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10 [0002] This application relates in general to processing seismic data and in specific to

characterizing spatial variability of surface waves by correlation of the surface waves.
BACKGROUND OF THE INVENTION

[0003] The goal of seismic processing is to image subsurface reflectors. During a seismic
survey, a large amount of the seismic energy generated by a source does not travel vertically
15  as body waves in the earth to reflectors and then return to the geophones, but rather travels
horizontally through the shallow near surface of the ecarth from the source to the geophones.
These strong surface waves, sometimes called ground roll, can mask the weaker reflections
and should be removed prior to imaging. In other words, the waves of interest are the deeper
body waves from reflectors, such as hydrocarbon reservoirs, and the body waves are

20  obscured by overlapping surface waves.

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

25 waves.

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

reasons, including incomplete separation between the velocities and frequencies of surface
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prot ggti r&p&tﬁ?ve, but are sometimes used for surface-wave filtering, for example see Robinson, US
Patent 7,239,578 B2, which is hereby incorporated herein by reference. One advantage of the

Radon transform is that it does not require regularly spaced trace sampling in the seismic

record. Fourier methods suffer from irregular sampling in addition to the previously

mentioned aliasing. Preprocessing of the data (interpolation) is often necessary to prepare

20  the data for surface-wave mitigation via Fourier methods, and the interpolation itself may be

inaccurate due to aliasing.

[0008]  Another filtering process that is used to reduce the effects of surface waves is
adaptive filtering, which attempts to maximize noise suppression, while protecting the
desired signal by allowing the algorithm to perform filtering based on an on-the-fly analysis
25  ofthe data in each record. For example, see Ozbeck, et al., US Patent 6,446,008 B1, which is
hereby incorporated herein by reference. However, note that in this filtering process the
adaptivity in these methods is to the characteristics of the data in each record, namely the
noise level and statistics. While these methods are adaptive in the specific filters they apply
to the record, they still require an a priori assumption of the characteristics of body waves
30  and surface waves. Thus, it is still necessary to define the propagation characteristics of the

desired output response, ¢.g. body waves, and the propagation characteristics of the undesired
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necessary W th phase-matched filtering of any
aligned and compressed surface-wave data.

[0010] Despite the value of aligning and compressing the surface waves, and the
subsequent spatial low-pass filtering, it is still necessary with phase-matched filtering of any
kind to perform an analysis of the dispersion characteristics of the surface waves. These
20  dispersion characteristics, or frequency dependent velocities, are again traditionally analyzed
on some representative records from around the survey area, and ad hoc methods are used to

interpolate the dispersion characteristics to locations not analyzed.

[0011] FIGURE 1 depicts a typical process 100 to mitigate surface waves. Various filtering
techniques referred to above may be used in the process 100. The process starts with one or
25  more seismic records 101 for a particular region of interest. In block 102, the records 101 are
analyzed at very few, selected, locations in the seismic survey. The analysis involves
determining the velocities and dispersion curves at the very few, selected locations. The data
resulting from block 102 are sparsely sampled surface-wave properties 103. With this data
103, the process then designs filtering criteria to separate surface waves from body waves in
30  block 104. The resulting sparse filtering criteria 105 are then interpolated by the process in
block 106 for every location in the record and for every record in the input data 101. The
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reference, Kritski and Amundsen disclose the use of cross-corrclation of surface waves
recorded on nearby traces in a vertical seismic profile (VSP) to obtain the shear-wave
velocity in the region between their depth levels. However, this methodology involves
attempting to estimate the entire dispersion curve (shear-wave velocity vs. frequency) by first

25  transforming the data into the wavelet transform domain before correlation.

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

analytic signal many times, namely for each individual frequency component. Note that
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energy. However, no allowance is made for the variability of surface wave along a
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30  wvelocity along a path is fixed and assumed known for each scan. In the presence of velocity

heterogeneity, that method has an ambiguity between scatterer location and velocity.
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descri bedfrorn a region, wherein the seismic data comprises body waves and surface waves, and the
region comprises a plurality of locations. The method comprises characterizing a spatial

variability of the surface waves in the seismic survey data; determining whether the region

can be subdivided into sub-regions based on the characterization, wherein the spatial

20  variability is relatively constant within the sub-region; if the determining is affirmative,
estimating at least one local dispersion curve for the spatial variability in each sub-region; if

the determining is negative, forming at least one dispersion curves for the spatial variability

for each location in the region; using the dispersion curves from one of the estimating and the

forming, extrapolating the dispersion curves over a frequency band; and using the

25  extrapolated dispersion curves to remove at least a portion of the surface waves from the

seismic survey data.

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

30  hereinafter which form the subject of the claims of the invention. It should be appreciated by
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the art twetoedheomoncepti on and specific enbodi nent di seCoasdooamy20he
readily utilized as a basis for nodifying or designing other structures for
carrying out the sane purposes of the present invention. It should al so be
realized by those skilled in the art that such equival ent constructions do

not deparg, Jeirs?}gﬂ-ehq_ﬁ P J[hl t ﬁwg%oﬁg RB6n 8hd %E%lﬁ@%ﬁl?ﬁdlﬁ@tga(ﬁscﬂgsrgd zrh&%etljgadlf} the

appended cf nove atu s whi ch are I eve racteristic
of the i ntgtd ap,a boihfasmodifyihg odrdgaighingt otber ambtur&t fiwdcaofyigpenathcosyme

together with further objects. and a tages w etter derstoo from
the fol | m@eﬁeé@ﬁpa@%eal %twncom}qaga j b 1&?6 @ﬁswl%lﬂec{] Hethe S

acconpanyi,pg eiﬁlgéiéﬁsconkﬁrudtl%né fo lﬂ@t é&ﬁhet?o%Xhé‘é}Hﬁ{ a{aom ¢ BPYRVY ﬁ(fentlfoﬁa:fs g@ch

of the figures is provid for the purpose of | ustration and descrlptlon
10onl y arfdrthsg sn niuit appehdaiddaings Bhededvichifdatwes whichieee beldvied tofbetcharaptesstenof

inderst ot R eBrOp SRt Preaieah A raheshof operafitn, whdass §PuRhS:

fol I owi ng hh®lddQihth @KERill HeClIHeHNMUERBOW frbmt IR REGIIMAEIRGPtiEH aWhdHIS,
in which: [0022] FIGURE 1 depicts a prior art process to mtigate surface

waves; 15{0092@]ed o GORECHoN 3vith th: dceyspanying figues eltsiarie zb@@xmwés undersoedi ng
to embod msnt 2 t eagh ? Mlerﬁ 155 p9‘§\;1§%d gor%{g Elgrpg'rsi‘%ggﬁl '%md[ %%Qr%t?oen

OWECV
pr 0ocess t (0] ?I ga ace

i nvenyi onsnly and is [naﬂizl&]nd&l QiJREeﬂhlmmhs hﬁflts%X&{er@seﬁf maﬂna)vler age
surface-wave group velocity map of 20 the survey area, according to
enbodi ments of the invention; [0026] Fl GURE 5 depicts an autocorrel ation of

the map of FIGURE 4, acSRIGFRESCRIRFIANQRIEHEDRAWINGSt i on:
[ 0027] FI GURE 6 depicts an exanple of a beanforned field in the

frequencyp@PRSeFor a more complete understanding of the present invention, reference is now made

to the following description taken in conjunction with the accompanying drawings, in which:
[0022] FIGURE 1 depicts a prior art process to mitigate surface waves;

15 [0023] FIGURE 2 is a process to mitigate surface waves, according to embodiments of the

invention;

[0024] FIGURES 3A and 3B depict another process to mitigate surface waves, according to

embodiments of the invention;

[0025] FIGURE 4 depicts an example of an average surface-wave group velocity map of

20  the survey area, according to embodiments of the invention;

[0026] FIGURE 5 depicts an autocorrelation of the map of FIGURE 4, according to

embodiments of the invention;

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

slowness space, according to embodiments of the invention;

25 [0028] FIGURES 7A and 7B depict examples of the spatially-varying dispersion curves at

two different frequencies, according to embodiments of the invention;



sl owness space, according to enbodi ments of the invention; 25[0028] FIGURES
7A and 7B depict exanples of the spatially-varying dispersion curves at two
di f f er entwOneguenwies, according to enbodi nents of the POTAIS2I0903201300
2009/ 120401PCT/ US2009/ 032013 100291 FI GURE 8 depicts an exanpl e of the
seismc data after the output 107 of block 106 of FIGURE 1 is used to
phase-correct, or flatten each trace in a seismc record, 100301 FI GURE

O depi ot opy;ex %fdehn:?s SELOMS: 07kD ALLR ahbEngYh Pl AR RhaCt L7

of FI GUR I's use ase-correc sei sm
record, ad@GUIRI] tsOJSE@td)lﬁidtséFemTr&tOj‘r flakten,icavtetridean ja stBBAALEG@GIRE 10 depi cts
an exanpl e of the output of the process of FIGURE 1 with surface waves

mtigate 03 11 de |ct exanpl e of fhe out ut e ess
o | cUraVS ] ¢ AR E S E ik e Bt B 8 SeaBic Gt AL BBt M dSar Phe

i nventi ony FRBLRGS3is ﬂe%ﬁhé!s% c@ﬁ@&tCBlsﬂQtfbne&fﬂﬂma%e% a@e@&%@@rdt &cording to
characterize the spatial variabilify of the surface waves by

crossSCorerndJOthﬂngfﬂwmawntl@rurface wave nodes, according to enbodi nents of
t hei nventi on; [0034] FI GURES 13A and 13B depi ct exarrpl es of results of

bl ock 12 d f.the pro S of FI 4
depi cts ﬁﬁg?gpe&g ion oe dbEICtﬁ(anlﬁ’%énpqg E %J on tqgoc §£ gg%ﬁﬁﬁéﬁgﬁé 13A
and 13B; ufRablavdschiREatd® depicts a map of the local group velocities for
surface waves estinmated using one conmon-shot gather, according to
enbodi nents_of the inventjon; and

[0032] FIGURE 11 depicts an example of the output of the process of FIGURE 3 with

surface waves mitigated, according to embodiments of the invention;

10 [0033] FIGURE 12 depicts an example of a process to characterize the spatial variability of
the surface waves by cross-correlating dominant surface wave modes, according to

embodiments of the invention;

[0034] FIGURES 13A and 13B depict examples of results of block 1206 and block 1208 of
the process of FIGURE 12;

15 [0035] FIGURE 14 depicts the operation of block 1210 of FIGURE 12 on the data of
FIGURES 13A and 13B;

[0036] FIGURE 15 depicts a map of the local group velocities for surface waves estimated

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

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

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

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

the present invention.
DETAILED DESCRIPTION OF THE INVENTION

[0039] Note that there is another limitation on Fourier methods, namely spatial variability
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

8



[ 0037] FI GURE 16 depicts a map of the local group velocities estinmates
obt ai ned after 20 averaging the estimates over many shots, according to
enbodi merwe 2009/2b®1i nventi on. 100381 FI GURE 17 depicts &Chlusesooasmgs am of a
conput er systemwhich is adapted to use the present invention. DETAI LED
DESCRI PTI ON OF THE | NVENTI ON [ 0039] Note that there is another limtation
on Fourier nethods, nanely spatial variability 25 of surface wave

properti aveyahé ) Wa@QQ' 11%? g}a&gﬂre]s @etttllﬂg Rk HreBidids f%%{)t?ﬁ%ﬁlgh%@g?és) ;[tlbetr)] een

dealt wt epar a ng sur ace waves requi

about t henosgecddédiding lonabéwel threklorlds epxapmlﬂpperfmamal by atalyming seishioatdord( or
range of veIOC|t|es) are _the rface 8 A WD.2009/ 1204Q1PCT/ US2009/ 032013
waves andibee) RElasenes frogy ﬁhﬁférqnéaﬁ‘tsr @l SUIPICHYI e S PRIHESHMIY Horeugh an

optimal | yanraﬁrgﬁ\{? MR RO 5% 0BG iR QYe H"ﬁl%ﬁuatlgrlgéﬁﬁzciﬁes'esvewéﬁ GRebBblds

perfornmed by analyzing seismc records in the d rhaps one from
di ffeﬁentonparyt lsutcf sraalhem‘tsm of thardagy . FiNthemmbtee it is ot tappnraudtwaﬂlesmd:irmpki S

att enpt ed, is .t Ia i ntensiv ually identify these vel C|t

Fhr eahol dSUEHS s OTBTR JoSHINT Sl Berise Pheubr o P Vel T ioh o
appar ent Rewrhbe&8rdudh aaN9Lif oe&ttheBitRs s@bedhdcher ent | ocations can be used
for surface-wave mitigation, even if one perforned thorough analysis over

the entire survey area. 100401Typically, very little is known about spati al

vari abi | iPQ48f t Heymellyacennditle wekaewn jabsul fpasieboesabinty obitharisurferetwiave
tt 1 t t
excep °vqu§c Ee%rﬁ&‘ B@ﬁgssgl\ga?ﬁ gﬁﬁc(a‘ﬁé’%}&%’pt% p@ O hm! S % é%?xﬁld’%ka(héu%ﬂga% hp

vel ociti Ween e ana nts. el ess

vari dpi | iihgretitRinsof tiodvodsaiasisescat ﬂ&ﬁmallhlﬂe&ﬁhplysis podtits.i tNEethvilebenspagal
their vel OCIt ~zones for surface vvavesecgnd bod quaves SO th% each zone
i ncl udes “RORLIGHI %lﬁtﬁem\siérreeqsw affemphio aHuEst foe Kiotidsuing dhap velpeitamnes ifat ed

vari abi Iy cTRevaRr ARl wia W das W odtﬁgfo%gh%ﬁg MWudeS nbhah! gttﬂg Vet lt}} b¥arhPone

dlStIﬂgUIS the sur ace waves and waves on any on recor 1S reduced
because 16tdtienbanhelso tler amlaqjate&immblﬁgr Thihpsblesn ethiwileriegtvindoadeastifat the

bet ween di stingui shin ddr essin ial variability when, spati al
vari abi | laltba ty écg gla'alil%ggbtge Isw?aciqlvgavga algﬂ)lgcp(ﬁra\ﬁay&s on any onge record 18 mducg(ijl lt:)ecause
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.

[0041] 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
the method 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.

[0042] 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



[ 0041] Enbodi nents of the present invention are directed to systens and

nmet hods whi ch use seism c processing nethods that include estimates for the
vari abi | iwg 2069/g2mofiace waves for changes in their vel ociPCiras2@s/0sofizinct i on
of 2-D space and frequency. In other words, 20 enbodi nents incorporate
spatial variability of surface-wave velocities into surface wave
mtigation. Mre specifically, enbodinents determne (i) how | ocal

properti a n. b ti Ni.r (.S .C vey
B enr andpit Stk YR RC el WIARLANEL il GOl BP SRSl
sur f ace- waitigatiort mgtioldo musybsegploynd Thes, phe fdbairfan-velvt esitigattdn sigthbdeeay

waves through spatially varying nedia. Note th il e enbodj nents arc

appl i cabl® Wipegdsany o S%WO%JE RPrtigas 8T tl}eﬁég@ﬁb%wﬁgﬁ@na&r ﬁB"?(H?létmﬁ & theor e

t han one i t : l1Qi i i~PS
spgfégod.?&n&n re%mﬁ%%vé E\E’tfagg)vwg]g rp(i’mg%ﬁné&%at%ﬁ RIS RPRASH Ueblptd:aRsh] 5

(such as rization attri co-located receivers. Note tHha
mul t i Scompostentt s subidsvisen swutd datvamedrds o€ suracetwayeanitigana ©de agEo el

. ive. t d i i. i fferent di ti D .
100421 EntioArERTSeaEt el A HETENG atud cEactianop R TE S AtiGraRr 1% e f o
in fact 3QsRaki Wxky iNané abiatadidof TodALRA A& BRp&Eibh Scudfest heaBoaRIAGdS .

I n other words, enbodinents rapidly characterize or estimate the variation
in surfacwewsyto galcodd rysphigd raan tygl guantifie clywdmae 911 goud il vl 981000 932013

out put ofveiohcie[i%g% cter iHZ@tia%n is useful in determ ning whether the full
surface-wave t galtll on fethiods nust be enpl oyed. Thus, the full

surface-wave mtigation nethod nay be unnecessary for sone or all portions
of tHe rggi4d]. SurhhpawnibodiBerns reeuptlizy that tieriol atthechaigueeio aseapptititlyagiteon
have surface-wave properties that can be assuped to be approxi mately 5

const ant .INPhpecoERfHHey gt éf&ﬁtv%ﬁ|V&50£vtleév@fnféxehw£a06fvv%‘ﬁﬁ FREe -Whshe2 ¥4 }athcon

to be e”?d&%%ﬁ&&shﬁﬁcixﬁ?&e@?&hﬁ?ﬁ%ugéﬂ‘@eﬁtﬁ theO e.e%é}er Fanivd pehatacterfzat i on

woul d al so ermne t size 0O Sis boxes Ih the estimation of |ocal
sur f ace- vihw pridr speappiooch ofiFI@SREEThogipeefots adpguaidle it sugeesmat irfacs pavesal

map that quantitatively depicts the varjabili of surface ve velqcities
nela 1 and e cistic ke athen Gho iR RBES phie SR NI T SaHY BN
pri orysar tyntaBChRE RS (401099t RXPd Fdrbdntadeadt@nb b ORGEAHAL whire vEi&iticd E&fﬁf/ort he

velocities of the surface waves vary when analyzing the properties o
surface whspsssierpcliiraaténmgias omert the rufvey rar¢chbeadespdarger falleaft the grico dit metheds.
1

Thus, the_pri t r.oach, of Fl GJ 1 erformadeguatel y.in.
suppr essi il St St B BARP, Sharkt ol b Sht P o BRELE e g oBY ¢ e
surface wgpesieteNRimowal YofbyurfieE ewivdnaml/did hem@hy MEr geml age e bb8y) wars

t he percentage change of the surface wave vel ocities and/or dispersion

char act erf8eqtiegs godcing ek sirergih ar madihwag phedr phasqyend anaplituds spepédpri or art
met hods will suffer fromthe inexact characterization of that spatial

12 a1 o SRR B BADLORLTE TN o e ISR o
nodi f yi ngantlysisrofpluataec-ande pnglcrtiasde tspeatioay .an@0f 60 £4bt=plvmdi torert perédraed.
recogni ZeTI;[urs],a i[)ri 1rr 211’? rtec Elgqutese (flrr]nq{ t %?rsan% 3llsiise‘yoeestt1fr]naé{[te (t:ﬁ)e rro%Qr%re]ss ia)[/% few selected
locations. Other techniques attempt to characterize the shallow near-surface by acquiring
auxiliary measurements, see for example US Patent Application 2005/0024990 A1 to Laake,
25  which is hereby incorporated herein by reference, rather than extracting near-surface
characterization from the data themselves. Other techniques, for example US Patent
6,266,620 B1 to Bacten et al., which is hereby incorporated herein by reference, even when
attempting automated detection of the location of surface waves in a seismic record, only
contemplates determining the minimum and maximum surface-wave velocity in a survey.
30  Other techniques, such as US Patent Application 2005/0143924 A1 to Lefebvre et al., which
is hereby incorporated herein by reference, attempt to estimate the entire dispersion curve,

but only for a very small spatial scale by narrow bandpass filtering of a very limited amount
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anal ysis of surface-wave properties is too onerous and/or to error-prone to
be performed. Thus, prior art techniques limt their analysis to estimate

t he propewOize®/av40a few sel ected | ocations. O her technipquas2@vioaaoms to
characterize the shall ow near-surface by acquiring auxiliary nmeasurenents,
see for exanple US Patent Application 2005/0024990 Al to Laake, 25 which is
her eby i ncorporated herein by reference, rather than extracting
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| vanov; and "Ml tichannel analysis of surface waves \W; active and
passi ve rhodKodaves. THAeredergi rﬁl@euEég@w(i TREPANg G@)eS(%n@ahV #p7those in typical
26(1): 60- orated by
reference%hg%&eorﬁfsh%%lﬁ(fc%] qﬁo%&ég]%‘ﬁﬂ%%a?m{ée&fﬁﬁ%/%drepg o? the near-surface
shear velocity and do not attenpt to mitigate surface waves. Al so, these 10
met hods 40845 pecErhbmh'inleyts ddshgmedntion apahiezte dshmateihs nipatiaiyr f/aitablw\mle@ityan d

not the s i bod Therefore, their spat.ial

i gher t RS HeSQrPA B SUFcnpies SOmbiPiaet Srcecissir VOUE i SrUaR o o
al i agisng moo&yrfs afBuRYE Sstirk@Od SdfaMRadhie Mémol dMRalktdveRbHBR: @ra%saaﬁd/&o
estimate the Spatially variable velocity along the direct path of surface

waves fr ghresowriaee W@V¢sele @pweble @he epatially vepalile atlpgity aral i welds lacel pefacy- i s
accur at eI est i n% ed SI s _and e?mvn";tl o% scatt e%ed surface gav.gs

and/ or d| P8y l%sc%’r ?Ysarﬁ%’ FHE I THE S EAAV RPN %{B?%V 8rGEs Yy
anal ysi s ghciebgisial Realiord unfl@@@rlyma d%@pl@eaﬂcmslnft@é sirk€y SAll Ue¥e @rBpondence
specifically surface-wave phase and group velocities at each spati al

| ocat i on.toEselogisal gud topagraphisslyfeptyrestaf dhe suvesharcauasvegll @f havipggarrelation to

corr %Iépo%q £2GElald %‘8&@%{?&%@%&2%% %H&r&falve sgl%tcé” %ﬁn phinkdhGs SHE YIEY nd €2,

as aV| ng er relate Ssrcal paraneters
such as aiseacsf vl&va;rﬁcaiwm propbods mdtmemo&cﬁ'retsp@tdlﬁgweilueﬁﬁg cn‘rltérlme should be
surface- ies and their corresponding filtering criteria should
be differ ?reF Hrace ALheiterofthe record. 10046] FI GURE 2 depicts a process

200 to mtigate surface waves according to enbodi ments of the invention.

The procggpadit art FIGWRE ONGpRits MHRRE 200 Cro’ BEHAS s@llcd Wavds %\'écd%éfng' ful ar
region of interest. The selsmc record may be created by, for exanpl e,

firing a @rﬁmdlméntﬁlyﬁfélmlm\@nuon viThe prtoicery stae veitir éreece nodre tshismearcrords 201 for a
plurality ensors n th sur.face of, t earth record,t
waves>f r é’r?{ti‘i’f M IRPT O*W%GS?S ckrgﬁéeésm‘?%c‘?f L5 S Cﬁiﬁe‘g‘i’yc ?%rneé‘laﬁ}?gdﬁé?gé‘lsfm
subst ant il alﬁit& o@lebTrehﬁlg| tB€ SliffRfIthe tdith. SMp\mml@rcﬁesenm fRated @atRSn @hedat a
set 203 of sanp ed surface-wave properties in which no mtergol ation

is neces%?f?ce éhes@arm wsowt ther ‘é(ﬁmsafrpmythéfSh@hcﬁnlb&?éft 2% theyyeaoedss &9l gteed
based on E@tz?d]@&taau A?%b&éﬁggﬁg d&fﬂﬁe cZn“r‘o %%C{Me%%{; ‘%{thP R PASGEdON

t he size O e sensor orm ocatl on si ze
bei ng set208mft ﬂﬁﬁy@h@@&ﬁi’t susfaacwage Ipfbﬁeh&s&ﬁﬁﬁlﬁéh @biiflterpolation 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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WO 2009/ 120401PCT/ US2009/ 032013 100471The anal ysis invol ves determ ning the
vel ocities and dispersion curves at the locations. Wth this data 203, the
process twornoa@edgmns filtering criteria to separate surPataSa@m320is om body
waves in block 204. Note that the filtering criteria are correct for each
trace in the data set 203. Block 204 results in a set of fully sanpled
filtering criteria 205. The 5 criteria 205 is then applied to the records

201 in bl g@ 2061‘118&5‘ m gaﬁ@?l%gse datd Y}?evsgloﬁg?ste Qﬁ%?ﬁb‘&?{}sdn%&%gé af B €O

pr oduce 207 W sur ace ves e analysis of
FI GURE 2 lb&atipes.f Wuttednﬁtiatal2!03pﬂ1esprb®‘saﬂte|nadebi)gna&iﬂteﬁﬁg bh&rﬂactcaépams soffadche

survey, such at, every source ejver pair_in the entire sur ul d be
anal yzed. WaGs AR ipablack 26; el iy e e iogre CpFeRt BT saeh freery
poi nts wijh B0 4G S6H. OBiochf(ﬂnreglﬂtsainraeggt” ?rful%pgd:ﬂl ed lffltef:l '&ﬁteﬁ'écZO@ Sfﬂeng

sensors, the gata for these areas may be interpol at ed, he anal ysi s may
f ocus 5on ctess20d shhehaidicd bothawecedn 20t sn bR 296 tﬁm@jg&e 3 saumthc8 B/ademmct

anot her 0cess 300,t itigate surf ves .accordi.ng to enb

the I mvenhf Gt e aebut ERe A7 oHEY SRBTE U e Poo S Pl Tb T or
a parti cuhalysik@FTRGUKE DN é@sined! A ahl&cslﬁbﬁ%allwﬁ HIT 186 ESati6 NP Pt BLHvE S
the spati al 15 variability of the surface waves in the records 301 by

cr oss- corsueh Htat ayers oausanecesigr p@mien tevantinpelsscy Whitkd sl @@Wzgqbe fatobsimsuahown

In Fl GURE a%.thllg Sserg sbe%s T (#iflpm of 1191;5001 Qhe 1c 10n nﬁgtb?’g% r(e) ulzurhe
average group R Sty ‘166%‘911 RE"A BfEpict's™an eXatpr & 208" 5t ah

aver dge saHdl d@&re\f@a/re ng kDD NE1OCtht WataEr t(hfssetdﬂéﬁs&hﬁWlﬁéjlnfﬁfﬁcﬂatgﬂ)?orttH@&namw d
be produced by bl ock 302, Note that FIGURE 4 shows that 20the survey arca

exhlb|tslﬁWb@ﬁﬂﬁW%6@§S§ﬁh§W§%tWéPQQ@$6% of surface wave properties.
100501The process uses the average group velocity map 303 to determine in

bl ock 30‘1 Wiﬂﬂt Iﬁ' ue[nYl%\B &ﬁ)gft aﬁ@ﬂﬂepﬁroéé&p dpy itéjﬁﬁjtiéa'fg Qir2RE wWAVed R Srding

sub-areas 1 n bloc
to ernbodlrnents of the 1nvent10n. The process starts with one or more seismic records 301

for a particular region of interest. In block 302, the process characterizes the spatial

15  wvariability of the surface waves in the records 301 by cross-correlating dominant surface
wave modes. This block operates as shown in FIGURE 12 discussed below. The output of
block 302 is a map 303 of the average group velocity.

[0049] FIGURE 4 depicts an example 400 of an average surface-wave group velocity map
of the survey area 303 that would be produced by block 302. Note that FIGURE 4 shows that

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

[0050] 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 in block 304. Note that
in each sub-area the surface wave velocities can be assumed to be relatively constant, e.g.
within < 10% variability, depending on the frequency, average speed and other factors. If the
25  determination is affirmative, then the process proceeds to block 305, where the process
estimates the local dispersion curve within each sub-area using surface-wave data 301, using
the same method for estimating the dispersion curve described below, but in this case only
applied once to each subregion. Using sub-areas will save processing time and costs without
overly affecting accuracy. The output from block 305 is a collection of local dispersion

30  curves 306 for each subdivided area. The collection of curves is then used in block 315.
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in each sub-area the surface wave velocities can be assuned to be
relatively constant, e.g. within < 10% variability, depending on the
frequencywoaverrag@ispeed and ot her factors. |If the 25 deCeruskeiatszms i s
affirmati ve, then the process proceeds to bl ock 305, where the process
estimates the | ocal dispersion curve within each sub-arca using
surface-wave data 301, using the sane nethod for estimating the dispersion
curve .dejﬁﬁ{ﬁedlf%' ‘f‘ém%?ﬁhtnoh% IHCE 36&‘%% QnYe %Pe%{dn Qhé%@t? efﬁ&l‘ nnot be
subregio ar eas mn ess nd coS th

overly afsilemtvldeg 180 GLfcaCcyub- éfbee \mﬂli ﬁutmétrmundiﬁrm@ktheﬁ)ﬁld [Froecss prdoecds torbladk

| ocal dis erS|on Ocurves 306 for, each subd|V|de e ggg gg Iect on of
curves i SUWhaRClsEG PrACYSH Stakts 3 Bub -prwswempfﬁmm%ﬁ/ 2088y 4 3idotsr 1
If the d I i e survey area
cannot bgkgﬁg%?eﬁ%ggpﬁﬁ?gCgﬁ%éagéﬁnég@%g§§%¥?ﬁﬂgﬁgﬁ?§%¥£§%%%§gr|es t hen
the process proceeds to bl ock 307, where the process starts a sub-process
conpr Bsi r{Qﬂiﬂ]oc kEhe3 oirh- p@@@SS 3gins ianklodd 307 (bydmf&rnmirr&%[h@u@icslmela@bmnf ther ve

at each P, on i he su 510 T e sub rocess
egi s | nuBrseRe SRy BT ehgos BUHICH bR 0205 bl

group vellecgthyom@ g veﬁicitfmleg D Epadé OBlocB 387 @0&1@&53&1&6‘@'(368 bhe [E@csrmht@iﬂ on

| engths of the group velocities in 2-D space. Block 307 produces a set 308

of 2-D cdershatNan thasagistassumgst thesheerrglatiansleagtys 388 alshaspresyt s gerrdation
| engt hs %Qﬁgtﬁg ;tOsB{rt%E)é %ﬁggérohg%eg 3 % %)It,ahg an{i ?1919%: %1? ldrdeﬁ?a le\’\@}/n%ow si%e fo

propertles ce represen e W ndow si| ze

t he dfal yfei shd lanehym kn 3ldck W hdowisdozesizeargger u{mantheheseh@ah;erlemg:ths Ineygt hs
may encounter large spatial. variability for the dispersion estinmates made
in the néRfowWrdplates watigloyrsiagiite rathpdﬁ%ner%%sewv%maﬁw Eher 1 StoRaiP el

Smal | er i r in 0]
P OURE 5 Rl ol Bt BOTRE SO ERS DS R R g kase

oper at i orprodesdibg bhneckd 80sts.t 0 aut o-correl ate the map 400 of FIGURE 4 in 2-D
space. Note that map 400 coul d not be sub-divided because there are no

oper at 1 olDSH ¢ O 5 SRbRbet ot RaaRG Sy vhasgs s AL RRFSne Siheifion of
anal y1si s WbcknBe7 &P Qutolddfrekey iRl @ip 200 Ioermetnmoﬁ ih eDsypatac SRRt PLPPEY0L | €S
can be found to be 400 neters (nm) and 200 mrespectively, when 90%

correl at |<-‘@nldt potelmgibddivided dwdausp Gherpigre np ab-ra@oss whetshibE delasdmngs chagtanthe

correl atign Us, H]%d%o&{g%\ﬁa fﬂg gel%ggn e:l'sufbr oMLk S (?C}iffs \@Hugﬂﬁg&gﬁ %ii 599541

Usi ng the sé rocess en roceeds w

det er m nagotnhgnalysiy 6ﬂﬁfapr@ﬂg\ntmd@melatz@ i@n‘gtﬁscxcfaﬂheobusﬂaeaf $ 0N pedpeities can be
estimation, also referred to as "beamformng." The result 1S one or nore

val ues 319“%?‘901?61 émjl MBETS A FEd 290 1 respdivelyn ﬁ'ihﬁ@ 90% correlation threshold 1s used.

20  Note that 90% threshold means that the correlation function value drops to 0.1 from its peak

value of 1.0.

[0054] 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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25 wi ndow size is the size of the 2-D array used for beamformng in block
311. Note that the running w ndow size ideally would be identical to the
correl at iwo 2b@vigb4es 308. However, the process nmay use aPCUrus2ong/oszomgiow si ze
that is greater than the correlation lengths if the spatial sanpling rate
is much lower than the Nyquist sanpling rate, or if the beamm dth of the
effective array fornmed by the traces in the running wi ndow does not provide

Formed 157 & TRRR LY foPhule o R 5 SBELF B R P s BBF Subbh MR
W ndow i sstimates Mluk,, inérhesing the mendoay sinois desirémi@ugh survey traces to form an
adequate estimate. Thus, increasing the window size is desirable. 100551

Th b- h t bl ock 31 i th i
e sub RGeS aen RELaLes Block dil AT, d0NE A1, SUr ey, res )
310. The rﬁ&'e%_lbcruﬁﬁihg win®b$ hé‘viﬁ%@ﬁb WhBHOW épéciﬁ@& 'B#b%ﬁfé $10r Bt idBbil Aat0f

| ocal dispersion curves within the windowed area. The results of block 311
are aSsetwidlig @ichdvedewsisothepuwnsgdsfoatestmehon xofyloctlodiapéreion drecsdivatbar ghcon

. f d t f i i i iinto th
e e e O hBEy T AR PR IR B B 2L e S sblemares a saeh Gy
det ecti ngotdtienpedks dibgchlioh tcfreh rREUBH GyrmidainBy WhekR Sk 86iSmibadas afe the

sufficiently energetic. Wiile 10 transform ng data into the '

f r equencyTERGYOYBENUBbRHeMmaigarafr¢qushedp e skovmeay Hemeins arg by Mstegeng dicong

t he of fset di ' t I Ng S ' ff jvely
satisfy ﬁqe%%aﬁﬁﬂs f[ﬂ{%' S grgr%fel&l% bg}kl?sxél%i?%lr%{l ewggéssﬁﬁ%c&gg@%ﬁtggﬁgﬁgﬁﬁI S@ﬁ%d in
tinmelor firegieemty bef one tid®eduecadsharmuntber domems dathfeors idiffiabntt aximeths are
ratio. If common-shot gather data, mneani ng one shot and nmany receivers_ are
used for BEERT 8PAE MY o 5EdERstion; 0 fthﬁfa@lé§e%%thgn§°?%eb%a@m}@gscaweffﬁ?thvebssattlﬁ%/

w ndow ar : 3..N I . - i . I {\ver
tg% %U?gglts{) &gnﬁﬁg ;Pcrl%rmn. OFhe! deisGREIRA-LR BE NG od HRAM &gﬁgﬁgﬁﬁfﬁ%%

and many data are used, only the traces of t s wthin
t he wi ndahe anesfoseth intfeasuihe sigahloto-rgpatehatio.d it @mmeashat gathegddapnerpigsf oriche

receiver traces fromnore than e sh t.oget her. as one larger entity,.are
Lsod. | botHot i oHB KOG chondde: bardonnag e Sstlh Fenof HE Tsou i ¢

that 18l oGke }1ddoWB¥rcR8ePRRLRIMMRmIMY. 18e6hnRh-thsvd] hE&iRNbndRIESFcOMNd many

velocities 20of the surface waves, with a curve being produced for each
nmode i n adbdisttbgatheo decdre lusedtandin the] 0886 jof Conshatumniginihehwindewesramptde b
FIGURE 4, fro Eagt SO%t t he suré/\:g\( ar.ea ul d be stubdi F ded in#ho 400 Fltby
200 m ovéSPP%{bsgl:o 5P En A g R NSO RSO PhE PSR TG SOM B9 OB 0K '8 al
or subdi vbgialkralk Gac MrBeiesiityTREE dsddy bath tRY sift £ e1d Mg rédeiReaiRdab Me Reithifr kHIURE
6 depicts an exanple 600 of a beanfornmed field 312 in the frequency-phase

sl owness vipaew, Note et block 314 araykedoncrasive dprasashion ghe diéfesest sipides preediedti¢sshot
or regei ver om.ane. 2- r . e .

o oped) SR ke ST S BB B RGOS Berin, o0
is the peak of the beanformed field at each frequency. Note that curve 601

derived f[0856]be&lohumumeg withethel ckdifpleiod FIGURIPpAL fr@th rhapc30, ohessufxeyygreambohldn

Lhe 2D Rl R Mnda RUCh, LIGL Lhere ol be i CULVES Lot e ent e

2009/ 12043 LRGTob52R QAR A3R8d Brea are estimated by array steering or beam forming. FIGURE 6
depicts an example 600 of a beamformed field 312 in the frequency-phase slowness space,

25  which is derived from analyzing the seismic record (shot or receiver gather) from one 2-D
spatial running window, where the dispersion curve can be estimated by automatic peak
detection. The line 601 is the peak of the beamformed field at each frequency. Note that
curve 601 derived from beamformed field 600, is for spatial locations (x,y) within the 2-D
running window such that there would be many curves for the entire survey area, one or more

30  ateach (x,y) location, as discussed below.
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100571Bl ock 311 is repeated to formmany different gathers, e.g. multiple
common-shot, nultiple comon-receiver, nultiple super-shot, and/or various
conbi nat iwWO@F120400¢ or nore comon-shot, conmon-recei vePCTASASOp13 Shot
gathers to obtain many | ocal dispersion curve estimtes 312 over the entire
survey area. The running window is noved with 5 sufficient overlap to
obtain estimates of the |ocal dispersion curves at different spati al

| ocati on e 1. egl f el i I e 1 hed
by the st PAG IR SRS, O ol Rbl SR LRIRY &0 M AL R,
spar se f ahulépleecoplrosatdcoives emgdtiple saperwhyt, ahiver padassentpeitiahest vhd br more
conservative overlap of 75%in each spatjal domain and provides . .

suf fi ci erfPMHaMPLdFUPEPRITERT Chr §3' S¥trTaRles? ?T?_taxﬁg?t%iﬁi wany ?@ﬂab@#@rfpwél

mul tipl e &old BiRReOB13 MR efllRP hilolrt YRs, SHRe LankiignvANBEABeRobY Wit

sub- process in block 313 for each spat’ial 1ocation. 313 results in a
set 334 ohffavert agedaplite peltsinocstiowtasest dte &mah dispensionl owats on diffhvey setiali s

then used in blo 315.. Further ocessing woul d flatten that, particul.ar

rode or iR ? 38 GiRtet N Rahe TR edlY sl flehiite B S (o)
descri bedeigldaney Bf iRk @ta.f OVhéd tdigalc @a alOFARRNpafe Mol RHI APlodhtidh t he
exanpl e of FI QU 4, using the dispersion curves, . 600, for overl apping

e.
runni ng Wehtoasuarce. teepragesd aperagescivit pacenservabeaoveran of dbteaim cadhespatial
spat i al'l yiouary Lol SREL S8R, BUEYES JRYELioh REr AU Y FS oGl gRL i ng @ full
vol une of "di'spers ONEUrVeEs lavsbmflxyyps g vé‘i 00|§y as”48 &nct i on of
(x,y) location and frequency f). At each individual frequency, e.g.
frequéncy0088] a Thepmoltipleedstitiatey dfshedispema, cuvies(34.2yis flldn, avied thyathe tshie-

di spersion 20 vol unme can be observed one frequency at a tine_as map Vi ew,
where it nrgceﬁﬁensP@@bé&3tfﬂaﬁacgr@au@de9atw§- cBlesk 248 Tenltede g sshpl4 P?@vﬁ&&e%
and 7B deplgpt St 900 (€93 18&aibhe $RALIAL X lngh ¢ | Oy fHEVes
at two dﬁ?#pgrséﬁ%(% rgguenec?hes(,’%aﬁ%al% 'mappgogoe ilés l?ééfrah édHer'?ZO%FI%§' and n%rp
701 i s f qrodBsihz. wiNdd fldtteat thothpantieplar chegdec bf ttine serfidder eaveschy abmbha sfutheey .

Further npte that s 700 70 exanpl es .of .t he output 314 of bl ock
s o PO S Peing B0, 87 evrihed bo A PRoFSAE frdnieNids. T 0000 The
process in block 315 uses either the set of curves 306 for block 305 or the

set af cyousy 3Ubnfingny Widclhe Ix3mpWIAFIGUREY, tadd@thet dshollife Kurddd ape0et es
to extrapolate the curves over the entire frequency band while fol |l ow ng
t he physifenpvaslenpingsnnmng wipdoasarqanesazedlah cadhesphivadldagiguémebtaiartlic spatigllyt he

di sper si Q CiHé gl%ﬁergiroﬁ.cﬁ%(\;[e% %Qeqjtﬁ% ?u(%V?SyO 1r1-é£I %‘ireagiiné aF}"ﬁ‘%?m}ﬁ%l oq(éiiis;[]}g s&o%. %QV%S s(vp
monot oni cal y° d8BY&&sing function OF FTrequency s i) group Vel oci &y 1's %
monot oni qalylfy, ikecvetmstyng 4 dimddtiodrofodk,yriecutwncynd aeghehty if). phraseh Vedioriubly

Sl S O ency, 0 hquency b, a Thap oF veloaity & GOEANGA, 7 (109, Such that the dispersion
20  volume can be observed one frequency at a time as a map view, where it is understood that
frequency is constant in each map. FIGURES 7A and 7B depict examples 700, 701 of the
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.

[0060] The process in block 315 uses either the set of curves 306 for block 305 or the set of
curves 314 from block 313. With either data, the block 315 operates to extrapolate the curves
over the entire frequency band while following the physical behavior of surface waves. In
the low-frequency end, e.g. the dispersion curves are extrapolated so that (i) phase velocity is
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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frequency f = 0. The |ow frequency end is the range bel ow what is known in
the art as the Airy phase, usually 0-3 Hz for surface waves in exploration
sei sm c daDapoanoithe Airy phase is at a frequency corr esparsdioag3zoes t he

m ni nrum of the group velocity curve. In the high-frequency end, e.g. the

di spersion curves are extrapolated so that (i) phase velocity is a 5
nonot oni cal | y decreasing function of frequency, (ii) group velocity is a
nonot oni i.Ner aasj j r i v i
andar oup ARenEy SOk REReREy Olo I RARERERa AR MihoRRITTE R AE Y |
i nfinity.Aifhehdsegisublle Quee Yorasuefacswhhs ifi ceplosinioy sciamgedancmd thdhAaimy physe
phase, often gfo- 25 Hz for surface waves in efxgl oration seismc data. The
out put ofiS B 8dRIELEFY; QrigsRANAIng §§ 1hF THPERROIHAN PPl sPEY ST Fhtheughs .
10[0061]% B d Deifc RIGRAGHS chiQelisf ERGRIRAN DI @ SIRRE SIcRI2its U es
at all (x, y I‘%ﬁglti?on%. %:orﬁ%ntl orclal Iey, t he curve ?ray be®|a pllée a%gonea

| ocat iSon Moenogdnicalyc déaedsatge furveophesequenny,a0d ghoep ablity ist a troomitdnicdlly
traces in the.shot gath whose shot..is |ocated at,the sane. (X, r 1he
Fecel ver BSERUTE THGEE! PESIEE 1 O LA SFoERa et JTpp) SsebThr Ty
coul d notreiankific katht vAISE a®frefit@icy abeketoahfiliaN | NEe hidd FRHGEORNSNANs HerYRRcRdy al |
| ocations, because IS having themat all l'ocations allows the cal cul ation
of a phagengeethoveibe Ay pliabé,cafient 102y Hadfoh sunfaseevives tih exglhttion sgiomdc data.

Al ter nativel th r s in resent i nventi.on na roceed with bl ocks
317 and. 348 S SROBRART Bal 1y S e P R SN SR EPY8E 28 & f unct i on
of both source and receiver positions within the gather (block 317) to
produde g086t] 318Bhopradbsphesippireedy weasaathprapiad dhed UBpesRahcusoisr ieall €GE) ver

pair. Blaocks 317 and 319 are described in npre 20 detail wth respect to
FI GURE 12061085 Copy e jogpibhac safveipaBp apeiid ghnomolocsmplrey)3eaca EE e
Wave Mt '@%&é R dAd TRt %@Jl} ¥t th Q@%%@@s@ﬁﬁh%%tiﬁéﬁh&%@é Shd19s cafdliQfkne317
i nvol ves 'havi ng each trace in the seismc recor aving an assocl at ed
travel tisamef(ary)t(betldi fecaevengathwdebosef retdiecrsisrlibeta wathet &ty padhowevegutmcy .
Thus, for each source recejyer pair, the seismc record d m cal | y changes
the  di spePIeo! Rk dUySpar S AEG ey HE (B BRPTNGn 587es aF HIh S5 Yalvebsiol
pat h 1fsor 1Refl he@AaNAYeatidRS 8lLIEWRthet dlRIABY 7S PHaSWRIMARER HNFFSOM B cach
receiver pair having its associated velocity as a function of frequency.

[ 0062] THeacdan the3het icconds edtermtivilyi thatpeoesss fnaibe pwavgnyantiphendympoateed edtr ds
301 in blgc . , using the progess 300,trace by trace .di spersio
cor rect | SHodsogang APy rHEh BabmEalh B8R % ekt bt &R ieIE ST L

record, apbrcthHg réRiVebBosfiisiveithih ehd diehdr €6I0LIE 31D tBiptddBdE @ seBI1BWidapersiay es.
One manner to mtigate the surface waves is phase matchi ng, which flattens
and conpra&ss$ppIeeragrprewchsaves;reeivdi pefatBlosks HdrandcH v desceilied Bemore

body Havee ARG PRI IR B O bl 0B P eaaT DB 033615
surface Wavece AvaveeMius@tion St@Spadslly ifeniope¢asaal Mbéiak Mro@agag iaoblak Ikcal

transformation, as di scussed. bel ow, The resulting data 320 has | ess. noise
from sur AR Veiabadng erh Hee Wy 1hswisisus r?féﬁ ilﬁwaaaﬂny@%m%ﬁg tivelcas fag thy

the body Wa¥es: mdd 6%":'116&; Elgfjﬁ% @ax@eaqielﬁzéllgﬁj e%éja.m?hﬁi, @91??1&35 sBORS G dWRlcE %hl?,g

usi ng the output o 106 5 of ,” namel'y e interpolate

filteringhesekmrd ectfl/dyfan@iy hangedthei digebrfiomutvieebyc patiaentegomial avet led of

FIGURE 1 using a single reasonabl.e di spersio rve far the entire record.
FI GURE 8 HERFCravaIEpR el Cort BEIiBRE Ofoto AL dhin i oReT 4 fach Source

sl onest N \&@&&@értpﬁir?n'd{zﬁl ¢ a%%ﬁtd&l&%fbcﬁt? ab Q%ﬂ&i@ﬁb@fre&@n@y.r egion 801 with poor
flattening of the surface waves.

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

out of the data without degrading the signal of the body waves. Other ways of mitigating the
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[0064] FI GURE 9 depicts an exanple 900 of phase matching using the output
318 of block 10 317. FIGURE 9 shows di spersion corrections or phase

mat chi ng worzoedeosiiowest - vel ocity surface-wave node i n Phe/use@onsk01¥1 GURE 9
is derived using unique dispersion correction that is estinmated and applied
for each trace in the record. Note that the surface waves 900 exhibits
better flatness and a tighter nore continuous wavel et trace-to-trace, e.g.

region 9 2Q .

157 0065] PLEERE Dt gan P I S IR T P ph BEGH bl P Gropion o
FI GURE 1,disvasseld\betdve @Tat acseitinky dater 3%&5%88%01@ frogatuefdecl @8vesFn@UREs dllbwss
derived Ltjhg\the onventi onal %Hngof FIGURE 1 using a filter based on
t he phas GHCR ARAJY DY 2116 REQRGSSIgE O OBYRIEVEY, surface waves remain in the
data at the top of the mtigation window 1001, because surface wave

di sper si qo8s ARIURLERIcHIR] oh SERRYCHNPADIRATRhirk Rl BP8EHEC Aol dace

wave fell outside the mtigation window. The mtigation w ndow was kept
narr ow i fdilté&iRE b, mimmdlyritheeintdnpolated édtering critveia li0id FWORR o i h@flvt@dcfgomv@lwe

data. O course, better ve mtigation e achi eved

o oni mo PRETERADREHRE PR LI GORE BT Ee Tt S B R RS of S G d v
woul d i nckete. MGEREORIYepiery @ispaidsini ddricBgor¥i dr fpgagd 1AikcMinp devtha RIbvSEVAsEnt he
body wave signal. Hence, the results suffer omthe tradeoff of surface-

25wave misurges Wave mede obyregare Noteseiom$0lowith pogeittcrnggREhclsurigepvayes. an

exanpl e 1100 of the output 320 of block 319. In FIGURE Il, surface waves
have bee VEGIPk E d.J f
wi ndow 15[8q@ﬂge%§}use gludr%#) @%&V\g\?@py]gﬂp(g& I on %1% fig g{%}n th%/gr H? %Bl& t he

wav ed Ohas315e eRl AER B U kledvsf d)ispérsioh ermpetane ss. phied matdlmtg fdrehenstawgat- veimlty
vmndowmabtbe ket nrro in de%rtlrﬁ%égmm e.the effect of the

wi ndowi nga/‘ A% Wé b8y e\}% r&a?rg 0 He dﬁfﬂ WG WRRG AISBEISIOB (18IS e
surface waues csihateRiang afhlidd®r WhaoRNke 1% A0 AREARM e AL fhe sfuhﬁcé cvadé%@do

2009/ 120401PCT/ US2009/ 032013 between surface-wave mtigation and body wave
pr eser vatdxbrbits Hvatten' Batpese sptia tighter meorp contimuans wiasclaviated-tiage t hg.gepon 98 s.

Note that,th axi s. icts,t the horizontal axis depicts
trace nurfpdtd oct epﬁllﬂéﬁﬁgﬁﬁ%ﬁggﬁea??fdo#]ﬁﬁ@ﬁﬁgace Waves 5[ 0067] As stated
above, in bl ock 302, the process characterizes the spatial variability of
the 15 [0065] FIGURE 10 depicts an example 1000 of the output of block 108 of FIGURE 1,

namely the data with surface waves mitigated 109. FIGURE 10 is derived from the
conventional method of FIGURE 1 using a filter based on the phase matching 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
20  surface wave fell outside the mitigation window. The mitigation window was kept narrow in
order to minimize the 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-

25  wave mitigation for body wave preservation.

[0066] FIGURE 11 depicts an example 1100 of the output 320 of block 319. In FIGURE
11, surface waves have been removed or minimized in the data at the top of the mitigation
window 1101, because surface wave dispersion and spatial variability of the waves has been
accounted for in the process. Note that the mitigation window may be kept narrow in order to
30  minimize the effect of the windowing on the body wave data. Since the process reduced or
removed the surface waves, widening of the window is not needed. Thus, the tradeoff
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surface waves in the records 301 by cross-correlating dom nant surface wave
nodes. Enbodi nents enabl e rapid characterization of surface-wave properties
i n space wotzheuo40e! yi ng on tonographi ¢ techni ques and pgTaSedoo08iong only N
X 1 cross-correl ations. Enbodi nents recognize that this is possible because
in exploration seisnology, seismc 10 stations are far nore uniform and
spatial sanpling rates are orders of magni tude higher than those in

eart hqua i . i | i . |

i spor's; ouariniBs Ouye MARRLGRRRELART B, Mtk ErtdiRh (21 FRLGPth HEprkERSls
Thus, if dvbeicé iartRisSped¢segi Wots thht thidevestical extiswheies ttinge and ftiac Bonvdneal axis
velocities are constant or near constant, then the estimte for one

| ocati on eﬁlcfsrféacf\@ugl??ﬁtsr egion may be applied to every location in the
sub-region, and therefore save conputation resources. Enbodi nents are

oper at i VeRdd €Rhth&etit APnlor8alEcd Waledr € nearby each other, and along the
sane azinmuth fromthe shot source, so that the surface is varying only in
the radial directions at the distance fromthe source to the receiver, but

not i A t HA0GIr eds sletedabove. aw lock 302 0be olcEatsctiarasierigesibe epatishyaniabelity of thes
cannot be, i LeGHIY, Gf Ofe- Gahuel fhed A Lo phase Shatant L9t dnRsteModd
di spersive surface waves. odiment s are operafi ve to cross-correlate 't he
traces affmbodi@bierdnablg tapeinchithGetoutiphext anddcyivaeSpropatiss ilEnpach MeMbet
repeat the processing for multiple shots to average the results. )
Enbodi merde¥ifoom tomagsnhiaticdapiuet sndnby | ReeIrmiieoaplyv & dcilt GrossEqrRadtions or
surface : r . r i ng 1.4 i Gt: eas
that have  STAALES EOGE HRY 1AL 8 pofiiRc Bty AOHfhafio, SelnoliRy St RISt
' r el di vetations def fanewye eniform dresgatiblavanpting gated are @rd@Yof arapaituderhigicr ghaup
vel ocity g/ithi n an area. a‘g{ge spatial scale of variability is useful for the
process 3B9SCdR cf FISUNPEY-cul arly for deternmining the size of the
wi ndow that shoul d be used in block 309. WO 2009/120401PCT/ US2009/ 032013
100701F! Gob¥s]12 rlapdditnen@hotX aiPkiftid BF 663 HishRBnt QirebasReheidrE 6n e
spatial variability of the surface waves by cross-correl ating dom nant
surface waneynedespuEliGURE in®nsige.ad hexdfrpicee efc sabpgegiorsef thersubieyokhad@she
1007117he, Br,00695. FA02REHL PSaliot B SOMTBN; S0 PRLA S ST SRl A0 e TS
1), 120TVERReF &S velodtigyite ponskint gRic cppiant (et dhe giimpte fpronglecqtiondp e, of
t he i15t h JuBGegiver may hise dipbBedl 20 Levesy Slocitamh by dhkoak- 204, amdatHedTote Qiveof
source-recei ver offset. Note that data 1201 may be a portion of the data of
the sei srAoBDUEEIORdePOICCyr Eatpdinmnss presaperadivefo peliseking tacesi tBatssp neatbs epdmi ¢
data 1203, 1ok dibi e Wimb Lkifitn Aofh O LB LoRbee 16! A RE SR Sl My in

the radial directions at the distance from the source to the receiver, but not in the direction of

travel.

20 [0069] Embodiments note that the traces cannot be directly cross-correlated due to phase
distortion inherent in dispersive surface waves. Embodiments are operative to cross-correlate
the traces after converting them into complex analytic signals. Embodiments repeat the
processing for multiple shots to average the results. Embodiments form a map that depicts
the local group velocity estimate for surface waves over the survey area. The resulting map

25  will depict areas that have relatively constant velocities and areas that do not. Note that
‘relative’ is defined, e.g., less than or equal to 10% variation of group velocity within an area.
The spatial scale of variability is useful for the process 300 of FIGURE 3, particularly for

determining the size of the window that should be used in block 309.
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100721The sorted seismc data 1203 is roughly tinme-w ndowed over a specific
surface 10 wave node, preferably over the nost energetic node, by bl ock
1204. Thewoin®/m04vdow i s chosen to be sufficiently w dePso/ushemw/ospmasi al
variation of surface wave propagati on speeds can be captured. The results
of block 1204 is tinme-w ndowed data 1205. [0073] The time-w ndowed signals
1205 arc Fourier transforned to determ ne the energetic frequency band of

t he surf dave [ I f hen,:
15bandpa3§6¥| teF ieeéigg\];e?z :aﬁg]%&e%ﬁggae?‘laig %tg(gcrel%;ﬁrg@ndd tg fgﬁ%ﬁg@%eagﬁe %ﬁgal

si gnal - t mﬁeblaey ofathé surfabhevayus bjutroseccbr’rﬁatfngmbmﬁinaquerfege waldraodd. FIGOURIE

g(r, | t) 1207. 100741 :?GUREI% 3A and 13B depict two exanples 1301,
1302 of slfzglﬁaflﬁxamdflo aBIncessgr blo ‘ock 1206. The lines 1303, 1304 show
two seismc traces, g(rl1r, ; t) and g(r2 r, ; t), time-w ndowed and

bandpass [ppyfjer q‘ﬂe% Sles @150 DGR WRY QoMRRR: shdP Bathé @RS Aka %ﬁﬂ Q?S e12A

n”easurements from WO selsmc stations froma commbn source e al ong

the sgme @zt By ffe 88ROt E sSRUE afd ¥ the BciondofHGl rz@f?%ed%fvef e%e cfafaom
t he source. Thé offset di fference betweén the two stations is 20

that statg2qn 1Q§orﬁh@9|%'focik%02 95 6 lF@%8on L séd’i@e et cBOUE ENbRaRattdAR ﬁzfoatm%
FI GURE 13B, as the frace of FIGQURE 13A is earlier than the trace of Fl

13B. 25108 7@nortien of the drafaetfuéﬁwsmfcu@@fréa% pyAdl.sFhe te)%uliszfeﬁolecrkelwneé@rf@d
i nto anals\é} nﬁ%ﬁatggf{iiolge{eﬂ% tttl)m Q’ce e(f( ‘éy &etecftofs ’d%‘?ect%?gd ' t mHI | b'ﬁ

transformi € ou requenc BISH SRl ytic
signal g (r, rs ;t) 1209 of a speC| f| c surface wave node at each seismc
station. [pOZ]yt i Thessgredl wisedn dhtar 1208r is heugldyninsawilded ctl mveaaepacific isorfaceder
to reduce the c ut atj onal cost of the subseq rocess Hocks hel ow, 19
wave 1’110(? rrI]?)lrefelra ly over the most energetic mode, lLaj E cﬂ 1204. The t(l;me w?ndow 18
chosen to be sufficiently wide so that spatial variation of surface wave propagation speeds

can be captured. The results of block 1204 is time-windowed data 1205.

[0073] The time-windowed signals 1205 are Fourier transformed to determine the energetic
frequency band of the surface wave mode in block 1206. The transformed signals are then
15  bandpass filtered over that energetic frequency band to increase the signal-to-noise ratio. The

output is the time-frequency filtered signal g(r; |r,;¢) 1207.

[0074] FIGURES 13A and 13B depict two examples 1301, 1302 of signals 1207 resulting
from block 1206. The lines 1303, 1304 show two seismic traces, g(r, |r,;¢) and g(r, |r,;?),
time-windowed and bandpass filtered over a surface-wave mode. The lines 1303, 1304 are

20  measurements from two seismic stations from a common source and are along the same
azimuth or nearly the same azimuth, e.g. 5 degrees or less, from the source. The offset
difference between the two stations is 20 m. Note that station of FIGURE 13A is closer to
the shot source than the station of FIGURE 13B, as the trace of FIGURE 13A is carlier than
the trace of FIGURE 13B.

25 [0075] The time-frequency filtered signals g(r, |r,;¢) 1207 are converted into analytic
signals g (r, |r,;t) by summing g(r, |r,;?) and its Hilbert transform in block 1208. The
output is the time-frequency filtered analytic signal g (r, |r,;¢) 1209 of a specific surface

wave mode at each seismic station. Analytic signals can further be down-sampled to
baseband in order to reduce the computational cost of the subsequent process blocks below.
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WO 2009/ 120401PCT/ US2009/ 032013 100761 FI GURES | 3A and |13B al so depict two
exanpl es 1305, 1306 of results 1209 from bl ock 1209. The |ines 1305, 1306
arc the megrnevide®1of the correspondi ng anal ytic si gnal #Ci/usedioszor3t) and
Er+ (r, r,;t) obtained by the Hilbert transformation. Note that if the
signal s are noi sy, the envel opes of the signals, nanely |ines 1305,
1306 can be used for further 5processing rat her than the signals

t hensel vg B%JdoolzdeﬁEé 1%%Ceﬂld3 @5& dgﬁ gtltth/%“exigu%geseiﬁﬁﬁyﬁo% QAL 1F9§ from

(rllrs I S Cross- corre anot er anal yt
si gnal k t(lasak 1209t ) THer bnmsalaoa,d;lme tlseemgmlmdss af thencoriegponiding @elyectsghalso be
al ong the_sane source-receiver azinuth to obtain the relative travel tinme

del ay r =Sdig ik and SR(Lj| (sro})o?’btﬁlﬁléd by theld dberh e iyyaatiarn n Nokethat i thegyignals

where 10R hu(r r K. r / E Eh T | 2
dt , and %° b hslwe of td Sienuly %%91&&6268 38 st s et Bl
bet wegn Hﬂ&x§&ﬁ§hgm§thﬁnﬂb%gQQgﬂQ%“kR@Srelatlve travel time delay. This is
the estimte of "the surface-wave group velocity at the |ocation of the
seismc station. This block 1210 is performed over all seismc stations to
obt ai n t H80THc aForgraghipeivmicostation, dtanaptiesignekeg . (rher, entli2PR iserossegoreplated 1211,
Note that this

block 1210 with another analytic signal g (r; |r,;¢) from an adjacent scismic station that is

selected to be along the same source-receiver azimuth to obtain the relative travel time delay

7., =argmax_|R .(r)| of the surface waves between the stations, where

10 R+U(T) g+(r |rs92—)®g+(r |rs91)/‘\’E+z +,7 ° +,i:I|§+(ri|rs;t)|2dt’ and ® iS the
cross-correlation operator. The offset difference between the stations is divided by the
relative travel time delay. This is the estimate of the surface-wave group velocity at the
location of the seismic station. This block 1210 is performed over all seismic stations to
obtain the local group velocity estimates over the entire survey areca 1211. Note that this

15  block may cross-correlate the envelope signals | g . (r, |r,;¢)| instead of analytic signals to

obtain the time delay, if the traces suffer relatively low signal-to-noise ratio.

[0078] FIGURE 14 depicts the operation of block 1210 on the data of FIGURES 13A and

13B. Line 1401 is the cross-correlation function of the real signal,
Ry (0) = E(r, [r;r)® Z(r, |1,37)/EE, where E, =[|g(r |r;t)[ dt, and linc 1402 is
20 |R, ,(7)|. From the properties of the Hilbert transform, ¢.g. see S. Haykin, “Communication
systems,” 2™ Ed., Wiley, 1984, which is hereby incorporated herein by reference,

(r)=R;(r)+ H{R,(7)}, where H{e} is the Hilbert transform operator. Thus, from

*l]

FIGURE 14, 7, =argmax_ | R, ,(z)| occurs at 90 ms. The local group velocity can then

be determined between the two stations to be 222 m/s. However, if the conversion of the
25 seismic traces to analytic signals does not occur, then the cross-correlation peak
7,, =argmax, | R, (r)| occurs at 70 ms, which results in an erroneous 286 m/s for the local

group velocity. Note that the peak of FIGURE 14 is the estimate being used for the group
delay.
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15bl ock may cross-correlate the envelope signals 1 k_ (r, r; t) instead of
analytic signals to obtain the tine delay, if the traces suffer relatively
| ow si gnaweteewmadee ratio. [0078] FI GURE 14 depi cts t hePoparsatmwoszons bl ock
1210 on the data of FIGURES 13A and 13B.Line 1401 is the cross-correlation
function of the real signal, R12(r)= .;-(1.12 1 r'k(r2 1..9; r)/ VELE2 where
E, = (rr, ;t) 12 dt , and line 1402 is 20Rl, (r) Fromthe properties of

the H I b ra : ' ' '

e, w1 de07SloghoSEAR, SrpdG BrouRlcly e RIMEL L0 Yl Tine

u(r) = Ru(we)orith{eRimbted that wieeregomRtthic ipptreantd thd &ovier tthirasisfldy. miape thatsholds Fiuys,
fromFI GJRE, 14, . rl, = arg max &12(r) .occurs at 90 ns. The | ocal group

vel oci t %ﬁ*@ﬁ%w the VB@‘_ea ek i At Reietiat AR fobth magan R Yley 2 5acl s
However , dofidihcafighY fotd A AL Ig]f-&‘g \%ﬁﬁ‘ﬁg%@irﬁaﬂ 366 dRrBRRhYbESicRInENAL BHodoes
not occur, then the cross-correlation peak Ti 2 = argmax, 1 R12 CO occurs
at 70 5ns,lowhineh alseshd begléatedaniner rtheye dasio B6varbetfitent toteréroecall syrioap waves

velocity., Note 1hable ARekel FLRRERALLAI %R L35G Q8HAR. Y379 Lo

the survey area.

[0080] FIGURE 15 depicts a map 1500 of the local group velocities for surface waves
estimated using one common-shot gather. The shot or source location 1501 is marked with
10 an x. Map 1500 is an example of the result 1213 of block 1212. FIGURES 13 and 14 depicts
the results for one pair of traces, while FIGURE 15 depicts all of the pairs of traces, ¢.g. each

adjacent source-receiver pair for the one shot.

[0081] The above blocks are repeated over different shots to obtain many estimates of the
group velocities at each station. In block 1214, estimates of the group velocities for each
15  station are then averaged to obtain robust estimates of the group velocities as a function of
space. The output is the averaged local group velocity estimates 1215 over the entire survey

arca.

[0082] FIGURE 16 depicts a map 1600 of the local group velocity estimates obtained after
averaging the estimates over many shots. Map 1600 is an example of the result 1215 of block
20  1214. Map 1600 depicts the entire survey area. Note that the averaging reduces variance of

the estimates.

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

25  desired or required.

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

30 rapidly and with little computational or human effort. For example, these maps, being a
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WO 2009/ 120401PCT/ US2009/ 032013 100791 In bl ock 1212, erroneous group
vel ocity estimates are renoved by negl ecting group velocity estinmates that
arc beyomnsoth@/upper and the | ower threshol ds. These thPreshishaw/osmys be
defined as the values that are one standard deviation fromthe nean group
velocity at each spatial |ocation. Note that the group velocity estimates
whose correlation coefficients are too 5 | ow nay al so be negl ected, since

t hey do - ffFCi e ) e. yav. ] j ons
The. out pat "5 e R, B FAE e BP ShERESa ke WGoRE ol 1BE, MERIESRY] Rl he
survey arspectrub® 086 tbirlaiie Wbthdetherctimracteripicd 60heofurthyealcacaich gsahipar wave
velocities for surface waves, estinated usinq one comon-shot gather. The

shot or SHICEeYIESREON MDA Q! | GARECKEFSWIHTHE captsat. T\?éiﬁmiﬁ?(‘?}“iesanéin'seélﬁ%rnpl e
of the T alibling k3 PlysdiREcmhed oulfhiEmEre diu Qs M ACR) filctprklife ARPUM T or
one pair of traces, e FIGURE 15 depicts all of the pairs of traces,

e. g. éachvalljfhpenfor opemtens eeisearurfped wabox, it hddibore testhose tHaD08 sjirfadeewalzove

bl ocks are. repeated over different ts.to optain.many, est.inmates of the

o oup. vel'buiEEe Eor GARRIS i FOR Cauly B bk 5k ool FHeaS BPES RS G b

vel oci ti egrh@d sRachroportiel alérahe ey BRA. B(Gh 3AGHatbO cANY Bk Bf heRFRtin 8SikhERL €S
of the group velocities as a function of space The output is the averaged

| ocal gr cuprevedasignt gneisermenta schrpEBriggieon, tihecessing rd ssismieayr wamifiGos e

FI GURE 16_depi a 1600 of . the | ocal qgroup.velocity estinates.obtained
ai tor averaoi hevaBhdrlota oyt SaiiRinch &Y Rrii Bl R R R RRN S

the r@sulbuill 24tb thé vblodieK nfdel, LddpresManallioQBe AL Ot Fatdhensihid bed SepistRyioa) ea.
Not e that the averagi ng reduces variance of the estimates. [0083] Note that
the proceds PPoCoud® susTass 3 dowalifierpnt agrags Emriositcereby autrpps thy
changi ng |.e..of o r Lven . USi he . seh sm (o] ity
thoorem Tamadarrrosiif” BbrSaRRay SEERINE LIS Mo Eiaehal b Rl 68

sur f ace- wams cooldds BEd tnihecseighte arfmizbdesisoedpyor required. 100841 The
resulting average group velocity map can be used for nmany purposes. The map

can be u o determ ne whether. strong spatial variabjlity of surface wave
oroper t1 00T s St Fiile i dogruPe s, €S hahemsarborslef e grasge
vave 181 t i gt fueRcPHAgeSHroBO thd@ef h8fiohd of tURBuR, 16} BIMmAPR! h GapthUTabeYd St
that can use maps of surface wave velocities obtained 30rapidly and with
little co®Punatlihondhe surfdvgrmeycedhn detusedtr desgabpihe, shedresayermepesity baridhepnabe
used to determine the shear strength of the ground. This is important for construction of road,
bridges, building, oilfield facilities, etc. In seismic processing, seismic statics are important
because the local shear wave velocities near the surface affect the upward propagating data,
20  as well as delay waves slightly differently in different locations. Shear wave properties may

also be useful in detecting or finding veins of materials that have these different shear wave

properties than the surrounding ground.

[0086] Note that any of the functions described herein may be implemented in hardware,
software, and/or firmware, and/or any combination thereof. When implemented in software,
25  the clements of the present invention are essentially the code segments to perform the
necessary tasks. The program or code segments can be stored in a processor readable
medium. The "processor readable medium" may include any medium that can store or
transfer information. Examples of the processor readable medium include an electronic
circuit, a semiconductor memory device, a ROM, a flash memory, an erasable ROM
30 (EROM), a floppy diskette, a compact disk CD-ROM, an optical disk, a hard disk, a fiber
optic medium, etc. The code segments may be downloaded via computer networks such as

the Internet, Intranet, ctc.
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WO 2009/ 120401PCT/ US2009/ 032013 characteri zati on of the average
surface-wave velocity over the surface-wave frequency spectrum arc
correl atiwe 20820 her characteristics of the survey areal/tsaal/0aishear
wave statics, vegetation types, soil characteristics, npisture content,
seism c source and sensor coupling, etc. Thus, these maps could therefore
be used as inputs to interpretive and design 5 work flows for operations
t hat use ac b it f -
i1 gatt oS Bor FISERENY MIRERE dntbuc b RSRroD ABbp 8 UL 6 BrdtB Bnvgpiion
esti mat eCaifrat hecosare-wir (RIS Bidds copupdabto syeenobeyr 1702e BuirVRY 180 anayuch
estimates coul d Pe of génefit in sejism c@ibrvey esi gn, envi ronmeat al

char act ey &NYA! PEPETEsEnycBes daiftnt 8-8980 or dehPentga eropreoRprLepEerel  he
over bur dephy ih P8 ¢ KODRAL 89SnOlcrhiSiEhSifah 8RR PHoweysr, the

m cro-features 10 built int elocity conpr essi onal -t o-shear
( P- S) Swaveesenagivagtians nagiesticat i lyntheetrchiteCuiee 0bGIPY AT ag dorey at EPH 12

di fferent average.group vel ocit s. by. aver agi he gr vel pcit

st i mat oSUBYARS HF TaRtT: SRS AR MBI RSY hFHis dous A G eheUnP SGaTbSEr v
nmaps coulferhgryu o 708y @&idhOahe RZERUMIabRANISSE SORAMI ORSAE 1704 XA e,
data describing surface waves is al so useful for shear wave anal ysis. 15

The surf aoeplsdvedupl e wiheh nppdc POPM, FPRQYL, ohEEGROMId RAMr178% and ROMo a

dept h of t. 200 m, Thus he surface wave n be.used . to describe the
ahear a0y SPIERR S B g D CbeRES S8 SR it BE iy Strenath of -t e
ground. This is inportant for construction of road, bridges, building,

oi | filel d [De88]l i Buek7024ds also boupal ®ihputpugue g8 neghntedeseard 1308 commuaications

i nportant because the |ocal shear wave vel ocities near the surface affect

the upwardd2pebpagatiilhgutsadnieraes caad AP, and ¢anlay cadybB99s| Thnt/Pyadspter spicht | v
in differ i : p ties f { Q.

det ecti ngﬁ(% C% ?ﬁ%}ién%ns@%ﬁa SE%IC%@P i g se%Sh%I% ?{;%ée{refifzaggggi#?g’rg?tn gﬂ\e]%ira
wave proptpplyedisk damet haaudrioyndi thg qangunst. sys@O86]Thol/@ adaater AVYSaf aldve

functions descrj bed. her.ein be |j enented in hardware, software, and/or
e e cognest D T T B TR o o PR e i Falsp ot
the gqlsemepts a@fdobhtBedr ?%Bgram\,/%ﬂwl&o B eNe&sSent Rl printbhBaGades PRARERLS. O

performthe necessary tasks. The program or code segnents can be stored in
a processuokjct, &ndakbico, arédi machifther 4 pepcemsdiing caetamiuicaeetiswatd hiyl i addptate

any nmediymthat can store or tr fer infor {on. . Exampl es of the

o acossordoafE Sl Hien a0 4R . hRPOT LG A &F ofihiok ot o
mermory devieponethcR@d, @ 1ddaRETANEIRI/Y5 a didcL4ras aWiAN ) RMVSR, o REMnet dcfd@RPY
di skette, a conpact disk CO-ROM an optical disk, a hard disk, a fiber
opti c nedindier tey Enterpgenetygek. s blgpretafagawarle ] Bnrnublagatser input davicase puch as

20007 20401 B U8 G HuSHAE ralsd P8 by oo susn 100, SThs. gplo paidem
1700 adapt76d id driveneytCRU A7k endontrovén tdispiay dbedisplay) dpiackd8i ng unit ( CPU)
1701 is coupled to system bus 1702. The CPU 1701 may be any general purpose

CPU, suc an HP PA-8500 or Intel Pent.ium processor  or cl.ust er, of nmany
such cpug‘@@lexé&gpv&h@aw%@@m% et BT Veémﬁ%@ﬁgﬁemk Cthe
5 presentshhmYaRtifRrstcddBht Va8RhE bhdpds, R¥bdt&i Rk Gl ta@6tHbis &n PHadd AdredS

|l ong as CPU 1701 supports the inventive operations as described herein. Bus

1702 i s cvoidpluedepatingridomtiac spisis anémoonye ¢RAN) intFOBN whildfneddyy be gRaMied
DRAM, .or SDRAM. ROM 1704 is al coupl ed to bus.1702,, Whi
" P B 20 g

EPROW or TBESRAIPRIG 15050Rg R T i oot B Pt g
progr ans mstiduSarWaltodih@udof the R edy, inachine, manufacture, composition of matter, means,
methods and steps described in the specification. As one of ordinary skill in the art will

readily appreciate from the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or steps, presently existing or later to

30  be developed that perform substantially the same function or achieve substantially the same

result as the corresponding embodiments described herein may be utilized according to the

present invention. Accordingly, the appended claims are intended to include within their
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10[ 0088] Bus 1702 is also coupled to input/output (PO controller card
1705, communi cations adapter card 1711, user interface card 1708, and

di spl ay caoco®78401The 1/ O adapter card 1705 connects t @CIUSL@YO3IWEYi ces
1706, such as one or nore of a hard drive, a CD drive, a floppy disk drive,
a tape drive, to the conputer system The 1/0 adapter 1705 is al so
connected to printer 1714, which would allow the systemto print paper
copi es of_.] ' 5 : t @% riicle tiC. te
That the ‘SRS oBRsd” nihied InARFHERE] coARRPLIR Man bbAIC e of 0
machi ne, sagpsa copi er machi ne. Communi cations card 1711 is adapted to couple
the conputer system 1700 to a network 1712, which nay be one or nore of a

t el ephone network, a local (LAN) and/or a w de-area (WAN) network, an

Et hernet network, and/or the Internet network. User interface card 1708
coupl es user input devices, such as 20 keyboard 1713 and pointing device
1707 to the conputer system 1700. The display card 1709 is driven by CPU
1701 to control the display on display device 1710. 100891 Although the
present invention and its advantages have been described in detail, it
shoul d be understood that various changes, substitutions and alterations
can be nmade herein w thout departing fromthe spirit and scope of the
invention as defined by the appended 25 clains. Mreover, the scope of the
present application is not intended to be limted to the particul ar

enbodi nents of the process, machine, manufacture, conposition of matter,
nmeans, nethods and steps described in the specification. As one of ordinary
skill in the art will readily appreciate fromthe disclosure of the present
i nvention, processes, machines, manufacture, conpositions of matter, neans,
met hods, or steps, presently existing or later to 30 be devel oped t hat
perform substantially the sane function or achieve substantially the sane
result as the correspondi ng enbodi nents descri bed herein may be utilized
according to the present invention. Accordingly, the appended clains are
intended to include within their scope such processes, nachines,

manuf acture, conpositions of matter, neans, nethods, or stops. CLAIMS |.A
met hod of processing exploration seismc survey data froma regi on, wherein
the seism c survey data conprises body waves and surface waves, and the
region conprises a plurality of |ocations, the nethod conprising: receiving
seismc survey data fromat | east one sensor;

24



characterizing spatial variability of a surface wave :property for
each location in the region, wherein the property is surface wave
velocity or an attribute of velocity; designing filtering
Criteria to separate at |east a portion of the surface waves fromthe
body waves in the seismc survey data using the characterization ;
and applying the criteria to the seismc data to renove at | east
a portion of the surface waves fronbLQiNEF'S”‘C survey data. 2. The
nmet hod of cIa|n11 wherei n the desi gning does not use i nterpol ation

to forma s ! mﬁ%d‘%ﬁm@és%g bl Ron! QR %ﬂﬁzegrﬂaiah el §0n \§h Ilﬁethe

met hod "of ¢ rein property 1s velocit |s er the
sur f aceelwamesurvey dafhe:omlla@dbtm:fy w‘aaesmm]i swfeee ewzrves,hardambeegmn nrg:mpnses a

co_rrprl é’ﬁ%‘ %I’O ti ngtgﬁme afﬂ&rouﬁ%vel ocity of the surface waves

usi ng od of claim1l, wherein

characteri Zlel"l: w‘fn @{Shsleguw&o&\{ fr& 91e Sq ngge m C survey data into
conpl ex anafr gs i ma |ng & To¢al group velocity of

the surf aceﬁfégf{%%ﬁ‘)[gg Eﬁa‘?%ﬁ vgﬁe{tﬁlﬂ%a&f{ £2uPcel \Qﬁvea@%é{@e (f?rl’;%%ggh(g&%tloﬁrﬁq the

averaging t roup vel oci est1 mates. claim

1, fur tépion, cdweymin ‘dlietpg:petty (135517 ﬁcmga‘tehealcs:ﬁysrrm atgrihhweyf atltcityj nt o

gat hers of traces; wherein the gather is at |east one of a
conmmon- shot ch}gréng fiberinga crdteriantn smw ate}eastweorsihmtof thensiirface wames Ehiot the

type Stl;')o(ti Waves 1laﬁ'{ rrgtsm(i)cdsu(lgv da?a uUslL thec%tac?grlz]%t(i)o |ng usi ng the
seism C rve aving t'he por on SUFface Waves renoved to

determ ne I r e . i
Selorm e, SRR ACR PSR 0t SR8 B GG
from the seismic survey data.

2. The method of claim 1, wherein the designing does not use interpolation to form a

surface wave property for locations in the region.
3. The method of claim 1, wherein the property is velocity dispersion of the surface waves.
4. The method of claim 1, wherein characterizing comprises:
estimating a local group velocity of the surface waves using cross-correlation.
5. The method of claim 1, wherein characterizing comprises:
converting the seismic survey data into complex analytic signals;

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

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

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

shot, and a super-shot type shot.
7. The method of claim 1, further comprising:

using the seismic survey data having the portion of surface waves removed to determine
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det erm ni ng whet her the region can be subdivided into a=plurality of
sub-regi ons based on the characterization, wherein the spatial
variability is relatively constant within each sub-region; if
the determning is affirmative, estimating at |east one | ocal

di spersion curve for each sub-region, and using that estimte for

each location in the sub-region; if the determning is negative,
for m ngyiathel #Rf is @R GndtrSPEAEEPDsIE Bf MRIrdAFbo8RENthE RGRJ. ON in the
regi on; usi ng the dispersion curves fromone of the estimating

and t he. f or MhegetitoTapah 3t fudGet dvenpisiRger si on curves over a frequency
band; and using the extrapol ated di spersion curves to design the
filtering cdeteminmg witkther e megibhosh lof subtaided Snto whpdurelity of bueb-regions based on

e AR ST T R

| at | | oci . ' rrel.ati
Tengt s of - ¢ruo a8 AR Yo RGeS BRL OGP BN MR g

the w BalpvégadiQuid hshey MapsstitGie foBddch focatidDigahe slibsiegiogj on curve of the
surface wave in each wi ndow, and averagi ng repeating |ocal dispersion
curves at edlfcthe deeahinorg. is hégativh.eforminhad laaft alealispesjonvduevefon each location in
deternining.a_size of a wi ndow conprises: using the correlation
| engt h&EHE8PRe si ze of the window. 11. The method of claim9
wherei n novin he,.w ndow abo t he C ri ses: nmoving t.he
i ndow about™ PRRPRREY e dieh s FEs 3R 34 fhe formihey ptlaos the
Wi ndowdispdiZion thevesotdtadrabedydiand;&ndwher ei n characteri zi ng conpri ses:
converting the seismc survey data into conplex analytic signals;

using the extrapolated dispersion curves to design the filtering criteria .

9. The method of claim 8, wherein the characterizing comprises forming a surface-wave

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

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

waves;
determining a size of a window;
moving the window about the map;
estimating a local dispersion curve of the surface wave in each window; and
averaging repeating local dispersion curves at each location.

10.  The method of claim 9, wherein determining a size of a window comprises:
using the correlation lengths as the size of the window.

11.  The method of claim 9, wherein moving the window about the map comprises:

moving the window about the map wherein each window overlaps with a previous

window.
12. The method of claim 8, wherein characterizing comprises:
converting the seismic survey data into complex analytic signals;

estimating a local group velocity of the surface waves by cross-correlation of the analytic
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estimating a local group velocity of the surface waves by
cross-correlation of the analytic signals; and averaging the | ocal
group velocity estimates. 13. The method of claim12, wherein the
seismc survey data conprises a plurality of traces froma plurality
of receivers of a shot source, and wherein characterizing further
conprises: sorting the data by source receiver offset. 14. The

met hod sphalg] #4dm 12, wherein the seismc survey data conprises a
plurality of traces froma plurality of receivers of a shot source,
and wher ei naeghging@thierlgeat @rgap ivelesity estimatessel ecting the seism c survey
data fromtwo receivers for cross-correlation, wherein the two

recei véBs hdhe methuslt cfrddial 12y “ﬂlhmirsﬁwmaiamﬁmmwdma tvengvos @ pluralitp of Thees
met hod of cl furthe risin rior.to the averaging, .
Tanor A5 ARG Prsesiay ot SPERbETs i whEe R b riel fad NG Ehathries:
wherein the o type. 17. The nethod of claim
12, wherei nsﬁl grhadr%l;aaceyesrolsﬂzcl%néce‘r()e?ﬂgkeét | east one surface-wave group
vel oci ty na

const ar” gr oAl AN ) S‘%ﬁeﬁf‘é%%%%?%?@% SEeiorl s FRLIALY of waces
conpr i dtonga plargdignoizicogvdrhef sdios shurces ond eherdmteatimating @atpises of

traces; wherein the gather is at |east one of a conmon-shot
type, a comdectingdbé veism'twsweveyadvda fogupyer restivers tfgpeross-@reldrivs, wheridthe

of claim It ng the seismc survey data
havi ng t‘f“?neécﬁ%'g |h8§e %L?[’Q{Tﬁﬁal@t} ey %Iylét%rt%grrﬁvsgﬂm ‘0 determ ne whet her

there ijg anypdREGHQRHIHGE R therYondpYidingcar bon in the region.

prior to the averaging, ignoring a noisy local group velocity.

16.  The method of claim 8, wherein the cross-correlations are Nx1 type.

17.  The method of claim 12, wherein the characterizing forms at least one surface-wave

group velocity map of the region that depicts subregions of relatively constant group velocities,
18.  The method of claim 8, further comprising:
organizing the seismic survey data into gathers of traces;

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

super-shot type.
19.  The method of claim 8, further comprising:

using the seismic survey data having the portion of the surface wave removed to

determine whether there is an underground deposit of hydrocarbon in the region.

20. A method of processing seismic data from a region, wherein the seismic data comprises a
plurality of traces from a plurality of receivers of a shot source, and the region comprises a

plurality of locations, the method comprising:
converting the traces into complex analytic signals;

characterizing a spatial variability of velocities of surface waves for each location in the

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

averaging the local group velocity estimates to determine the spatial variability of the
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20. A nethod of processing seismc data froma region, wherein the
seismc data conprises a plurality of traces froma plurality of
receivers of a shot source, and the region conprises a plurality of

| ocations, the nethod conprising: converting the traces into conpl ex
anal ytic signals; characterizing a spatial variability of

vel ocities of surface waves for each location in the region by

Cr 0ss- gaiiRlvdvie§lg t he anal ytic signals of neighboring traces; and
averaging the local group velocity estimtes to determ ne the spati al
vari abi2ilj t y Tt nickt®d ofulafaCe, wherein chaicterliing o@hhiads:of cl ai m 20,

wherein characterizing conprises: determning an offset difference

for the nei gabmining ahrodisestiffamnkedbyihd nmighbdrengafadsetndli f f erence by a
time of a cross-correlation peak. 22. The nethod of claim 20,

wher ei n t he dspding thie offseti différiendeybyi stims efia croswtariefpive pedke sur f ace waves
in the seismc data. 23. The nethod of claim 20, where the spati al
vari abi2Bi t y Tirg npslead ¢ﬁ)¢lalahaoyygh@e@fthaﬁp4T7@h§@rl®ﬁéy0‘-’f uggdlgrmifigote the surface
stati cg,, YedehAld oM tiypes, soil characteristics, noisture content,

and seisnic source and receiver coupling. 24. The met hod of claim
20, whegei nmbﬁwamtdf%aﬂﬁazd @J%}e th¥ s ailaﬁmra%ﬁﬁfg @8d ForRRIysRRE of iésst one
map is used for at |east oné of sels c survey” design, environnental
char acwé she@anﬁatpmomEaﬁmg typles, seil sharectaiagtas, trooistiute qpateat, @hfl ecisisicoburce
overburd by statj.c corrections or seismc inmaging,

conpr e§1§ Beﬁgll ercough r (P-S) wave imaging and registration, and

et 1 TR 98 e B PUEESS! DRI Dl L SELRBICLe § o, o i

det er mnraprigasedrier atdegat ornvegf samdnc/\m@n dtsﬂghﬁersrﬁ‘bﬁrﬁelﬁalszlhﬂmetﬁrikmibﬂl precessing
source and. at l.east one receiver further co i

e o Mgt 858 Senls; Sl b aPEP it Ik hatS FRRTRRD or rofmis sgne

sour ce chRpressittial S BRALT (PUS) 8FRE V Bhagid thnfl O Rdphshdtidn, f had Eletdtmind@ioh h6F and
pat h-i ntegration curves.
processing for azimuthal anisotropy of shear-wave velocities.

25.  The method of claim 8, wherein all determinings are negative, and wherein the seismic

survey involved a source and at least one receiver, and further comprising:

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

corresponding receiver, and forming a filter using the path-integration curves.
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