬂ(CRiﬂhﬁl\deDS Mll'chQUﬂﬁghah O(1a,v0| d
al i asing of surface waves. [00411Enbodinents of the invention operate

est i mat endul I%Iblé’flp%‘fo apd y %(Prl%ﬂ@rlen%n@&rlﬁ of %Hreﬁe Wapes @MA@X\D pettus asf Péifr“feace
vwaves from,saur ¢ge g a&ﬁ%ﬁaégraufé@c@l(ggo%nu%ﬂﬂ%o@ '2>6 Mol IR MELRGI &Y 1S

accurately estimte and r val scat red u ace waves
and/ or dvhielc areﬁmrabaomcqme&d ibg rpfosscd| NoteThe thgatmeaihddg attempatol ievarefoo dict y

anal ysi s |eI S cal urface erties .for the surve

apect 11 bt rRER. vaohbo radel el GRBTR Ferutits s BASH apii ohese

| ocapi Opetlbi A8 %bé@ﬁ@all@rtde@gﬁéd/ td QAfJeQhe 'sélsﬂlﬁes&f%é/ Qv hidd ﬁ@tvtﬁe seismic
correspondence to geol ogi cal” and topographical features of the survey area,

as wel | bedyhagvasg Jchrereécbrat it tspatxd setipding rleteat efd jebprhihaincthiospan dypicelr s

such as sh@art wave static {%E (isl no tef t he use of the
sur f ace-WBVESSHEPYS %%V%Yr?dnf) [ 1O E8T EL38IA r%r ?‘iel‘?’aevreﬁng criteria should
be different for each trace in the record [ 00421FI GURE 2 depicts a process

200 to rnood4gat eEmbadimests WiRS ideatsd opgatcooesstindicnotspatdllyt RiabRvenbddign.
The process starts with one or nore seismc recaords 201 for a 25 particul ar
basi n oralenggthg dlitset path ef swface mryes Sognsairseelodeerindy Preccthilapatallyyvariagle

exang| e’veidc;it& ng a%cﬁ]af%}ly %nﬂ%’}@@”&&a@sﬁr a dh?érﬁr’i\! F'Q)ft& fte%'{]fsﬁﬁﬁce%a%&e a5 h. A

plurality of “sensors located on or’  in the surface o e earth record the
waves f rdirect suefashiotaved ik pbisitallk. ZOR2 spdtiably veddricscldfiBy aratysanatidz &dtabturfakct- or

subst anti al I al |. the | ocations i vey ar ich creates a data
set 203 "tﬁVef PPSicsy %%Iﬂéﬁ‘ds%?ﬁ ded- magﬂ'ﬂeal} éﬁ? eYeip ﬁa%rﬁ FIRE YHPEFFbPat i on

i s necessal Ypatikh oS Fre eraryg;rsaatevery Matﬁ)fn ﬁaﬁérsdro@;awpﬁa\maafo&@poﬁe%e&t ed
based on the data. For exanple, the size of each l|ocation nmay be based on

t he sizgo @Eolpg@ahmt@pograpldcusfe@iute@ off (blnemntrh@ art.aas welt hs hinang ocmtlitoon i ze
bei set. to t sest aci i n.the sensor gr.id. .
200815 G5 BEH OS5 BEO 63 DA B hite ST sy o FUCSIRSE G e
vel oci t g8 cﬁndledblﬁm%éirba% FopMEss andt ieirl @FAkpSHESg Wiehng NirferdlakRod@3e t he
process then designs filtering criteria to separate surface waves from body

waves i riifiprgekfopearh tiee én thsagcordie filtering criteria arc correct for each
trace in the data set 203. Block 204 results in a set of fully sanpled

filteri r[@()ﬂ]i ter psuRR- 2T&$icts a process 200 to mitigate surface waves according to
embodiments of the invention. The process starts with one or more seismic records 201 for a

25  particular basin or region of interest. The seismic record may be created by, for example,
firing a shot of dynamite or vibrating the surface of the earth. 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

30  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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5 criteria 205 is then applied to the records 201 in block 206 to mtigate
the surface waves in the input records 201 to produce data 209 with

m t i gat eaweundsweesmaves. Note that the anal ysis of FlI GURETAISe@9psa0ier med at
all or substantially all of the locations of the survey, such that every
source receiver pair in the entire survey woul d be anal yzed. To obtain such
data, typically many sensors are placed at many points within the region,

ft [ the data f th
oreas BTt R Ebisivgler R TR e TP ES 8T Ghnab i, SRR, oCint o>
but no ggasions. WitDAA FitIBESth3Adradeds aﬁn%ﬁigﬁé fiaeahd efitepib A6 85Sara0 Quifhce

mtigate surface waves accordin ((]; to enbodi nents of the invention. The
process Veivgp tfrs)nv\qubr vervss By blagl 204 elNetgitieat thecloltameaniferiagie gorpept tﬁ?rc,e@datfac‘reegi on

of int erﬁ%ﬁe d%ta 1 ?(H( %Po%k fﬂq reEulgolﬁ se? %?rfﬁ%; rg,@%& E)'tl EII}%%rl?epgtiﬂgl

variabilirty e surface waves he Pecord SS=CorTel atl ng
donmi ﬁantcrﬁeﬂaf 2seis whsteapphide $o tEEhIieSOﬂGIS on ufl)bRJI’cHtZGG tama@mwmhd surfac&ulRdzeslih of
U S Pr OVI sional Patent Application No. 248. The out put of bl ock

302 is dh¢rdppusascases LAk taveedige Giodpd oerlbevtlgated surfesgawaves] QORE Habidlsi ct
an examlnglgég%f% YREY q‘f g&g Iﬁ{éafa%%ﬁeag% Sst%ftoc %ﬂﬁkbé’ca @h@]&ﬁﬁgﬁu

survey are 03 t at wou e produc 302 at Fl
shows t lsath thae csary weyrcaraaivex haibiir ﬂleaemmmum%owsulsldmt analyzedr Tatobtain edch

surface wave properties. 10046 The rocess .uses. the average.group velocity
map 303 et ualicalis Y, nets ke SDHET QAR YD GiF Theton: BBCT BB <EBHFY ded

i Nt QONgyr R MRk SY %1%1??&ns&¥@ttﬁe bhvatiod ﬂﬁe&%&s% bR dINed, %%rtlfl@é?r?almVe
vel ocities can be assurmed to be relatively constant, c.g. within < 10% 25

var i abi Imayfocdepeadingitbshathduf nesgremsy, aver age speed and ot her factors.
If the determnation is affirmative, then the process proceeds to bl ock

305, wheifdine RIOERIS SALMESESabNG hRTR JRRREr Ao R, HGHS: i GaR

sub- ar ca usi ng surrace-wave 1 ng

the di spreGdng ©WiEbdHasHE idfek lﬁﬁiemm bqthelpﬂoctebs Staﬁesﬁtmaﬂla/oﬁnwm e@lsmrbce to
each subregion. Using sub-areas wi || save processi ntg time and costs w thout
A9

overly dF¢aet i"Wg fogom Beiticalay regrope ob intgratt. fIndipPel 304 thoprqcgssachagmctaizes 8if of

curves 1D ko PRl KN S R B 9P bt BB Bel) 1o

t he det enrfactatiaon nafdehl otks Btk icpermgats MewnreaRIGYRENE of er &tﬁmeiyioaalea
cannot subdl | ded jnt S ar eas t.inct b e t hen
the procésd malisaiies Vg /ﬁzi%%#?me}pet pﬁ”@ Oﬁkg@éeé asnap ?él!llﬁoai’ﬁr%ﬁ?ess
conpri mg}gulpwyggg 307, 309, 311, and 313 to determ ne the dispersion curve
at each spatial (x,y) location in the survey region.

[0045] FIGURE 4 depicts an example 400 of an average surface-wave group velocity map
20  ofthe survey area 303 that would be produced by block 302. Note that FIGURE 4 shows that

the survey area exhibits a continuous spatial variation of surface wave properties.

[0046] The process uses the average group velocity map 303 to determine in block 304
whether the survey area can be subdivided into one or more sub-areas. Note that in each sub-
area the surface wave velocities can be assumed to be relatively constant, e.g. within < 10%
25  variability, 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
30  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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5[ 0048] The sub-process begins in block 307 by performng 2-D

autocon-el ation of the surface-wave group velocity map 303 estimated in

bl ock 302wvbaowal2ewkat e the correl ation | engths of the gPoTwSe@oO8ioné es in
2-D space. Block 307 produces a set 308 of 2-D correlation | engths. Note
that it is assuned these correlation | engths 308 al so represent the
correlation |l engths of surface wave properties in 2-D space, and hence
represe desi,rabl e wi ndow,.sj z .for the analysis.in block 311. W ndow
G bes”  APeEn R P Sl R 8 BR3P inyRseli e BR b el G e ane
vari abi Isub¥ivided ihitbe RBisRBrabanyies HisiBéteoulBdr s ek AR MBXdss pidRedsdroock
considered a |local property of the surface waves. Smaller w ndow sizes

woul d i ¥ esdisrepthg dugedsh gtarts resunproeess teompriomgloghsGRE 39943 ht. cind 31deto
| at | ; ich. | of . t i ogn 15 of bl ock
507 to- sty 4ot s bR PRl B id i P RSRRET  hat g

400 coul d not be sub-divided because there are no sub-regi ons where the
vel o6i t y0048]conSlicarib-prbeess, baghs jaridods 30D dyi prsfoomargal M astoodrrélhwon of the

sub- process of bl ocks 307, 309, 1, .and 313. Fr anal ysis of map 500, the
correl atSPEfFS\Cq'%(ﬁiﬁ REOugs Veﬁ%tys@ep éﬁ-%v@te&r Bplieek 355 da rPaE/?é‘iaF%ﬁ}?dC?réelﬁé)Moo

meters (1@or\sk tROQrdih VBRRAKS lirY 811V spath eB1RR %08 PESRILAL 4 QA 38 bESIIPLGdisidhs €d-

20 Note that the 90% t hreshold nmeans that the correlation function val ue
dr ops t deipths. i¥awenthat st peabkumal thesofortcl@ion] 0050 308 iatsg represee tth 0@ clathm

sub- process, then proceeds w t.h bl 309 that determ nes, t.he,2-D runnin
oo RN BN Dot 20 paceahd RS Uil uaby e
"beam f qbHRNY analydie if @36kt 31E OWen R RBES 1MBbUEfn3thOscdenRtrélg [LAGhWnREOW
size. The running 25 wi ndow size is the size of the 2-D array used for beam

f or mi ng dnpowltgclrregispatiplotasiabiiy ferhidic rdisnersien owtiases Bide In dheandxy sigourddbe
identical_t.q the f:orrel ation Iﬁzn t hs 308. I—bgvevl?r, ttae process ey use a
. considered a oca]t Plro,pert% of thic 3ur agepwaves, - Stndlfer, windowssizes WP’#,I iheregse
runni ng W ndow si ze at is greater than the correlatron éngths i e
spati al gespsihggmeane cogs.much | ower than the Nyquist sanpling rate, or if
the beammi dth of the effective array formed by the traces in the running

wi ndow does not provide sufficient 30resolution to reliably separate.
di 11 or erlB0AdRIGURE SaCBickiis somaetion @Pmsﬂq,ﬂvfaah@ﬁhwﬁgsﬁff&fof operation

200%12%%&Tédﬁ%oﬁ%c%ﬁ%%@th%hﬁ%\%mBYVFiéURE% ﬁf@JdTﬁ%a{gQ.e!Nét@%a?_n%%Y%dr’?gt be

enough survey traces to forman quat e esti nate. i ncreasi
wi ndow sionkl 1 lbesib-diblded HeOQBd [thfhers nb-spbocges whemr tbperchicey iblcorndtardl 1

that wi ndows the suryey. area usin ne or nore 2-D runnin i ndows i ng
the. | engiiloadieaBatit FetinpPoalive 45 e sHhBups of oieeks A0a. Spd I aBe AT ndow
is then psRdada®fsisest haBLEEAN (R chbPQadion | GRS OMe GUFYESwWild Bidpehtte dthnstowed
area. The results of block 311 arc a set 312 of dispersion curves at each

(x,y) | deand orbe 4Wemeficrsgersind 208 un vespeativalyb e hen Phkdcdsselatioanibicsrald irgussei smi ¢

d i f - nb i f - '
el 5eih Ty B PRET RSN EPER Blot R Rirfb e EPQUTCRAGP BERS ROV ESEHy ace
waves argRalsuyhihibefeontly energetic. Wile

[0050] Using the set 308, the sub-process then proceeds with block 309 that determines the
2-D running window size for local dispersion curve estimation, also referred to as "beam
forming." The result is one or more values 310 denoting the window size. The running
25  window size is 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

30  resolution to reliably separate different modes in the beam formed field. In other words, if
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10 transform ng data into the frequency-wavenunber domain, data from
different azinmuths are nerged along the offset direction, so that the

resul ti ngwofzb@eo®anpl i ng can effectively satisfy the Npgmiustowwaslé ng
criterion. The seismc data can be filtered in tinme or frequency before the
transformto increase the signal-to-noise ratio. |If common-shot gather

data, neani ng one shot and many receivers arc used for bcanform ng, the

i sni h thin 15 the wind d f
b or A1 g TP EolaR R EE EAAPHDS ShAECubl aran Tty S hdaets

gat her da@ﬁﬁat%r Thus,afered g/tht REnddvwasies isQfesirdle.shot s Wi t hi n t he wi ndow are
used. If super-shot gather data, neaning a grouping of the receiver traces

fromnore t han one shot together as one_|arger entity, arc used, both the
shot s arB03He Ferelboripsesh e QoA bflmkrﬁlﬂ hABVIHIANS HC NEYY Areatsing %0311
may be gp&rat er%nﬁlﬁg \%ﬂﬁé‘w% %ttge' 1e£§t ?@ﬁ@c’?b va}ﬁ% ‘6' UhgSs2Q0L dafie
surface waves a curve g pro Uced’for ea e in addition to
each5l oo;aﬂthmneac[l Oxeﬁlﬂwamnthenumseg fior t dstitnagoe xod njpkd dftqu%mGhJREmdes fvithin thee

aut ocor reI op map t he rve rea vvou be subdjvided into 4 m by
500 m ovERfa ifr Atgar thﬁ W@u% %Aﬁaret hécly @-pef dISBFHSION rVEES Gt © %chw)ocm
or subdiyiged arga cﬁ§1ﬁr§?§ﬁ 'c{IPJe§dcaHyb@rféﬁi/edSBfecfdngﬂmﬂ{ngb@&mﬂ‘coaé& Ngto FCURE

6 depicts an exanpl e of a beanf or ned in the frequency-phase 25
sl ownes drspean®y; wamumbas daeainvediéquoneyaplzisy zlavgicshdormains mid by eicmcting gvot  or

receiver fro one 2-D tial runnin er si on
Corve SpsTR Nl Pk ERBe pnd Btk st B R e B St tici T Endrliic” BN Ohe
peakoof tidsfobaasf @&mﬁo fcetrélpRhc e daferfuh@d @bmtin, Motk &frdrh Al frGbitveiRiths der | ved
from beanformed field 600 is for spati al | ocat i ons (x,y) within the 2-D

runni ng mgraebelosg Eie affigt dirersioa, &%ﬁhﬁ@hbéesﬁﬁﬁ})g Qfﬁﬁﬁ/@@lﬁh@g ceh effeetbichesatioBbur vey

ar ea, e at. each I gcat.l q as d| bel o

2006) 15010 SPeTr SoBtsEashetnd: {HsSF Ry 8k 3 ¢ rACRIOR RIS sl hetiy

di ff er enhe gatdiensto @e@asohb Eigﬁhletocrﬂmmﬁms hot contribr-blit %a@l@ff&aﬁl;rh@ﬁﬁig\/@{e,

mul tipl e super-shot, and/or varjous conbinations of one or nore

common- sHet andarmpiscpiseisiatersed fapbesnparnisadhe sapmEr Ees obhiedrseivaanyithcal
di sper si r

W o 1 R A Ly P PR o BB SIS o
di sper sishotsadorgader antadirt fused rinlys fat trades lofclad slans withhethovemldaw aregisahs Ifof

the slidin ndow shoul d be determ. ned t he sp atlal redundancy of the
sei sni c SYE révgo ﬁv st eaning & gawn}ga%@ﬁ rgf)%Yeér%% from Bep Heaiangshot

sei sm c tég{%tﬂ&%s ohl%“?ar@&o&%%ﬁ ai?ep@geat 53thWhd thots SRNBETVRIYEnQUES IaRviffin AR 1 N
each spattal domain and provides sufficiently many di spersion curve
esti mat e@nﬂw Noge thgi hlpck 3@1 005 4jcToreranyk tipptash ef thadiffessnd modheonidpatis on

cur hen aver rocess | for each
epatPal o SRS A ok S PR PS40t 3 g TG L L SERGn
curves at each (x,y) location. This set is then used in block 315. Further
processi[pgsouldnfihiangd @ithtth@txdpasle o€ ul(aUREad €roph tHeutSddkfcREion Wapes00D yhe
renoval of the di sper5| on effect usin 2) described below in

pr epar atsmﬁwama wiould §asulshvidadntp 4@ qﬂﬂw@e TARPNG WENEgaYpHen s e eURE
4, the e ¢ Q e
aver aged S i, ATty GLbY Bt 18eor SHbqiulaBl oLUKCk B0 AG0 LD R

di sper siformiogr \EéGU(NBBfS dtejmetssamr ss@yhphs 680 of 4 eaetmfmgmad ffigld inviaé mucm‘cy phase

di spersi n curves (v . velocity as.a function of (X,

| oos! orGHRFS? ?@ﬁ&e‘ﬁ@y‘g gerwedé% ANAHIYE &ﬁaﬁelsrr}lea%feﬁﬁésh%orgrecweeﬁ&&%)y fo,
a map Offrd{“ﬁloﬁg '2tI§ Péna@%ﬁhﬁ‘?%nd{ﬁv (Whe¥e HR) dls%ﬁgn thRE 31h%aAIRRElI%hRA RO

vol unme can be obse one frequency at a as a map view, where it is
under st cotbmdiat péakeqttecrtmp i Sheolmst 40t is rthe gehk rmfptheFlbe(mewﬁAﬁahidaWBacdhepl ct

| es. 700, 70 t
Gt or eraPisy ool S ERD Aot BN o BRALTI BpE ok Rtk o eans ¢

for 10 K, )w}ﬁn rﬂb;aﬁ D henRPSifiRRI Glchtthe: @Bk WBuldrRamahy th&c$ vy cnfiker t her
note that 'maps 700 and 701 are exanples of the output 314 of block 313, and

t he@ 23utisylatcapennereongep sadhdk.ydildohbemas discesjokhdpes.
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[ 0056] The process in block 315 uses either the set of curves 306 for block
305 or the set of curves 314 from bl ock 313. Wth either data, the bl ock
315 oper aveoai2es0r apol at e t he curves over the entire Pceqisesopsbvand whil e
foll owi ng the physical behavior of surface waves. In the | owfrequency end,
e.g. the dispersion curves are extrapolated so that (i) phase velocity is
30a nonotonically decreasing function of frequency, (ii) group velocity is
a nonot qpjcal | . decyreasin ction of frequenc and (iii.), phase velocity
cauars JORER \BEETT S akel s 1000 Py SRR bbb bR RS o
The | ow fhilggreemenebckiset, hulfiegephrahewaniiat viSousnowbidatiohdef afd odsotdhe
Airy phase, usually 0-3 Hz for surface waves in exploration seismc data,
and t he CAHYOIpHWE.eCorBMER-recefycaqeitth syPEhotegpberd tagoliteint manyrilefiamdiapersianhe
group vel ocity. Y In Lgh-fr y , . i Spersipn.curves
arc extﬁgpéﬁé%gﬁﬂé%g}%é?@§?§3gh%%e&gg o%&%y ﬁggéuﬁm%%ﬁ%G@%gbél 9§%gg?%bsing
f uncti onufficidnt espeelag o ¢btain @riatapesvel ol tocal dispeRipaot e al ldyffiratr gagiing
function of-fre%yency, and-(iiég phase vel ocity and group.velocity |
asynpt otlPeadiony, Tagetlseregitns afdhesligiae ryiaden shgulghwsdatagmingd By the speHal hi gh
frequen L -egue 4 e i P Pt = Hz
for sur?gggﬂggéigfpﬁ %ﬁ%ﬁ%r%%%o%gggfg%?gﬁdgﬁggr ZgMgu pu?18?aES%@&9%%%’is a
set 316 sofsniic cadey, thangtotes alpeditsperthinnomarvagse ot&]QP06f JTheinprabegmtialhen
proceeds, to.use the.brqgg.ba d dispersion curves at all gx,y) | ocati ons.
Convent FSHET §10 RIS ECIREY BRMAPTSan STERSTPAC PRI 1o cal cul at e
the phase termand then apply it to all the traces in the shot gather whose

shotjoi s [hesAt e@h@tmﬁlﬁ?leséﬁ”ﬁla(e%,df)thé AlspéiIRn’ ®ERIsVAR ighdieiverdpReaayr@eguyer is
| ocated at that (x,y)). However, this could not nmake full use of the val ue

of havi mgoeche idblogke3dP dar eaphvpstialtlogdtion] dBlaek k3 reswéte ay gesct Blh ol prgagdsem at
all locatians allows the calculati.on of, a ase termithat i iff t for
cach ¢r ST Rl el T RGP ot PO R X T bR i’ BBy,

i nvent i gitodmyn@resiee dlatich hthbl pekisuldd madedoBS UL swifacehwaydany aambyalchRrges
the dispersion curves as a function of hoth source and receiver positions
wi t hi n tdecEaemefect pying Ra3@eschbest bripwdn arepaiatign forgnitigatifiier sj on cur ves
appropriate for each source-receiver pair. Processing at block 317 invol ves

haviso 3Reefch ¢ofinelwhB e SELIANE JFIIOUREEY HRLIARA5? QEhRL Gl L6AY Rl L1 e
for the different nndgé of the surface wave at each trequency. %hus, or
each souwvedappece rvarngpeindowshere secrsged atr eacbrsgatih) Hacatioal tb yobthia igee spatikby-

di spersion .curve by path integrating over the zwéf%%e gﬁye travel path for
each fr SGNE SPROB PHEE OYHiEC HEYSIbYUSY AL AU XHME S ERG G (ai r
havi ng ks, RSSOQCIRY el Feddbnat @,3)UBEdtioaNardf FrEqRAMLTEY AtZRLRAR@) idlke
data 318 I's used to mtigate surface waves in the input records 301 in

bl ock 31feequithyss-gultqugnehd, propes selRoly tsrabtandsly vi ask).duelptrsihgrlispersiasct i on
can Be per f or ned ea

for h _saqurce receiver pair in the.sei.smc record, and
hudOcan B PelbrEHmac s et g5¢ el Vphe SSEEE, ndstierdnal™ o
m ti gat erdquensuisfraggamad @ach saphi FHGRIFES 7RBdna B depivhié@pldsat0oenel anthe
conpresses the surface waves, such that the surface waves can be filtered
or spatially-varying dispersion curves at two different frequencies, namely map 700 is for 5
hertz (Hz) and map 701 is for 10 Hz. Note that the maps depict the entire area of the survey.
Further note that maps 700 and 701 are examples of the output 314 of block 313, and there

25  would be more maps for different frequencies.

[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
30 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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30 wi ndowed out of the data w thout degrading the signal of the body waves.
O her ways of mtigating the surface waves can be used, such as

ti me-r eveweabodaedopr opagati on or focal WO 2009/ 120402PCPLCUSR@0/00220 16
transformation, as discussed below. The resulting data 320 has | ess noi se
fromsurface waves and thus allows for better anal ysis and processing of
the body waves. 100591 FlI GURE 8 depicts an exanple 800 of phase matching

using t out put_aof hl ock 106 of FI 1, n I he. i.nt er pol ate

e ettt 4 0 iRy P e pheCis BERDRR RO AL e 5 nod
of FI GURGrY G%mle,n@uanf DgH e foraasReaRheesdh SREILEIION sEidmyEddtOlant ke ARYiph&se
record. FIGURE 8 depicts dispersion corrections or phase matchin or the

sl owest -iy &t adTaayensyr fosreapanging teote mininye of dbogepupNElecityeiveh Bothevigh poor

flatteni t sur face,. . FLLOGURE O depi ct X Le .900 of
phase maf? u?{l]c‘ %gdl negé'ttﬁg dcl)%‘%}pl)sﬁ(fn fﬁ%ggfg ;%F%(%ﬁogﬁi. 99:%@ @{]&g%c}}\%fg& gf?slgear si on
cor r éct imarotetficlyadecreminghifingtiboroft frequehowedi - yrelip crdocitiOissurhaagenieally mode
in the record. FIGJURE 9 is derived. using unique dispersion, correction that

i s esti tBEEHIEHNSHY PRECaUNCHAN {iD5s Nelppily prt gty VRICHY eagnPicHealbur ve
900 hi b i ; . i I
exhi bl &shbelheallit 8 ﬁ%ﬁl?eélgggo@s tro'lgg%lgé ?ﬁée ﬁgﬁ?@h&ﬁ?%d‘@@ﬁl@ ueney

trace-to-trace, e.g. regio t han ce wave In the re
of FI GUREngR:. ajo®0 6l Rlir@ fitiasd ®ftteplilel s Hanfoe xanfiqmke ev @0 Gn okplbtation stipnitic ddtabl ock

108 of FEIGURE I, ly th ata with surface waves mtigated 109.
P ouRE Tga P DRaR A S fres Lo atac Rabd s B e S el ma  he
filter of FIGURE 8. In FIGQJRE 10, surface waves renain in the data at the

top 10f toesT ti P bRReW MERWdROds tda&AtShrodd base dWp¥SioH &REIsSitad pap) not
conpletely renoved and sone of the dispersed surface wave fell outside the

m ti gat ileeatighhd Swnvaienaily.itharckos midhdowrplkes degite legstranxi toragéqulate the
mnimze,the, 20 ef,fect of the w .ndow ng. the bad ve ,dat.a cour se,
Dot or - QSRR o0 AR iy, b6 <08 Bk AinRe MAG REY WIRKE NIR i qsileg 20U

the m tisgaki@y)bekhe recbilv&UREhdOwhdioweyder i bt that G N deHeweERr by
wave data in the mtigation wi ndow and degrade the body wave signal. Hence,
the resucbkl naimpake fall gss phibcpiphyedthrving th disperalongiechit alhlacpéenss becapisdy

T e e e
m ni m zearchce in theeshdatceordt Allvendtioplyothetpiecess ini thapraeentvinvisiaan hib§ Iprodzed atithe
surface #oNS b SRg 3100 nAN GyaRaldafly Mgl the differdon bied' Y S hurtiion of both
source and receiver positions within the gather (block 317) to produce a set 318 of dispersion
curves appropriate for each source-receiver pair. Processing at block 317 involves having
20  cach trace in the seismic record having an associated travel time for the different modes of
the surface wave at each frequency. Thus, for each source receiver pair, the seismic record
dynamically changes the dispersion curve by path integrating over the surface wave travel
path for each frequency. Note that this may be viewed as each source receiver pair having its

associated velocity as a function of frequency.

25 [0058] The data 318 is used to mitigate surface waves in the input records 301 in block 319.
Thus, using the process 300 trace by trace dispersion correction can be performed for each
source receiver pair in the seismic record, and thus can be applied to the record to mitigate
surface waves. One manner to mitigate the surface waves is this phase matching, which
flattens and compresses the surface waves, such that the surface waves can be filtered or

30  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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accounted for in the process. Note that the mtigation wi ndow may be kept
narrow in order to mnimze the effect of the wi ndow ng on the body wave
data. Si rwe dve12proocess reduced or 30 renoved the surfateTwse@s/032ieeni ng
of the window is not needed. Thus, the tradeoff between surface-wave
mtigation and body wave degradation that is present in the prior art is 16
WO 2009/ 120402PCT/ US2009/ 032016 avoided in this process Note that the

verti cal s de |ct dt horj.zo s de cts trace nunbers
Vi gat B e A Fibh R B e d B ASU B P HEE 158 B B REap e
spati al avarnabillowk YorHettstiidages a/f@{ﬁ&emn@@fﬁ%@wﬁmdesfor i n 5di spersion
correction, which yields superior surface wave noise mtigation with a

reduced |j kel i hood of attenuati ng the desirable signal. [0064 rrbodl nent s

per f or m[B&I%H 1?11&1@3%18.d@ﬁwéﬂrand@X@ﬁ@#es$Qﬂpfdma@ee@aﬁcbmgwmgé%OMV blockc106di ng
a physi ¢g lfjlélj@?dnﬁ@g:fﬂegéggg&%&i?nﬂeﬂﬂ Eﬁ&h@'ﬁ‘a‘e@léﬁ’m@f g@@&&@%ﬁﬁle

conj ugat 1 on operato ce-wave nol se mtig hi s" operator may
used5as canvéntipuil methsévé FEGUREOL Lyipea sifgls waﬁcarablewaw;&:rmﬁ cgat ifonthe ratitedi Ng:

), o LOMED, AR AL Caeckih At horient Lol e, e oo
descri bedha ng'\?e rﬁ@&éﬁ'ﬂ%& rercglfde e ?elgldrpfi(ﬁ w1t1§990ﬂ ﬂdttlenﬂh@%'thet Juped QLygtLi on

as described in A J. Berkhout and Ver schuur Focal transformation,
an imagi ng concept for signal restoration and noi se renoval ," 2006,
Geophysil08860]71FIGE)RBP. depss- gnsgxamptd 2 ¢fsph35m@a@bylgiusmrtb©mtpeu31r8e¢féil¢pkby

refer ®NSH7. FIGURE 9 shows dispersion corrections or phase matching for the slowest-velocity
10 surface-wave mode in the record. FIGURE 9 is derived using unique dispersion correction

that is estimated and applied for each trace in the record. Note that the curve 900 exhibits

better flatness and a tighter more continuous wavelet trace-to-trace, e.g. region 901, than does

the surface wave in the record of FIGURE 8.

[0061] FIGURE 10 depicts an example 1000 of the output of block 108 of FIGURE 1,
15 namely the data with surface waves mitigated 109. FIGURE 10 is derived from the
conventional method of FIGURE 1 using the filter of FIGURE 8. In FIGURE 10, surface
waves remain in the data at the top of the mitigation window 1001, because surface wave
dispersion was not completely removed and some of the dispersed surface wave fell outside
the mitigation window. The mitigation window was kept narrow in order to minimize the
20  effect of the windowing on the body wave data. Of course, better surface wave mitigation
could be achieved by widening the window in the mitigation step in FIGURE 10. However,
this would include more body wave data in the mitigation window and degrade the body
wave signal. Hence, the results suffer from the tradeoff of surface-wave mitigation for body

wave degradation.

25 [0062] FIGURE 11 depicts an example 1100 of the output 320 of block 319. In FIGURE
11, surface waves have been removed or minimized in the data at the top of the mitigation
window 1101, because surface wave dispersion and spatial variability of the waves has been
accounted for in the process. Note that the mitigation window may be kept narrow in order to
minimize the effect of the windowing on the body wave data. Since the process reduced or

30 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

16



[ 0065] Enbodi nents recogni ze that surface-wave mitigation is fiindanentally
different from surface-wave identification in Earthquake sei snol ogy.

M ti gati omoreeui2o42 very accurate di spersion correcti onPCorusc@ohsiogeaes such
as horizontal filtering or focal transformation to work well. Mtigation

al so requires spatially-varying dispersion curves in a 20 frequency band
that is sufficiently broad to cover the entire surface-wave spectrun1 The

aut omati c ion of d curves over a wide fr e b
owever SBREE M BsgRagtsc NPy THoRe oI ot farfd ik shEM Aol e of
dlspersugpwguhx@%uameﬁhe IOMFanplltude 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
25 not dYiitigatien in patially Hrhomegereous Madiyy where the goal is the |ocalization
of seism c sources, since seismc sources still may be accurately |ocalized
using s e falaeale) i I i f of a
gi ven dﬂgﬁé§5|g%¥§ﬁ$ve. Eﬁﬂeve?ﬁﬁQ ?gﬁE§%¥%££%§§%‘?E%ﬁgﬁléfaggﬁgng&ng
freq ﬁenah@srmm extaecgior] whohi tieldalsuparionsugecanivhvgadisomitigatimmewithe fadecgdency
conpone surfac es in the poorly extrapolated band result in
30conplgﬁ@1ﬁ?§g?fﬁﬁﬁ¥ﬁ?g Sgﬂﬁﬁégpag and therefore poor mtigation by
subsequent filtering. WO 2009/ 120402PCT/ US2009/ 032016 [ 0066] Spati a
vari abi [jobs4)of BmbbaiRnAY&ForfRPath EnREROEAt Uik Risibm cHhePFHS ls&ﬁlc@%zﬁ@@tl on
by nodi fyi ng the phase termw(r, f)=1ci. r in Eq. (1) to co(r r;=k (r rs
1 =y, fipclyding z)phySI&Aﬁéfr@sqzd ba@dwdthfb)road@nmﬁéeqh@m tdnenasht ahamv@ngﬁm as
a functi coor a y t
di st ance%}@llgag(;rlrr] f?)g %*ulf&e-w?ve gdlé]eh}n% atlbn Qf(h?% néj {)ﬁ%ﬂ?f %d ay aﬁqg u]t to V&gl
[ 0067] Thephas utfREdventr mltléa)tloh nmEﬁldn(gZ) Dhﬁ@@{mug&Spmloqued)I’yech@ﬁ ﬁldgl ven
sour ce- recei ver, pair, and account he variation of surface wave

pr oper t iN9sizantah dilicHags prto slsseticdn i df- ﬁ ol?at%e%&} P82 elondy®s  DTHIRe-psvasel t er m
now Can.‘tQ@k]#‘éﬁe%ah@n Esq estAded ﬂrth@‘hb?('ﬂgﬁﬂ’%fe%ncéqgfﬂr fa%aeﬁlj’\ﬂ)\éﬁstra%folnﬁatlon as

accounti ng Spat | a vari ation ace-wave properti es.
described in A. J. Berkhout and D. J. Verschuur ("Focal transformation, an imaging concept

for signal restoration and noise removal," 2006, Geophysics, 71, 6, pp. A55-A59, which is

15  hereby incorporated herein by reference.

[0065] Embodiments recognize that surface-wave mitigation is fundamentally different
from surface-wave identification in Earthquake seismology. Mitigation requires very
accurate dispersion correction for techniques such as horizontal filtering or focal
transformation to work well. Mitigation also requires spatially-varying dispersion curves in a
20  frequency band that is sufficiently broad to cover the entire surface-wave spectrum. The
automatic estimation of dispersion curves over a wide frequency band, however, often is
practically impossible 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
25 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

30  complete misalignment or misfocusing, and therefore poor mitigation by subsequent filtering.
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[ 00681 Equation (2) can also be expressed in terns of the phase velocity as
wherers; 1), 211 icr(r rs; f) and [0069] The propagati on path can be
assunmed twoheov2stozai ght |ine fromthe source to 15 rec@Cyars2e00/0bzné zont al
refraction of surface waves can be neglected, or it can also be cal cul ated
usi ng frequency-by-frequency ray tracing in order to account for horizontal
refraction of surface waves. Note that the phase termyo(r rs f) can be

| | d
e dBlseTy SR R BB el R N St et Bte ﬁoaﬁ%ﬂéx;&%?sﬁ{s%sﬁt% b

surface Mayes Qpagat e t hr iffere spatlally varyi ng nedi a

20det er M 1@”%5&Ffﬁ Kmﬂ w@‘?p ?dﬂ? @ﬁﬁ%dlnents use a techni que where
t he phase termp changes fron1trace to trace, and so it is identical to
changi ng the region of noise renoval in the f-k space fromtrace to trace.

This ability to dynam caid|y,; gbaﬂg@ﬂ&hq)ﬂng@qxqﬁjnqﬂse mtigation is(2)
derived fromthe WD 2009/ 120402PCT/ US2009{ 032016 fact that the noise on a

given trace in the Il k space can be exactly calculated in a determnistic
manner, using a priori know edge of the l|ocal horizontal wavenunbers.

[ 0071] FIVBJIRE k1@, glePiicths lecaphataatl $208mintbeht b Gaiceos of §iaciel s@vdEsatageondi ng
to enbodi nents of the invention. The process uses seism c survey records
1201 5f orand fpgnenoyu) aand / is the distance from r, to r along the propagation path of the surface

wavges.

[0067] The phase term ¢(r |r,; ) in Eq. (2) then changes uniquely for a given source-

receiver pair, and accounts for the variation of surface wave properties along the propagation
path of the surface waves. This phase term now can be used in Eq. (2) for alignment of

10 surface waves while accounting for spatial variation of surface-wave properties.

[0068] Equation (2) can also be expressed in terms of the phase velocity as

Ty

0p<r|rs;f>=z{j@(x,y,f)dz} zl{fﬁpl(x,y,f)dl} : 3)

where %, (r|x; /) =27 /k.(r |5, /) and §,(x, 7, /) =9, (x, 2, /) = 27) 'k, (x, 3, /).

[0069] The propagation path can be assumed to be a straight line from the source to
15  receiver if horizontal refraction of surface waves can be neglected, or it can also be calculated
using frequency-by-frequency ray tracing in order to account for horizontal refraction of
surface waves. Note that the phase term ¢(r |r,; /) can be calculated by wave equation
modeling if ray theory is considered inadequate. Equation (3) assumes that different
frequency components of surface waves propagate through different spatially varying media

20  determined by v, (x,¥, /).

[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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5 basin or region of interest. The seism c records may be created by firing
a shot at or near the surface of the earth. A plurality of sensors |ocated
on or neawoth®/mmobace of the earth record the waves fr @ortuseomiostolé The
process al so uses | ocal dispersion curve estimtes 1202 for the survey
area. The estimates 1202 nmay be the results 203 of block 202 of FIGURE 2,
the results 306 of block 305 of FIGURE 3, or the results 314 of bl ock 313
of FI QU However , . ersion curve imates, for.s rface
naves 1 R ROR TS ERER TSt il B aan Srar Ly SafRls e h & ettt O
of bl ockndfdr, akinkldBIRE Indt¥dReofUBESHcaMielzenthNRat@adbefll SPersion curves are
estimated over a few sparse locations within the survey area, and then
interpolated in s ace EOO?Z]FIGURE 13 depicts an exanpl e of seismc survey
data 13d80tdnt aifd H&Fsd f GRPECY 5t RERFESSnb? tqwilgatSeﬁ%f%P% Whyes 288udingotdl d

serve a o

ur f aco Shpuatiocr b0 (B PEREE O S e e sh Ry st SR8 By i
exanpl edasih draegbn df mrmmr CFhe eusmesﬁ(#ﬁimajztb@ 2raatedshyr fidgea weotas or dae theocal
drspersron cur re di spl ayed at t frequenc es for

i 11 ust r 2786E Oﬁvfﬁﬁ@%h Z\@Irl&lhyn eo9Qys i@awé@eﬁ&eﬁ%@rw Aol Guh e
1402 V‘D‘{hgwﬁ%svﬁorﬁsthé:éﬁo‘{e?hé- ARZ e Uisds2E ﬁ)%ﬁl &13&931012 Q00 E3nThes PERCHRS the

begins with block 1203 that extrapol ates the l'ocal dispersion curve
est i mat esrwyenrca Jht festmetas [190inty Ha dguendis wndf blabk @82 i RIGRIRIARI yheD- 20

cpect rurure e 8 PRE R UEEOwRES o sty S EE sb¥Re L RRARIGA  ng

sur flace N@V&Sr, dnyt o€ of AtspBBIAcUrRS adtirkkitSP R Ssluﬁacecww@smdme Retios RRMtbREOUIh
the entire energetr c frequency band of the surface waves. It is also 25

needed iray breusede dforaxapeles therreanlisvidd of haerkt HEooigH AR E érfé%t b¢ peaguathere

bands, §},0f caf P& rsidh 2 r%ss'ar%”ssnc% esve”egdwtso r9§10% AR tgﬁwé”a}ege
frequency AL 1ol Cow t e mo K205 BB 5w, rapo atl on e

per f or rreﬁdshtﬁlhntehaﬂatédnﬁl @&ber apol ated phase vel oci t| es conformto the
physi cal behavior of surface waves. In the |owfrequency end, the
di spersigon_curves_are edfrapol ated so that (i) phase vel ocit

monot onil8873ly JEEERE I Agepishc ¢t Sﬁarweééf%a%ﬁwewﬂa)ﬂ&r’ ¥ P%gvrf'gqu a
m)nqtﬁon'&@elrb&s@q@b?agbﬁﬁwfM&Bm&ild fs&%g deagy azgﬂﬂl the ;qrace&he%ﬁ 1l iQeid v

equal s group vel ocity when frequency frequency end, the
WO 2009/1ﬁ1201d@f21@(1’iﬂrusmbm@mngatamensﬁlfihmﬁﬂ esndatle EIﬁUIbES)IlaAeJddsléDt hat

s e )
and (iiig, r\Fé@a@‘%x, elroGid M1sﬁ‘l@?ec9£tQ% é%ﬂl_x@ﬁdléyfo@%}’dﬁ%%ﬂ Gaklely £8a80 oL he-pae

val ue as freqden y’ goes to finity. The output of this block 1203 is a set

of broadgs [0aBMVeBE e hcdiuPREMID PN 488 WolEBscHAOA dubdls 1308 RoriRScc3@ R0l r equency
band as a function of space. [0074] FI GURES 15A and | 5B depict an exanpl e of

the operation of block 1203 to extrapol ate the curves in the frequency

domgln d0@73]a ser pr@pesﬁthegmm\wéh bloelq détﬁéyh@map@lﬂtes the el vbapesmtqug@t i on.

FI GURE 15 1ma eglo%rsa Silits i (Eey fre u%ncy alflnrdv %vhlél 1S typlceﬁpy 0-38 %z in exploration

seismic data, but may be different depending on the spectrum of the surface waves. This
extrapolation step helps in mitigating surface waves if the estimated local dispersion curves
do not span through the entire energetic frequency band of the surface waves. It is also
25 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
30 frequency, (ii) 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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| ocation. The line 1502 is the input |ocal phase velocity 17,1,(x, vy, f) at
one spatial location. 10The line 1503 is the local group velocity 17,, (X,
y, f) calwol2ae9d0402i ng t he i nput phase velocity 19p(x, yPCTus2000@sHiEs 15B i s
t he extrapol ated version of FIGQURE 15A. The line 1505 is the extrapol ated
| ocal phase velocity i)j,f) at the spatial |ocation. The Iine 1506 is the
extrapol ated | ocal group velocity(x,y, f) calculated using the input phase

o E bRl et hET T RS 38 BRSNS HiEs
cont i nuefin@fnITdquénty HiilPIRupk2ioditQlis £aRofohRANE MeYoasinBGusddioh J¢ Gey@nes, ar e
treated as waves propagating through a 2-D spatially-varying nedi um defi ned

by the laddiilmbpicrshedaly apgesoruyesitykasymptotically yeaclrHe sepigtvadiie apdfdMendn of

kr (x, vy ]S -exam ernm ne et her .t n .

nor 1 zont&F (&S S FhE Sfinke oL HE TR 1 MK et M BadPibaRE 150 Hiorings
wher 6 t harys d2es thacglaauhaies friipichadeanded arfefdt@atdfepacef the 2-D nmedi um and
exanm nes the spatial variation of the index of refraction. If the variation

h th | d ph i h
uar ter 1074ihe WEIIRENGA S8 JaBr ki SLmiin of 4he PBATORAG 4tfbul b
account es U BB H:MERERY i Q9E01 SRIFcRARY ROkl BSRY YRHARG I

Eq. (2) is used to Iintegrate e I'ocal horizontal 25 wavenunber fromthe
shot t o sudfeai-wevc mitgragon. hEI@UBEadt dapnctpan bxapfipladyensuirchace SAdwesnce dfatink  was
determined in ock 1 that. the hqgrizontal refraction mght b :
non- negﬂP@“BPe?'thﬁHlepéggé@gﬁ laﬁutplgeﬁ AR §PRIDS Rt P Ir EAUVERIT oS ed
using 2-D ray tracing, or wave equation deling i s enpl oyed to directly
cal é§| at'detlHE 154 dethe é%{ giop velocity v %451 Ralsﬂgetsd using) the PPy IPHYEINHE wave
equation_nodel ing are exenmplified by Viricus, J., Farra, V. and Madari aga,
WO 2009/ 126402 P>c%i IR dPBashesxfapolatoggersiopgf HGHRENPA-nTheling 1305is the
het er ogeneous nedia for earth quake | ocation", J. Geophys, Res., 93,
6585- 6599trEpalytcd ol mirse VHe@l ¥sChirobyt thicrpdrlasdwnhel & HnpylSPefiethence,
and Kelly, K. R, Ward, R W, Treitel, D., and Alford, R M, 1976, .
" Synt hetdxgrapaptsgrolgeaingroun Yaloditye S vefrerrelsubigysk vsian" the GapwhyBisesyeladty 2- 27
(wave equation nodeling),

v, (3, f).

15 [0075] Once the set of dispersion curves 1204 has been obtained as illustrated in FIGURES
I15A and 15B, the process continues as shown in FIGURE 12. For each frequency, the
surface waves are treated as waves propagating through a 2-D spatially-varying medium
defined by the local horizontal wave number lgr (x,v,f). The spatial variation of lgr e, v, 1)
is examined to determine whether there may be strong horizontal refraction. This can be

20  done, for example, by block 1205, where the process calculates the index of refraction of the
2-D medium and examines the spatial variation of the index of refraction. If the variation
causes rays to bend such that accumulated phase error is more than a quarter of the

wavelength, then the refraction is strong and should be accounted for during path integration.

[0076] For each shot-receiver pair, Eq. (2) is used to integrate the local horizontal
25  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,

20



5 which is hereby incorporated herein by reference. Gt herw se the
propagation path is assuned to be a straight line fromthe source to

recei ver .woheovzogat of bl ock 1206 is a phase term 1207 PCoruse@ch3zon@ce.

[ 0077] FI GURES 14B and 14C depict the path-integrated phase velocities
19,)(r rs; f)=2R f I (r I ; f) 1403, 1405 of the |ocal phase velocities fp
(x,y, f) in 10 FIGURE 14A for two different shot |ocations 1407, 1408, each
respectl rked b "X Fl GURES ict.the

ot et nibor9s8a ERasBtie b FRLY Mhedoginebin oyt gk Mo it Ppftionoc
phase VE('& hid, eRYs., BB, i638FloEURE A ot Rl tlaxmc%atm heh®Y Sinkdbratd Bdreas U

FI GURES 1@@ %nd 14C. in this exaat]stgl e, rg?] opagat i 0?1 Iga(t%% of the surface
waves i geigsangeeandtbelbe ke B MagrghR. Wn@f@‘@hn‘éetatl dhlfdid BodkcB7endSymbetiover .

Note t hgsfs sh%g{]% %Sﬁﬁ; %”@?frete%gg roel:clhg‘@g)ghl 4?5 %nd2-?4?w5 Q?%C@El&gl?ﬁl%dél %2 t he

dynami c anges |s ersion rves source a

r eCeiSVel’Wﬁl(‘)lC atHeadds. 1ndbrp@ﬁ1&dﬂ1b&:(ﬁnbjbfefﬁbﬁ¢be rOtﬁbl@qlEéEtSe PAdpaguibnlpghith iseisunddURES
14C and 14F shows that t he process 1200 perfornms a fre uency by-frequency
pat h- i nt!e e strapghy liwg fram sassepvsce tOhrgﬁelmrf f“éhee%tpttr%f Qooivsoriians &8 t he
surf ace Wy es: Reppagat e through different 2-D nedi a. Note that each map of
20 FI GURE 14B, 14C, 14E, and 14F depicts a representation of the phase
velocity that would go into the conputation of the phase termat each

di f f er erf00FHcei verFIGRERES otdB orand hadC gidvm'nt sthot path@ffeglatcihephpbasecloatien 1207
for each trace is now used in g 1% via bl ock 1208 to phase correct each
trace witHrHuad T HEdkdathet) A0t J40Ri gudhpHaed plise exdlowtics Théx,y, /) in

phase-corrected 25 data are processed for surface wave mitigation to

el i HonatfGSRE Ate-fapteo didiesat shefrpesionsl 407 448, er@C]b W@Rctlivztygmatl@é ®Byt¥ng in
dat t rf 0
ata w gfrrn%l 1|r1 aﬁﬁ}tﬁ‘?@ﬁ%ﬁ' cltndtgﬂPE(aE 1{:thoutpa[th Qntgér ase Veqogi ﬁgb Erﬁ%GjI%E 16

exarrpl e o0 perS| on correctl on usi n process
surt ace- W eF RS e eIk e hTer i PoORe 18 1 i“@@ﬁfﬁﬁl‘t@ ?Oeélesﬁ' BN
et o 08 o L SR, BP0 UG, S5 e
waves is assumed to be a straight line connecting the source and receiver. Note that in the
15  comparison of FIGURES 14B and 14C the process 1200 dynamically changes dispersion
curves depending both on the source and the receiver locations. A comparison of either
FIGURES 14B and 14E, or FIGURES 14C and 14F shows that the process 1200 performs a
frequency-by-frequency path-integral, and so it assumes that different frequency components
of the surface waves propagate through different 2-D media. Note that each map of
20  FIGURES 14B, 14C, 14E, and 14F depicts a representation of the phase velocity that would
go into the computation of the phase term at each different receiver location for that given

shot.

[0078] The phase term 1207 for each trace is now used in Eq. (1) via block 1208 to phase
correct each trace within a trace gather by its unique phase correction. The phase-corrected
25  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
30 FIGURE 1 with a single reasonable dispersion curve for the entire record. Note region 1601

with poor flattening of the surface waves.
21



WO 2009/ 120402PCT/ US2009/ 032016 [0080] FI GURE 17 depicts an exanple of the
out put 1209 of bl ock 1207. FI GURE 17 show di spersion corrections or phase
mat chi ng woroedeog®kowest - vel ocity surface-wave node i n Pha/use@onsko1é1 GURE
17 is derived using a unique dispersion correction termO.(r r,; f) or
phase term at each trace in the record. The phase termis used to align the
waves as shown in 5 FIGURE 17. Note that FIGURE 17 exhibits better flatness

and a ti r i nuous wavel race- to C e. g

t han doégﬁg(ﬁe Eﬁbﬁﬁ?m%w M1l ?f?n?‘pi%8£ tdtjgg %&Ploc}%%‘ﬁe h]gﬂ&]l%éol(];rtl on
at 1701 spaw dipewididevmrdtiontiordhadcBatshig: @d)r the tloQuabt-hl Sdityrshifagk-ivhee MBeeIn
portion of the graph. [0081] Note that is it preferable to use straight

r aypat hgh¢ recotdscRIGURE, 1 ikidetivédnsing 8 tungpiselispetsian Forrdsiomderquand 1 :X)sor not e
that it is preferable to use the spatial |ow pass filter nethod described
in US Pathasttegnagaachdaice i the regori Fhe phraspiarmgaupesiocdien & weres iap shveria 1208

or the e Wﬁ t S %Aﬁlﬁ and
319 Igf ﬁg@gﬁsﬁ [%\g(glé?%qlﬁte \41\‘{ eglrll{?%%?) %ﬁﬁeﬁﬁﬂ%c%% (E)ﬁasg%ggglﬁ]f)ge e}léllln may
be i npl @V@r&te@daédﬂtohmaéy\ageregmfmman doed/the stdrfacowaive in grdtcsrdaf ¥ IGURE
conbi natlon t her eof, | ement in softwa he el enents of the
present ionvEMs di¢ distert é%ls@n]t%élqa9%le méaws(? %Tgﬂéﬁlﬁssl% pethpr disuping the
necessary, ﬁ}yﬂ?ﬁonﬂ“ﬁe gram or code segnents can be stored in a processor
readabl e rl%e m The “processor readabl e nmedium may include any nedium
that can store or transfer i nformati on. Exanples of the processor readable
medi um i[A88deNetn thiit ecit prafi¢rableite ves straight Wm@@hdbﬂotsloimfemﬁqh @em‘ostacases ROM

i <HBCD PR Keolfer cAREiols Meb it ol ‘Gond BB baft TRl dfe” B

code Segimtb%dmwshedt@iﬁwgqas@edow T . KAk ﬁﬁug’a@%ﬂ@bﬁéctﬁiﬁcﬁi b@&ktllzes loRkRy net ,
Intranet, etc. [0083] FI GURE 18 illustrates co uter {stem 1800 adapted to

use t he pethedsricseried sbpymwiticasspeciito ploske2 Qf&l 19¢0HIGUERESupl ed to
system bus 1802. The CPU 1801 may be 25 any gener aI pur pose CPU, such as an
HP PA-8 .

excerp! 1005 oy Nk ina B bERRLAGRRS BbsPlho KERTH By B &?%&*ﬁ?&nﬁfﬁzﬁ?

i nventi csnftMrenahd/oeﬁtrnwmteedldﬁgr driyecomrbdinitioachereef. dVh&PUnAIBMEntad i sofgvas, CPU

180 sup or s t he |nvent| ve operations as described herein. Bus 1802 is
couéls the 5B PECSRRINBM G RARYC 380l Hoadsy SoBmCRIRA P thy
SDRAM %@%s% Arabiss, alpe I%Q r%ﬁfie} %Qdé Qodishts 8A2 beVbEA HBY pR&eFRPbad&aBROM

or EEPROM RAM 1803 and hol d 'user and system data and progranms as
is well rherowm. i hhe Hprogegsor readable medium" may include any medium that can store or

transfer information. Examples of the processor readable medium include an electronic
circuit, a semiconductor memory device, a ROM, a flash memory, an erasable ROM
20 (EROM), a floppy diskette, a compact disk CD-ROM, an optical disk, a hard disk, a fiber
optic medium, etc. The code segments may be downloaded via computer networks such as

the Internet, Intranet, ctc.

[0083] FIGURE 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
25  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
30  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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WD 2009/ 120402PCT/ US2009/ 032016 [ 0084] Bus 1802 is al so coupled to

i nput/output (1/0O controller card 1805, conmunications adapter card 1811,
user intevbao®/cetod 1808, and display card 1809. The |/ @cadmspaen3dmas d 1805
connects to storage devices 1806, such as one or nore of a hard drive, a CD
drive, a floppy disk drive, a tape drive, to the conputer system The I1/0O
adapter 1805 is also 5 connected to printer 1814, which would allow the

temt i : i i.nf ti h d t . phot hs,
27 e ot ed B0l Wy A%in S08 bR o aBl B0 RtEoR RS BE ComBRai A0 er
etc.), adhpesr 6RANISNE, uRF iRecANR Qfrd T8OS HRY. diIATIMICES090 MBhC BOJadhBiet chidl

adapted to couple the conputer system 1800 to a network 1812, which may be
one or P8 cepnegty @) Sé‘ﬂ%%ée‘ﬁ@%/\k%@ sueh| agcaare qrupe Aridhase daivgd o &Dhdese, (ANAN)

net wor k, her [ nd e lnter t r.

i nt erfacf]eo%@ggf}glﬁggg&cgﬁg eghﬁ%(]etg ti%ﬁp‘“{? D 1(é:e\?is étrsé%n-s% IZ@ V&e?l% (r)alrléggll%fés,o

poi NBi ngodestitieoPBiter 1804 e cle aplit @lowsths ts ek 80 PrintTi@etit spidsay ivfdrdatdd®09 i s
driven by CPU 1801 to control the display on display device 1810. 100851

Al t houghueh@s gpewssit: PhrieseEpln 2HideS; @EC- aboEnthag s Pave PeBdereBERIChEYET n
detail, :ji; egg(qﬁ - : 11OUS : i T4ty

al terat id(%lE gts’h(;agl#’ gtectan% e i@gi&ggﬁégﬁl?ﬁﬁ%&t@%pcg‘?}?@%gﬁ??‘%%t&?ﬁdemg&#??%p%
scope oftotdoeplentie sbmpntecasydehi 1888 tbya hétevodpp8hz]edhich anaysbe bbe eowerre of e

par 1 cul'sFP BBk € RBhl (e bt dretins NS Wedboy ok B B1NCe P68 o of
Mat tgr, MBRPShe f‘fﬁ@t‘ﬁ@@ﬁet@@ﬁi.slt?@rsin@&ﬁ&é icRRid1808 EBISARE! frpaRlEARes, Achone of

ordinary skill in the art w readily appreciate fromthe disclosure of

t he pr edenbodrd8hY,ipomtingdovies 4847, torthetviompster systerad 80&icThe displennpdIBIP ons of
matter, an s, or, st . Present XI St | or later to be
devel ope(g}%te iy(ﬁiF@ﬂrﬁo§ﬂﬁt§$l§ﬁ$alﬁi)lla§/’oflﬁé3p£% V“Cﬁhgﬂgon or achieve

substantially the same result as the correspondi ng enbodi nents descri bed
herei n magsse ulithbiggethecaeaentdinhention dnldetspidesetngesi HavebedmdescAb&DIdddg], ¥t t he
appended clains are intended to include within their scope such processes,
machi neshowd heruweisiaod thynyeions changensubsittytiqns apd aisratigy pasgle made besineps .
CLAI ; t : i af 4 LS.C

mhoogan e RRRL Minp 6 ShRP ARK R B ACLAThC, CHIKEY HALR Foghie e
and sur faddmswaMeof¢rptheatcope as theoprescnoapd eatiod isabotl ie@atedtocbs Boded @ theand
the nethod. conpri sing: 5receiving seismc survey data fromat | east one
sensor; Patticular mbﬁfiwgenas i aree w%&awm%w&w%még RS PEES,
survey datRods®dndditpLaQRibddinY el QeaGLATR. AL RaRUEAiRG idYnd ageviave
velocity as a function of (x,y) location and frequency; “extrapol ati ng the
di sper siromlilyurppscitts &obr dbalehisdossrpueficthcbpresknt invention, processes, machines,

20  manufacture, compositions of matter, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or achieve substantially the same
result as the corresponding embodiments described herein may be utilized according to the
present invention. Accordingly, the appended claims are intended to include within their
scope such processes, machines, manufacture, compositions of matter, means, methods, or

25  steps.
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10i ntegrating the extrapol ated di spersion curves along a path from
the source to the receiver; formng a filter using the

pat h-i ntegration curves; and appkyhigsthe filter to the seismc
data to renove at |l east a portion of the surface waves fromthe
seism c survey data 152. The nmethod of claim 1, wherein the formng a

plurality of |ocal dispersion curves conprises: characteri zing .
a spati ail- var PeiBribpg pf grodsssinrpilastiosn sdyc §WF§@WW§@B§“§WQQ§WW region,
sci smi ¢ SueMay adalefimic survey datadRhigh WARL RRA shitfod G R TrdrR: REst one

subdivided into a plurality of sub-regiofs 20 based on the
char act espureg ansiat logsteny nectiver, anphibe methodrqompisingy is rel atively
constant within each sub-region; If the determning is

affirgative, %V@mi@g%§%MM%kp£%§i on curve for each
It the '

sub-regi on; determning is negafive, forning at
| east one dispersion curye for each location 25 in the region; and

usi ng the di spEmireA rurlyofloeshdipersimm quresciom the swryen fate Hedifferent (x,3)
form ng, 1Q%LEAP @b proVlng08Rkke 0 AP GJI‘J%!%ZQQ% e ) Bf‘%c,:r) location and

di spersion curves over a frequency band. The nethod of claim 2,
wher ei n fsauesig®t i al |y varying property is at |east one of a phase and
group velocity of the surface waves. 4. The nethod of claiml1,

wherein the regrgRIANERRE 8RFcrSioR el td Abrehddr BeRhéRYbandnd the

10 integrating the extrapolated dispersion curves along a path from the source to the

receiver;
forming a filter using the path-integration curves; and

applying the filter to the seismic data to remove at least a portion of the surface waves
from the seismic survey data.

16 2. . The method of claim 1, wherein the forming a plurality of local dispersion curves

comprises:

characterizing a spatial variability of properties of the surface waves in the scismic
survey data;

determining whether the region can be subdivided into a plurality of sub-regions
20  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
each sub-region; '

if the determining is negative, forming at least one dispersion curve for each location
25 inthe region; and

using the dispersion curves from one of the estimating and the forming, extrapolating
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5forming a plurality of local dispersion curves conprises: analyzing at

| east one surface wave property for each location in the region; and

esti mat i nyoanodees one | ocal dispersion curve for the POTfiSC@IN320E6
property for locations in the region. 5. The method of claim4, wherein
the surface wave property is a group velocity of the 10surface waves. 6.
The net hod of clain11 wherein the region conprises a plurality of
Iocatroq . t he seism_c fi 30 Jsparse data set, and the form ng of a
pIuraIrté 8§p?8@ﬁfuﬂ?§83?§rgwug%W' d%%onpri ses: anal yzi ng at

| east one surface wave property using the sparse data set for one |ocation

15i n t he3.r egiTe; mbBOH TG dmdD SRREBINOthe Giphtvelyf v gf}ﬁopeﬂ?l kzgedegbatonr ond
interpolating the dispersion curve into a plurality of dispersion curves
for the Rhags By groun dﬁ@%ﬁﬁﬁh@ﬂ“ﬁ*eéﬁaﬁhrl wherein the extrapolating is
performed such that phase velocities conformto a physical behavior of the

surface gavesyp a08hJNgr B9 dwhlrefl @b %g?on e atppg\a}\gt?tdf’f 30QtiBhd, R84 e

di spersion curves conprises: extrapolating a requency curve
such 5t habrminphadealiyl afdoday dspersioe cotvey eompuisesoni cal | y decreases as a
function frequency, group veIocity of the curve nDnotonicaIIy decreases as

a function fre ncy e vel ocit oci t.y when
Frequency  eqdaryeDen I e aake nd aeion Tt repeBtPe EbE RS e such
that a phase velocity of the curve nDnotonrcaIIy decreases as a function
frequency, greetpatied aciléast dhe tibeal cispeesioM rRafv@ntdtathk ysu2ace wave property for

locations in the region.

5. The method of claim 4, wherein the surface wave property is a group velocity of the

10  surface waves.

6. The method of claim 1, wherein the region comprises a plurality of locations, and the
seismic data is a sparse data set, and the forming of a plurality of local dispersion curves

comprises:

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

15  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.
20 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

25 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
25



WO 2009/ 120402PCT/ US2009/ 032016 i ncreases as a function frequency, and
phase vel ocity approaches the sanme val ue as group vel ocity when frequency
i ncr easeswoawmwidodonf i nity. 9. The nethod of claim 1, fuPCharS2@90p016i Ng:
calculating an index of refraction along the path; 5determ ning whether
horizontal refraction affects surface waves along the path. 10. The net hod
of claim9, further conprising: if the determnation is affirmative,
determination i

nodel ing the path for.the integratiqn and . if . th S
negat | vanirigP 3 B it Feg RhCB R s Reosiny praroise Fie AL DR P Foie
pat h f orveldday iWwHeR GFeqhiéR) inckBikds Hvardeifad. of claim 10, wherein nodel i ng
conprises at | east one of: two dinensional ray tracing, and wave equati on

nodeling. 12. The method of claim1l, wherein integrating the extrapol ated
di spersibn curhgascthedef ¢laim h fytthereguprisie: phase term and the forming a
filter uses the phase termto formthe filter. 13. The nethod of claim1l

wher ei n appl yi,ngi-$a 55§ﬁ§(@}d%£ﬂ§ﬁagﬁgpgﬁ¢?§5nitigating surfaces waves

usi ng di spersion correction an ori zo I'l'tering; mtigating surface
waves using tinme-reversal backpropagation; and mtigating surface waves

usi ng§ focal tdctmsfongrevhitber horfzéntaltedrapeethaificctsf sucfaad wadgs dlengtthe patbonpri si ng:
organi zing the seismc survey data into a gather of traces; 20wherein the

gat her i onengf,. 4, 6PNFRI:SHGh Ay RGmRsGeMoN- T ecel ver type. and a

if the determination is affirmative, modeling the path for the integration; and

if the determination is negative, use a straight line between the source and the receiver

as the path for the integration.
10 11. The method of claim 10, wherein modeling comprises at least one of:
two dimensional ray tracing, and wave equation modeling.

12.  The method of claim 1, wherein integrating the extrapolated dispersion curves results

in at least one phase term, and the forming a filter uses the phase term to form the filter.
13. The method of claim 1, wherein applying comprises at least one of:
15 mitigating 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;

20 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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super-shot type. 15. The nethod of claim11, further conprising: using the
seism c survey data having the portion of surface waves renoved to WO
2009/ 1204090ROH/ 1268009/ 032016 det er m ne whet her there i sPam/useaengooend
deposit of hydrocarbons in the region. 16. A method of processing
exploration seismc survey data of an inhonbgeneous region, wherein the
seism c survey data conprises body waves and surface waves, wherein the
surface ves travel froma source to,a receiver alon at.h, the seismc
survey bk e saerg R ddrrarowdfichrit o ThresathoB e WEeki ver pairs,
and the nethod conpri sing: integrating a | ocal dispersion curve over

the pat heof aA stodeofprceckdtebxaorafian KeitMictsQrveyalapheae® iRemeLhtaus rt€bh)
wherein the curve is_a function of an area | ocation and frequency; . and
phase nathdigingthe Heisalg PREY it somAritasebaslyi wayes duh surfrse ntaChe WHREYE the

correcti e T, cl.al rei i.pteqrati (IS
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i nt edr atdoatprisss dxpeefoaklpéurhioty ofacilrceraatereoiver iingy aldithy methodwdawrisingt he
surface waves. 19. The nethod of claim 16, wherein the plurality of source

recei ver pair.s, ar forq%? from one source an q%flurality of receivers.
1520. The met HBGEGHNEFAPTH FEPOIOB BT Rt T YPUBE QGEPEE T BREIY S Mpai r s
are for neghake eBractRhUbRh, | Wiersih tAOUNSRSs ATUnQR Jemeir¥elocaldn IRE fBREdNRY, Of
claim 16, further conprising: extrapol ating the di spersion curves to

a broademdfrequency band with constraints on at |east one of phase
vel ocities and group velocities of the surface waves. 2022. The net hod of

claim16, f urpthggermgt%%rg i%d {Bface waves in the seismic data using the phase correction term.
10 17. The method of claim 16, wherein the integration is operable for each frequency.

18. The method of claim 16, wherein the integration is operable for each mode of a

plurality of modes of the surface waves.

19. The method of claim 16, wherein the plurality of source receiver pairs are formed

from one source and a plurality of receivers.

15 20. The method of claim 16, wherein the plurality of source receiver pairs are formed

from a plurality of sources 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.
20 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:
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mtigating the surface waves using the phase correction term 23. The

met hod of claim 22, wherein mtigating conprises: mtigating the surface
waves by wiorndowag2of the phase matched surface waves. 24T/Ush@9neiohed of
claim?22, wherein mtigating conprises: W) 2009/120402PCT/ US2009/ 032016
mtigating the surface waves by using a spatial filtering of the surface
wave invol ving the phase terns. 25. The nethod of claim 24, wherein
mtigating co .ritse ﬁ%t I%ast one. of : . tial il mti.gati nig sur f aces, waves
usi ng di sper SMOSEE PESHITRE MRS RS HP P8R RS HGEPEHE, S P GARY RV e Face
waves ush&ghdsk femkever sal backpropagation; and mtigating surface waves
using focal transformation.

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

5 mitigating surface waves using time-reversal backpropagation; and

mitigating surface waves using focal transformation.
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