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[ 0001] Thiwoappliieasi on cl ainms the benefit of U S. Provi gcorabkowpptonTat i on
61/ 087,933 which was filed on August 11, 2008. FlIELD OF THE | NVENTI ON
[0002] This invention relates generally to the field of geophysi cal
prospecting, and nore particularly to seismc data processing.
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BACKGROUND OF THE INVENTION

15 [0003] Seismic surface waves, also termed ground-roll or Rayleigh waves or Love
waves, are confined to a region near the surface of the earth, and thus their propagation is
dependent on the near surface elastic properties, particularly the shear-wave velocity as a
function of depth from the surface. The shear-wave velocity is directly related to the stiffness
of the soil as given by the soil shear-modulus. (The shear-wave velocity is the square root of

20  the shear modulus divided by the density.) The shear wave velocity or shear modulus profile
and other elastic characterization of the soil can be used directly for engineering or other
purposes or can be used indirectly to improve geophysical prospecting below the soil or near-
surface region. In addition to the shear modulus or wave velocity, the elastic attenuation or
amplitude decay with distance is also useful information that can be used for both

25  engineering and geophysical prospecting.

[0004] The soil shear wave velocity or modulus can be determined by inverting
ground-roll dispersion (phase-velocity versus frequency) curves to obtain the earth’s shear-
wave velocity profile. Because of compaction effects, velocities are generally slower near
the surface of the earth and increase with depth. Higher frequency components of the surface
30 waves are confined near the surface and sample the slower soil layers. On the other hand,
lower frequency components sample deeper, faster layers. Thus, the velocity of the surface

wave changes with frequency, i.e. it is dispersive. In particular the velocity decreases with
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ground-roll dispersion (phase-velocity versus frequency) curves to obtain
the earth's shear- wave velocity profile. Because of conpaction effects,
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hand, | oviBérchdiRIBBNENcE ONMPORENSoSRERIiPcARRPalve haa tBkictiodY T FoqudhtySeant the
velocity of the surface wave changes with frequency, i.e. it is dispersive.
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for different surface-wave modes. One inherent difficulty arises from frequency and velocity
25  uncertainty, and the inversion is compromised when the wrong mode is identified or
incorrectly picked. A second difficulty arises from lack of knowledge about the source phase
and uncertainties in changes in phase over 2n. In addition, all such methods average the
surface-wave properties over the receiver spread distance used in the analysis, and this
averaging limits resolution. Finally, the interference between modes and noise and the
30  attenuation of surface waves can distort the seismic amplitudes making identification of

individual dispersion curves difficult. Next, traditional methods for determining soil shear

modulus or shear wave velocity are discussed in somewhat more detail.
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[0009] Both the SASW method and the steady state method suffer from similar
25  problems. Because only a pair of receivers is used at a time, it is hard to distinguish between
the effects of the different surface wave modes and the effects of any recorded noise. The
distance between the receivers and between the pair of receivers and the source are varied to
minimize, but not eliminate, the effects of the higher order modes. An inherent problem with
these measurements is ambiguity around factors of 2z in phase. The receivers must be close
30 enough together so that the phase does not change by more than 2z. It is important to be able
to distinguish between a phase change of A and a change of A + 2m; the latter corresponds to
a slower velocity. Sometimes, a few additional receivers are used to assist in phase

unwrapping.



[ 0010] More recently, use has been nmade of the Wavelet Transform as a nethod
to allow an inproved isolation of a single ground-roll node and to m nim ze
t he cont rwbubioang3isr om ot her nodes as expl ai ned by Hol sehmaisdew/od¢g00al . i n
"Characterization of dispersive surface waves using conti nuous wavel et
transforns,” Ceophys. J. Int. 163, 463-478 (2005). 5 The wavelet transform
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frequency wavenunber (f-k) domain or to the frequency slowness (fp) domain.

The di.sp J ne or nore nodes are then picked at the points
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repeated with each new shot fired into a new receiver spread, and each shot

gat her selstrigeendgd fam guedmpubsivenraiibratore squch e@atksefrad. a M ulpishamiel ynabyses off e
for each ac rofil end. [ Lt he i p e}
schene tc?ﬁgéﬁe(ilg]gY%’ a%@%&?lg?;k%"eg%q §?€{1Q®?gﬁg&l§? %@?F Q%lé’. ng%@hleﬁlaﬁsﬁs 3
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Crustal Structure: Version
(f~p) domain. The dispersion curves for one or more modes are then picked at the points of

maximum amplitudes in the f~k or f-p domains. The dispersion curves for one or more modes
20  are used in the subsequent inversion of near-surface properties (Beaty et al., “Repeatability of
multimode Rayleigh—wave dispersion studies,” Geophyics 68 782-790 (2003)). The
acquisition may be repeated with each new shot fired into a new receiver spread, and each
shot gather separately analyzed to obtain the 1D near-surface velocity profile for each spread.
Each 1D profile is then combined with an interpolation scheme to generate a 2D profile of the

25  near surface.

[0012] The multichannel method is an improvement over the SASW method. One
advantage is that the use of closely spaced receivers minimizes the 2z ambiguity of phase
changes; however, it is impossible to estimate the source phase from a single gather
(Hermann and Ammon, “Surface Waves, Receiver Functions, and Crustal Structure: Version
30 33" in Computer Programs in  Seismology, Saint Louis  University,
http:www.eas.slu.edu/People/RBHermann/CPS330.htl. (2004)). Its second advantage is that
the transformation to f-k or f-p domains inherently involves a sum or stack over the traces,

which improves frequency resolution and reduces problems with noise. However, the trade-
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30 3.3," in Conputer Prograns in Seisnology, Saint Louis University,

htt p: ww. eas. sl u. edu/ Peopl e/ RBHer mannl CPS330. htl. (2004)). Its second
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Geophys. J. Int. 153, 719-734 (2003)) illustrates di f#l culties in picking
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multiple receivers to ohtain |aterall|ly varying phase velocity curves is
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Soc. Am 5 g Lo l. S e i from
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near - sur faasenivas aod eppraaniatons. but i nstead for mtigation of scattered
ground-roll for oil 25 exploration seismc applications. Their process

i ncl udes StagABCHARIpI Req¥diedd amhMuliiple$ohitcest invert for a laterally

changi ng phase velocity as a function of frequency using a tonography

et hog) be[ﬁ@ﬂgon gengfcadintRehdolid Vst of nfilBiSple Th@¥%c ASRHOEs hieul@iIer&deiveRanges
are smal |l and that they can obtain isolation of one node in a tinme w ndow.
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sufficient|y far _aparnt ,that de r || arated.in 3 i but
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characteri|zation. The use of generalized traveltines involves conputation
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int d 1.nat i . - rpl l: . it re | d.
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curves, the u of, attenuation curves as a function of frequency is
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frequency. (Ernst, et al., "Renoval of scattere ui ded ves, .from.sei smc
it iy BT S 455 SO pSTURO Shc P LS M, iy adl T yor
Vave Di spgipsbsdble Wi 28RN ith WS adiNRH efor TeangfricschhtacteViayiet Thased of

Frequency-Vel ocity Analysis," Pure & Applied Geophysics 165, 255-270
generalized traveltimes involves computation of the derivative of the phase of the data, and

problems of phase ambiguity in the determination of ground-roll phase velocity are increased.
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10 (2008)). However, for surface waves of use for near-surface
characterization, this assunption is limting. Because the attenuation

typi cal | ywoeeroaasss for increasing soil depth, the attemgatisernoisosurface
waves nust al so decrease as a function of frequency in the sane manner that
t he phase velocity is dispersive. Stage 2: Inversion of dispersion curves

for near -syiéd BCAnYRI RNt Wrsdls FhdgucylBlr¥315] There are a number of al gorithns
avai l abl e to solve for the near-surface velocity profile from di spersion
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i nput dispersion curves. The i1nversion 1s a nonlinear node timzation
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i nversion of nultinodc Rayl ei gh wave di spersion curves for geol ogical
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ana O ust ACTROP Ut Hrareygy BFE TSRom R Simer C Ay ER B e R BT

Sai nt Louing Kdileshedtsil.t YMod@g of Wave Dispersion Using Continuous Wavelet Transforms 1I:
htt p: www. eas. sl u. edu/ Peopl e/ RBHer mannl CPS330. ht 1. (2004)), and conmerci al
sof t war e Va&ledBesed FrandncynV ahaaity: My spt i Freefd whinbied drgoPandcskids o) 5-270
CGeol ogi ¢ vey; imgw k ul so e r Lsli b )

[ 0016%Thg(rbg®§érm|¥{no§% 1z‘\i]&;r%ee ?%rga%gn%?ﬁ%r Sge%%mnﬁrhég%%?ﬁ% ? adr%lg gfr%rr#%]%g s utrh%sace
waves | ntassuhepidn ipliafiiihg SBedausethe-agtiifagion tyyicperddceasdsyfonincaiasing goihidghth,

resolution, laterally varying, 30 | ti-node di sper.sion_.and attenuation
curves. f ghé @ﬁim@tl%p)é SYdagE-Walcp ALt ERAISEERR ekt [BRUPHOBFSIUEACY [ e same

particul %ann%p%aﬂﬁl%?ﬁgse%%lit? imiglir)]émz,g anbiguities in the source phase. The
present invention satisfies this need. WO 2010/ 019315PCT/ US2009/ 048007

SUWARY. Godd: LNVERT) G 0%T) 0 SRS TR0 vl pLBOT T 00 T @ et hod

for estimating shea r wave OocClI ear wave

attenyati or anot.her physical property of a.ngar-surface region of.the
car ot IAPEIY gt o e oR Hond s aicREBHR» PUPEE fodly® S o Srtuce
posi ti on vanstithrefilerfadrh tdispefsidre€ @l ¥ buP i uc€Rs off Allduskeintothdds dep¥RY o thd he

regi on, conpri si n%i ) ~ (a) dividing the near surface region into one or
nor e cel |ageuracy of the puf dispasien quFese inyeistassis chBPHEC8le MOAFlcor Bizeionand

fecelver r#r?lﬁ@lrhi AShich P HliPGist e nfﬁé'f}l’s‘?l?fa'c‘e %l%&fﬁ‘;f'@%tfﬁ&r Pathid ?iﬁ&ﬁc?er Ka‘;’?&i ng
cell fro e source locatron to the receiver location; cjfor eac
trace, sidepthisanddasd wheolmbddidud oThatlghatsds indkads lihtated daRs s@iaentinversion,

20  Levenberg Marquardt, quasi-Newton, and more recently simulated annealing (Beaty et al.,
“Simulated annealing inversion of multimode Rayleigh wave dispersion curves for geological
structure,” Geophys. J. Int. 151, 622-631 (2002)). Available software include freeware
(Hermann and Ammon, “Surface Waves, Receiver Functions, and Crustal Structure: Version
33, in  Computer Programs in  Seismology, Saint Louis  University,

25  http:www.eas.slu.edu/People/RBHermann/CPS330.htl. (2004)), and commercial software

(SeisOpt® ReMi™, http:www.optimsoftware.com; and Kansas Geological Survey:

http:/www .kgs.ku.edu/software/surfseis./index.html.).

[0016] There remains a need for an improved method for transforming surface waves
into depth profiles of near-surface properties by attaining high resolution, laterally varying,
30 multi-mode dispersion and attenuation curves for input into near-surface characterization
inversion. In particular, the method should minimize ambiguities in the source phase. The

present invention satisfies this need.



components each of which characterizes either filtering effects of
propagati on of seismc surface waves across a cell, or coupling of the
corresporiDrglesaPHRi ¢ source or receiver to the earth, ROEMUS20099880d7
solution iteratively optim zes the conponents by conparing a predicted
surface wave, cal cul ated using assuned or iteratively updated conponents

al ong wi th raypat h 15i nf or regirOMMARYNOE DHE MY ENFIQR! r espondi ng data trace
fromthe survey; (d)choosing one or nore of the surface consistent

conmponentiggqANnd USijiGnkNeBoifnGRMAE LRy dYioR ‘f%@ hARdd fd?"e@ﬁ%%@%zéﬂ%%r oRafus,

modul us or another property of the near-surface region DESCRI PTI ON
OF THE DRAWTINGS 20008 idae wave sgptuatinw.eort dnotheapllysita paojveatyt efgrescanisiitfadre

bet t d taad b f J he fol |l ow n tailed d i pti.

Che. at t adhEhn af B S8 o d-fuuaop e hohde i bt oaf soutbe oLt 8 o
sei smisC  dag|arais) OWefBN dripBliBioh SRS ¢Bffic bk e ot e kidi@RotbMingnd area ( | B)
applications; [0020]Figs. 2A-B illustrate ‘acquisition of sersmc data using

T Pre sourgep [ afividrBahinddr08@ccldaibn AE o BRtokARII AP | catl ons.

[0021] Figs. 3 ustrate acqui sit seismc data using nmultiple

Surtace for baPh'tioarth ufe el EhhaPbrdRl AR MR al T BRT ok Mops,

an il | ustdoatputing e tafpathhiysimalacfysoeedsdsertdiatg adlf @oin thbsouway eéd@kioh as the
30surface waves propagate froma source to receiver along the surface of
the eart HECONST 2ePRHPH19315PCT/ US2009/ 048007 [0023]Fig. 5 is a diagramof a

smal | part of a seismc survey in map view show ng '
10 () for each trace, simultancously solving for at least two surface-consistent

components each of which characterizes either filtering effects of propagation of seismic
surface waves across a cell, or coupling of the corresponding seismic source or receiver to the
ecarth, wherein said solution iteratively optimizes the components by comparing a predicted
surface wave, calculated using assumed or iteratively updated components along with raypath

15  information from (b), with a corresponding data trace from the survey;

(d) choosing one or more of the surface consistent components, and using them to
compute by numerical inversion the shear modulus or another property of the near-surface

region.
BRIEF DESCRIPTION OF THE DRAWINGS

20 [0018] The present invention and its advantages will be better understood by referring

to the following detailed description and the attached drawings in which:

[0019] Figs. 1A-B illustrate acquisition of seismic data using multiple receivers for

both linear (1A) and areal (1B) applications;

[0020] Figs. 2A-B illustrate acquisition of seismic data using multiple sources for

25  Dboth linear (2A) and areal (2B) applications;

[0021] Figs. 3A-B illustrate acquisition of seismic data using multiple source-receiver
pairs with different offsets spanning a region of the surface for both linear (3A) and areal

(3B) applications;

[0022] Fig. 4 is an illustration of the physical processes that affect the waveform as

30  surface waves propagate from a source to receiver along the surface of the earth;



the |l ocation of sources and receivers and the division into regions or
cells, and showi ng exanpl e raypaths from sources to receivers across

di ff er entwoegioans3is[ 0024]Fig. 6 is a flow chart of basi @CTtUSp@9ionsoone
enbodi nent of the present inventive 5nethod; [0025]Fig 7 is a flow chart of
steps for performng the nodel optimzation part of Fig. 6 in one

enbodi merpo2d] the imMyentd HRiaghebeh Rl Pl £ AshidtsBRley G RGN Sshowing
(transfer functions) governing surface wave propagati on arc generated,

[ 0026] Fi ghe docshHon®ffsources pad aeceivsrs fdithes divisten o regiensyer cells taad chgwing
(offsets) for.a 10full wayve-equalion conpute Lmul atj.on of surface waves
for st 1Pl il oMt R ef RN F ST B B i g, A b Show ¢ e
result of el opti.m zation for the ex l.Le of Fig, 8 rein the waveform
Changes OB een” duthasBiy FireodGnG B i srbblim Gt pey o g
propagat ipghg@nmponents as a function of frequency; 15[0028]Fig. 10 shows
the predicted waveform out put conputed fromthe conponents of Figs. 9 A-D,

t he wavef can c t ' LS & ueket84af ol '

10029] Fi G001 78 dnge Thaley acart IR ot pRRRihe dkohBedt oriplrafln pectof,
ful | wavéiigefimonoembatimantesf the mueationpnwviofeis snffaceconaisest E@anp@@ntshiimangar t h
| ayers Oégr %?gflf ) ace,fmherein int%rferencevgf.up to 6 ground-roll nobdes
can be sdBRCUIOPS} FYSEIRS Jirfars WaRp RPN AEE RS Dr s for a few of fsets
(trace to_receiver distance) fromthe trace data of Fig. 11 A the _
wavef or td08Plnot hdie & showplfarrtsicas Bt four sowesrivissei ver diskaces (elssioksforizon

of mult i I%§ M%ﬁhﬁ[&o&}ﬂ h&-sichlaBOOYB striRe RIS E! Fir@dkiN@Y BfiR eHuP WyRH by &ar
t he same of fsets shown

half space;

[0027] Figs. 9A-D show the result of model optimization for the example of Fig. §

wherein the waveform changes have been decomposed into complex (amplitude and phase)

source and propagation components as a function of frequency;

15 [0028] Fig. 10 shows the predicted waveform output computed from the components

of Figs. 9 A-D; the waveforms can be compared to the input seismic data of Fig. 8;

[0029] Figs. 11A-B show the trace data (11A) and f~k spectrum (11B) for a full wave-
equation computer simulation of surface waves for 20 thin earth layers over a half space,

wherein interference of up to 6 ground-roll modes can be seen;

20  [0030] Fig. 12 shows sclected waveforms for a few offsets (trace to receiver distance)
from the trace data of Fig. 11A; the waveforms do not have a simple form but are composed

of the superposition of multiple modes;

[0031] Fig. 13 shows the predicted waveform output for the same offsets shown in

Fig. 12; the parameters for 6 modes are used in this prediction;

25 [0032] Figs. 14A-F show one data trace (14A) from Fig. 12, and predictions in which
the predicted waveform output has been limited to one (14B,) two (14C) three (14D), four

(14E) and six (14F) modes; inclusion of more modes improves the match to the data trace

(14A); and

[0033] Fig. 15 displays velocity dispersion curves (velocity as a function of
30 frequency) for the 6 different ground roll modes of Figs. 11A-B as calculated by the present

inventive method.



Fig. 12; the parameters for 6 nodes arc used in this prediction;

25[ 0032] Figs. 14A-F show one data trace (14A) fromFig. 12, and predictions
i n whi ch wbeovagiist ed wavef or m out put has been |i m t edPCoO/UsS2@9(0180B7 ) two
(14C) three (14D), four (14E) and six (14F) nodes; inclusion of nore nodes
inproves the match to the data trace (MA); and [0033]Fig. 15 displays

vel oci ty [gdos4er si oMUV EidnV #i1P Bk tdes@oed 1B%hb&ﬁn0valtl$Q&Eﬁgl&eé‘rﬁwdlﬁl@ﬁtst he
6 dlfferent ground roll nodes of Figs. 11A-B as cal cul ated by the present

i nvent i velomeevsodo tkwmmma@1@@3@@@@3@@@%94@@@%@0@3@%@1& apdadiment o | |
be descrip %?rflcu ar 8@6”81:9 Itﬂeoﬂlv\e’\flt%on ?hlgn}? Iﬁ?fmotgl Hfu%?ratwe oﬁi ért];b(f 1% ﬁoqe eB(t ent

t hat theaf description i nent or

particul afonuﬁ%dQ?fs 1trﬁnang mh/eemop@ rof tHehhSeﬂtﬁ)nl r@reﬂté&d)ntr@rybﬁ ik hﬂta@deﬂab ice ecraatll y,
and is not to be construed as Ilmtlng t he scope of the invention. On the
cont r ar y altefnafizes, ppediieadiony ape\edpivalentsstipt srapalq Wedudedowithin cthe issere ghéhe

I t I th f th t
deri nod By haR TRt e} f’“%. #ﬁ%@f&?‘tﬁa DESCRI PTI ON GF EXAVPLE EVECDI VENTS
[ 0035] The present |151é/13g Q)PtBX%UI ﬁ'E‘lUﬁ% Eh{/lh\gltssper sion and

attenuati on curves as a UnCtI on g?(?ﬁequency or sur@ace waves from

seisnic Pr ef ta re re orde mul ti p] e sources

o mur TP, cca HRGrSehbRERiRds binelid SRR Yeiadh Sieoh b S Baidee
to inverto ik Reafunstdnl RCRQIABE ] sﬁﬁa@%ﬁvésfr&tl%@fsm\ﬂ@ﬁﬁaV@‘r&@fab}& e fhear
modul us or shear wave attenuation as a function of depth by knowi numeri cal

t echnioquess ravbrfietl usime inmiltiple |somrcmddaulapbad@mwhcﬂihmm@ﬁs@dh@m mpdificetipay
the surface tﬁ I 3 %n 1m)¢a¥ A E aﬁ:res § hea ies suc}l s SRESS R \gerlloecuryeocrosrh%grd
seisnic dat'a vef1 e '3 é% ahges" i et negpb
modulus or shear wave attenuation as a functlon of depth by known numerical techniques.
Model optimization and data redundancy are used to solve for the surface-consistent model
parameters that best represent the recorded seismic data waveforms and changes in the
15  waveform as the surface waves propagate along the earth’s surface from the sources to the
receivers. The parameters relate to individual components or filter transfer functions for each
source location, each receiver location, and propagation through each region of the surface.
The model parameters may include multiple modes of the surface-wave and surface-

consistent lateral variations.

20 [0036] Thus, the invention uses seismic data recorded preferably with a plurality of
sources and receivers with a two-stage inversion approach. In Stage 1, variations in surface-
wave waveforms are decomposed into surface-consistent transfer functions preferably for
cach source, each receiver, and each small region of the surface. Subsequently, in Stage 2,
the transfer functions for each region are inverted to determine soil properties or near-surface

25  properties (such as the shear wave velocity) as a function of depth. The method can solve for
the complex multi-mode nature of the surface waves for a media with both vertical and lateral
changes in propertiecs. Errors and limits in resolution for traditional methods from
misidentification of ground roll modes or from assuming laterally uniform soil properties are

avoided.
30  Seismic Data Acquisition

[0037] First seismic data must be recorded or obtained. Seismic data recorded for

other purposes, for example to image the subsurface, can typically be used — see the

-9.-



15 waveform as the surface waves propagate along the earth's surface from
the sources to the receivers. The paraneters relate to individual
conmponentwoaniodaibiiér transfer functions for each sourcePCoaseéoongssoeach
receiver |ocation, and propagation through each region of the surface. The
nodel paranmeters may include nultiple nodes of the surface-wave and

sur f ace- cRaebSse0E pﬂe@ér&rdadcquﬁftioﬁtpa%ﬁete@Q{eﬂﬁ361ﬁﬁféﬁ datah@e nBY @i laBR, HRES
seism c data recorded preferably with a plurality of sources and recei vers
with a tmecgalagé‘vmvép a@ht@pwé&wm rorepaaties shouldhb arciiorssl. | K Bearfsatfecavave
\pl)\?\él?];?;g}sy F%a ogn;féhm&%ed onl n&l%néﬁrhngcgth\(iegslﬂﬁlage ?1 a]E] ca%fqeerrecor e({ WRH?O%I'HGS
surface. andbseduantalong the IblcageinZstatdaed tDagsdeic EesiainkonE afr&n igReMati@gison
are inverted to determ ne soil properties or near-surface 25 properties
(such Sas nepéeds thearthguseuecpeangcicegpyera shepld bip spicadh ot o s thharc mathnhath seureem
sol ve for t he a

w th bot KeFe ey EiyTiL e MR 18 MRk TATWILCRR AR (Bl A, |

r esol ut i eoufcorand lrewdwter maamonmmksotis sﬁmeyndmndlrmgnbe fvailablicautongf wight themrecorddd

nodes or [%Eom ass 6}1 erally uni for § perties. ar ggavoi ded. 30
Sei sni ¢ it Mg EYF R5° W’i‘f BPYISE C%% it %rﬂ%‘%a%lée or 6@%&“&“5’

obt ai ned.y gﬁtsﬁ‘?og el %Wsdes‘élsh% g%;beertc pl’f‘r@%%v shHce £XRIMM et Breli RGS

t he subsurf an typically be used - see

2010/ 1019318 ROIT/ruS2009/( 0z 8007 mideg as sticomn of ipFeb erA-ddfoadigedr(Fig. on) pad amvelt er s

below. |f such data not abl e, speci al surv t.o ob n the
our f ace vSIUSHBaER (9. b IR TARBRE soves U BRES, Runf PR ] B 1's
needed ord%)l@leqnm & hhdeest@dd thaetrew fsaf Biredt heypadat e) %@fw&ﬂ th@@@md@dn&we&éh
sources and receivers along the line as in standard 2D seism c recording.

| f areal reediornddilpn few ofghepestals T%fpé‘rhstaﬁ%d@@{llrl@e@gahd Tﬁl@cﬂ@itwrsé)eb’m@ulad be
Spread. o RSl 08 R RS O SV { S B Sn BAPEL RIphD6a @ 2
to be i nves sel'sm<c acq ur' st Yl on, € source an

receiner dlff@l@fltl loBsiofy Sdaclbeeoawer/em@@h@ﬂdi rewﬁd ddve fraﬂﬂmhmlpleashatscmg) @réfbrabrye
recorded data trace. pe of seismc source can be used, such as

dynani t e, tClyi%r BOEH SWithj %ff@r@ﬂts raypathg h22 raépShOWéln’f?e Figst s and 3 Bini Ehesgrigyo
etc. Prefy 0 C

Cen or e Rplerf AR SR ol iy Bifhe o SHbHVE! SEEFE I SLmphroe:
acqui si t iroeeitdes (0 -1B)OO) bhnd ‘Eheg ﬁrfhg soarves,omdrater (h@theanisitoatha uviode sméad The

recei vers 1 re d spla s understood that there is a dir

raypath (*: oebef Woerah oLt e b BErn ecaiisr SHRVETS rEdgred e cost
possijl e tﬁ@hﬁﬁ&%@ﬁoﬁg%tg E@d"’ﬂe influchii 16ss than TREnGHhBATCR QGBS B SOME Caf aRd
receiver is called the offset. Conversely, over tine as the source is noved
to 15 didvhedghdainstronenisons, reeud lonhee dinvited fu@dder Qlﬁ(@hatdletse(clmncredaﬂmgf qaprhe

I tipl 1 f bly t ff at h 22
e shown [T e BatSHS ST s B RimPETy thish Shap ot AR (22
l'ish by | t 60 -
1000) " andogsan” 1 i kg iupreBatTo ! ﬁn@tséﬁrrc?mm&eﬁ@wersrﬁ?fa%rag Sroreruelag
The nunmbeg,RE rshois ﬁ?ﬁ%h@%refb?ﬁg%tm bexg lag rﬁé\@? RS HeudHTRE! Yion to be

receivers. To reduce the cost the nunmber of 'shots can be mich |ess
t han Bhe investigatediwithediélevent offsegs roigieg Vions a.spedificheninwainh abfset fons spasnfiatt s

d I limted nb f di be limted
o the. r dben DB STRnIhE G Rat AR ik ROy oht BEE 70D AFGTE SOy et o
source. [tROZBbhths (33)ahfPaby BERIAYoR Johedm bhBuReWLELss 3NER 4 Rev¥edueh RS 32.
arranged so that nmultiple source-receiver raypaths (preferably 10 - 20 or
mor e) pasEierhpisughusbseirsegh @Wp@tils teot dbarcrphewn) gathedvagioth OHP%/fﬁféqr ehtg. 3B
Of fsets ghad L OMARIRAL il SO SlSEhihGrrRRERLLIEC, BRY D,
of f set. on i S sﬁ ?/’ 0X . e graw ng sorre

of the raw@shhan OBB- vtzdvatprmsndrb Rnchikgis et b Béhell o d &t bﬁ@p}ﬁdﬁhla&ﬁy Blofto a
recei ver such as 32. There are. a nunber of such raypaths (not all are
shown) W%WT%CWWV%WV@FH%H Jhisdistameg is approximataly aqusd t the dgath@fﬂoéa%tmﬂeg in
an area Y gmg} gg%:c n

pl ane- \/\/a\S/ItbaH eptﬁ%xﬁglggflo%gne Rl cﬁit{lz g%ogf a gﬁ‘g (g'? %gc iag?gﬁ%néég?ﬁ g{)%lr%(?g%%%ét ely
1/2 of aveusf dgpcaldye in23almasghdmifdinivsn difsdtaSbertérsaind pergex bffedtelisparequedn t o

t he dept n ation. The .ma of.f is preferably shor enoug h to
o - oxcESssTaney TBiaea BrPorng AP e s B erepigsitian the g of te3a%ed nos
the m ni num of fset. Shorter and | onger, pffset distances can be recorded.

The recei ver spacing should preferably be no greater than the size of the
desired



- 10 - WD 2010/ 019315PCT/ US2009/ 048007 | ateral resolution, but it may be
useful to have half that sanpling if possible. The sources and receivers
may be | aWo 20uk010315a regul ar grid, or an irregular gridPor/ysgs@amdesonandom
sanpling may be used. It nmay be necessary to design a survey to nmake use of
roads to place sources and to avoid structures. It may also be useful to

pl ace soypeRs r@&BRitIbRCRIt ahsy BihRif g0 Qhvd NEf theeRhipBdg A RAsIbR. DB1cGEVRESSh O
make sure there is sufficient data redundancy at the edges. [0039] To

opt i m ze reerevasy magybepgaidagnsoarastegalge Bridsorn delriggnliapgrid of Psado rardonmsamplifeset |
and receiver, and ;saurce .sanpling,, it . useful, to,have i-nfor mati on abqut
The o oo i v@ I Y RES ARG 10 dsbR o BRI 0 PUlINE A A TELET BRAL |

f r equencyand an @eoidf stiubRir&O Ult gayadlsh bdr@safell vcplhige Joar@s addl rédetreey Qutkide bOlthe
This will allow the conputation of surface-wave 10 wavelengths. It may

al so Be ulseirgd argdtorlecovarerd o make miradhcse srsufffrderd dat redungpegy 4tiicoedges-D 1 ne
with fine receiver sanpling so that f-k or /p analysis can be used to
derive irPB3AUI par aireppiimizeRbe stuvicy Popreesters, suchers thheninagehvadfsct angiiinpg:
(i.e. spackng) should bhe |l ess than.the rmaxi frequency..nultiplied by.the
Sl owest | VaIGerpg ea ChaThaP e R B P RSHH b agdnfrmidirbedticieat fon
15[ 0040] Ghgy bhadlplil &y dSsdte pleEmithes tastyg Raddicreiihd B drgesncytrii@ic of the source

di stingui shes surface waves from ot her seism ¢ waves (such as down-goi ng
waves t handrtbe velegity range iohtha graued yoll. sThiseyill alipyetheraempytionof sPdreesvere

surf ace wg%% ' [ I I i i-ng. : he
otheﬁ%han , ?ﬁgﬂgbgﬁggyagggkg¥gﬁgﬁggp%%f§g%ﬁgﬁﬁkaﬂﬂ??ggﬁéggéhﬁu §%£§%ﬁﬁk
wavel et ofitlsfing tecdiveatangiiing Bbehgp fyksir gl anplysseas ®s ukal totderise atiagigardneters.

waveformare jillustrate 20 in Fig.. 4, which shows iece of a |layered
earth 110707 ARIS PRGNS henEecelypt spalp wgv(ée-pﬁpa&agmlégﬂcf Pg hsa taag the dngdgie

at the s TERE fver : surface position
Lﬁe‘tq%g&gﬂﬁﬁm@g@%?}% IR FAGRIMS th%] eéitgge%o%has*a&.

102 al ong a the earth (raypat , It undergoes consi derable

earth filjﬁ%&Lﬂgn?ﬁ@?QEkﬂﬂ%&éfn1the short duration pul se of the source (104)

to the nore>oscillatory requency waveform of the surface wave (105).

Th f i sy del .25 d The f her .t he  di f
or opagat 160edt o) | T aRtEr e, PNaSL HENERN rliiSan ol Fhubalfut hCEE ©

sour ce Wavaicorion{ $8d) sasdict g ek EaRhdgdodt @ihg (AO&) that FifigciChcmdetcerasesp e
gquantified by conputing a transfer function for each trace. This may be
cal | ed t Hbeif gtayplofacEha warfemps efusirtace ivavanare higk wamdiéudsy jovedregumcy ot

th filteri t hat ' . t f
gener at e Gtk BB Sy B’ dCEFRZRAE R oD Sl B BT M
are conmmomdvwlct béstiact durad@d Dhye physical proasssésefor tHincliangd & wavdfbien arel iftpsttase]

responses. The transfer function is defined as the division jn the
freq L?@ncynch&aﬁ,nwglfcﬁt we i pleee Of a kgered 1seeh Y- ¢ fe & mpds ngtflq ﬁ@frfl%qq vaye

For the Spbsithies FRAH S idur@N IdcBicl 8- thé sulflte PdsRbH f61 td1AGkEQRr Tokdted St the

surface position 102 along the surface of the earth (raypath 103), it undergoes considerable
carth filtering, changing from the short duration pulse of the source (104) to the more
oscillatory low-frequency waveform of the surface wave (105). The surface wave is delayed
25  and attenuated. The further the distance of propagation (103) the greater is the change.
Given an estimate of the source waveform (104) and the recorded output (105), this change
can be quantified by computing a transfer function for each trace. This may be called the
total trace transfer function, and it characterizes the total earth filtering that results in the

change of the waveform from that generated at the source to that recorded at the geophone.

30 [0041] Filters are commonly characterized by their transfer functions or their impulse
responses. The transfer function is defined as the division in the frequency domain of the
output of the filter by the input of the filter: For the seismic acquisition in Fig. 4, the transfer
function 7(f) is
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WD 2010/ 019315PCT/ US2009/ 048007 - T( f ) - output( ,)f ) , input( f )5(J)
(D) where D(f) is the Fourier transformof the data trace 105 and S(J) is
t he Fouriwo 20troémns$ior m of the source wavel et 104. Equi valPemtusggoools®ot r ansf er
function can be obtained by cross correlating the wavel et and the data
trace and dividing by the autocorrel ation of the source 5wavelet. T( f)= St
(f)D(f) ., s(f)s(f) output(f) D(f) 0

" input(f)  S(f)’

where D(f) is the Fourier transform of the data trace 105 and S(f) is the Fourier transform of
the source wavelet 104. Equivalently, the transfer function can be obtained by cross
correlating the wavelet and the data trace and dividing by the autocorrelation of the source

5  wavelet.

S (D(S) @

T = 2
o SSIS(S)

where the asterisk indicates the complex conjugate. The transfer function is complex; it must
include both amplitude and phase or real and imaginary parts to fully characterize the
filtering effects. Computing the inverse Fourier transform yields the impulse response of the
10  filter. The transfer function and the impulse response are equivalent characterizations in the

frequency and time domains, respectively.

[0042] It is well known that individual linear filters can be convolved together (or
multiplied together in the frequency domain) to yield a combined filter. It can be seen in Fig.
4, that the overall effect on the waveform of the surface-wave is composed of different
15  physical processes, cach associated with a surface location or region. For example, the
coupling of the source energy into a ground-roll mode at position 101, propagation across
region 106, propagation across region 107, and coupling of the receiver to the ground at
position 102. Furthermore, the filtering from propagation across region 106 should be a
function of the distance traveled (108) across region 106 and the filtering from propagation
20  across region 107 should be a function of the distance traveled (109) across region 107. The
filtering for propagation effect includes the effect of delay or velocity as a function of
frequency (dispersion) and amplitude decay as a function of frequency. Thus for the one
surface-wave mode, the overall trace transfer function 7(f) can be decomposed into individual

transfer functions or filters for each of the above physical processes, or

25 T(f):TIOI(f)TIO6(f’d108)T107(f’d109)TIOZ(f)' (3)

Using Equations 1 and 3, a model expression M(f) can be derived that represents the recorded

ground-roll waveform:

M(f):S(f)TIOI(f)Tl%(f’dIOS)T107(f’d109)T102(f)' (4)
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15  impulse response of the recording system can be measured by one skilled in the art. Another

might be the instrument response of the sensors, which can be obtained from the
manufacturers. A third is the amplitude spreading function, which is known to be inversely
proportional to the square root of the total source to receiver distance for each trace. It may

be useful to lump several related processes into one term. For example, if there is a receiver

20  array, the array effects could be lumped with a term for receiver coupling. In both cases, they

are related to a specific receiver surface location. Also it may be useful to include one term

that can be assumed to be known, and then have a second variable correction term. For

example, an average source wavelet could be estimated, and then the source coupling term

could include both coupling and shot-to-shot variations of the wavelet.

25  [0044] For a linear or areal survey, the present invention uses the redundancy of data
traces, which have different raypaths and source-receiver distances, to decompose overall
changes in ground-roll waveform into the individual surface-consistent components or filters
that represent the individual physical processes. This use of data redundancy is illustrated
with Fig. 5 for arcal data. Fig. 5 shows a small section of a possible seismic survey in map

30  view. In the section shown, there is a source, whose surface location is labeled 201. The
source may actually be located below the surface in a shot hole. In the diagram, there are 24

such sources, each indicated by a sun burst symbol. There are also 49 receivers marked by a
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where the sumis over all different nodes j =1 to N. The nunber of nodes N
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30 the difference between the actual data and the nodel expression for each
trace. The sumis over all the data traces used in solving for the
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the time domain, or in some transformdomain, including for exanple f-k
radon, wavel et, Gabor, conplex trace, Hilbert, and others that skilled
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where the symbol 7 is a vector composed of all the individual component transfer functions
(T1(), To(H), Ts(P), etc.). The vector values T are determined by minimizing the square of the
10  differences between the model trace M, T) and the data trace D;(f) summed over the
number of traces Ny qces. Equation 5 uses a power of 2 for the differences, which is a least
squares optimization problem, but other powers, called norms, may be used such as a power
of 1, the L1 norm. There are many different methods, called model optimization methods, to
solve for model parameters that best match data. All are within the scope of the present

15  inventive method.
Stage 2: Inversion for Near-Surface Properties

[0046] After the previously described model optimization stage, the resulting model
parameters for the different surface-consistent components as a function of frequency can be
converted into velocity or attenuation curves. These curves, individually or together, can
20  then be inverted (step 308, discussed further below) for near-surface parameters using any
model optimization algorithm, such as least squares, Levenberg Marquardt, quasi-Newton,
and simulated annealing. Alternatively, the model expression itself, the transfer functions, or
a filtered version of the model parameters may be used. In any case, a near-surface profile is
assumed as an initial model, the dispersion curves or other functions are computed using the
25  assumed model and then compared with those determined from the seismic data. Then the
profile model is updated to better match the derived parameters, the layer shear wave velocity
being one of the model parameters that is adjusted in the iterative updating or optimization
process. When the misfit between modeled and seismic derived results is reduced below an
acceptable tolerance or other stopping condition is reached, the iterative process is finished

30 and the model parameters including shear wave velocity that are included in the last updated
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agcl I sy (6) where the synbol | is a vector conposed of all the
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10 the surface locations for the propagation terms are defined. This can be done by dividing the
survey area into one or more regions, such as the cells like 203 in Fig. 5. It may be
advantageous to start with big regions, and then subdivide them with later iterations (see step
306). The regions can be regular or irregular. Alternatively, the grid can be chosen from
other information, such as geological features, soil types, elevation, or velocity and frequency
15  analyses of the ground-roll modes. In step 302, the raypath distances are computed across
cach region for each trace and stored for future use. (For practical applications, many or all
of the method steps are performed on a computer, having data storage in computer memory
or auxiliary storage devices.) It should be sufficient to use a straight ray between source and
receiver locations, but if velocity information for the different regions are available from
20  previous iterations, then a bent ray can be used with the trajectory determined by Snell’s
Law. Any ray tracing tool may be used to compute the raypaths. The raypath distance is the

distance along the surface of the earth and could incorporate elevation changes of the surface.

[0048] In step 303, all or portions of the seismic trace data are used to simultaneously
solve for parameters for two or more surface-consistent components or transfer functions.
25  The solution represents a decomposition of the data into the different components. Each
component should represent physical processes that have a filtering or band-limiting effect on
the seismic wave, such as source generation or receiver detection effects or propagation
through a region of the surface. The source or receiver effects are primarily due to the degree
of variable coupling of those apparatus units to the Earth, but include any other effects
30  associated with generation of the seismic energy and its partitioning into a ground roll
(surface-wave) mode or with detection of the signal from the ground by the receiver if such
effects alter the seismic wavelet. A high degree of uniform coupling of sources and receivers

to the ground is always sought, but can never be perfectly achieved. The parameters of the
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coupling of those apparatus units to the Earth, but include any other
ef fects higher-frequencies will be missing or attenuated at the longer offsets, and so these offsets
25  might be weighted down in their contribution to the cost function. Depending on the specific
optimization method, step 303 can be an iterative optimization process although no loop such

as 306 is shown in Fig. 6.

[0049] It may be that the optimization in step 303 is limited by the choice of
parameterization in step 301. In step 305, the goodness of fit between computed and actual
30 waveforms is evaluated preferably in the time domain and, depending on the goodness of fit,
the opportunity to subdivide the regions to obtain more lateral resolution is evaluated. If the
match to the data is not deemed sufficient, then the process can be repeated (branch 306) with
different parameterization starting at step 301. The goodness of fit may indicate lateral

variability, and the regions can be subdivided. In addition, more components can be
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waves after propagation froma specified source |location to a specified
recei ver NAFRBRIPIS AT P ARGH forB feranqar-gifape papnekydny §isien.e Forgampleihe relocity

i ncl udes - I t T j : n
it Bt e R R s b
norm as desaidnbedthalpawenctdnyouiddbBb-bopeneratzd Eeampiet hethdeshe bomidsitasransfer
conj ugat e. gradi ent, steepest decent, or Levenberg-Mrquardt, can be ed to
sol ve f orf}lgﬁ@nngﬁeﬂlalﬁaW%YFeWi‘F@n’ Pt thesPrREFISH dOISee Q?owvggqmwéera%ﬂé‘a%f SBnown
or _appr O%haiEdioR0Rl R pePloARfE e QorbAbACO UL FRATIN N Daldi8 1fHRGSHm,
expressi on. For exanple, the instrument response, or the input vibrator
wavel et ¢antrgsfarmoiryfgetdansfommssol uti on nay (dependi ng upon the nodel
expression) require the picking of an initial set of nodel paraneters, and
any as 2qoesflori i rifindllyatin oep A8, e disiedd paradetes i e ddged fioriv ade \wad des .

It may al so be he!ggful to wi ndow, flatten, saal e Tgr .normal i ze the dat a.
Fur t her mo1ear-SYrfagh SPYRRETIEAIOND AR SEHMPGPD fih B1ada fof tHR AR HHERITACCINAPEHES i t
bet ween tdyen datfe anch ML) vEBERAT ehid MadyNichiiBNSEARThE AMRidber! §f IB¥%sahro be
usef ul tg provid% mefgﬁts yoragﬁffe#enfggffset2§ Fdﬂhgxanplé? tht[alad'@ilrS

hi gher - f rassjpeing ite saohi lhyerlaethivksssis ngd erpreparemual eslthatshedrevdvenglocitgf flhen she and

th ff 25 maght b ighted d i hei tributi h
Sost fandoTB AT HBdlsERel RIAER I nbE dlBtPetion S lerthTREs rccout Be¥toan
be  ami t Gkl V& GPhéMsEALIOBroBERRE SR AohPRKANOMLORMAHEN (AS(:HOSHT. S THhown

in Fig. 6. [0049]1t may be that the optim zation in step 303 isS limted by
t he choi compRripay maeinoleatonymiting tha disfegmee tq spme ppv0Hr cxh@plycopvey PLef

fit bet n._.conput nd actual 3 Y r i s _eval wated .preferabl y. in
the o1 me Gnetheds o Bltanh Bt B SO RRET S AR, RS BLEL AR
subdi vi deatdifetérggTaBS tHeheabiatate Poathectar efcalpdites el obthidn besteLatcatSethdatds
the match to the data is not deened sufficient, then the process can be

r epeat ed OFCAABHMBABIN AigoRthasisr Rawschar anet eri zati on starting at step 301.
The goodness of fit may indicate lateral variability, and the regions can
be sulddi Wiegedld3 | n addition, nore conponents can be - 17 - WO

2010/ 019315PCT/ US2009/ 048007 i ncl uded, for exanple, nore nodes for the
surface- via0%2]. Fur tNext,sone, oftlor feetdésarfshe@asdne invankéorf oc dbicghed inomderdetail

effects such as bent r% or applitude.focysing, defocusing, transm ssion
Loses, arll SBLREIn G DWABRNG Db O o dit ol PR HE e elsa Rt 8F 419 or
previ ous ia@ilHuh ORSa6EBoRR 11 88mbOn &S dBinkfRl hirlioNak Wesrihbed. bhe s tvith a

optim zation step. 5[0050] Whien I n step 305, the optimzation is judged to
be good drage vofit pamed by fack fcoptdenadessiivenl by dperaland ébokaseiven sirdascoerdinates

obt ai ned,, th del r ters are n optim zed. by the present inventive
mot hotl arféabandar et Roaso L sEetibtie o dsfrningt o iy A\ aeS sas IS and
ot her neamdsthef @eel RRdtAIRL @I fegsh i Ndixcat Biknl Rhé trefR] IPreddien FOB thd ResiceP
307, the derived paraneters are put into a formfor near-surface property
i nver si orconfponcréXdmiey, 7t e Tves gt Yy 10 di spersion curves for each node
can be extracted and used for inversion. Alternatively, other functions of
the paraneters could al so be generated. Exanples include the conposite
transfer function, the plane wave solu g'_on, or the predicted noise-free
wavef orms thensel ves. Ot her nodifications include performnm ng
cross-correlations or transfornms such as wavelet transform f-k transform

orcp transforns.



15[ 0051] Finally, in step 308, the derived paraneters in the desired form

are used for near-surface characterization. An assunption is nade for the
initial rnearesumpaSe properties such as the shear wave Pelraszaog/048bhi s nmay
i ncl ude specifying a nunber of |ayers and assignhing to each |ayer a

t hi ckness and a property such as the shear wave velocity. Then the form of
the derived paraneters, i.e. the dispersion curves for each nodegware

eSS b L b R DR Sl e

difference to sone power, for exanple a power of 2 | east squares), between
t he output of step 307 and the values for the initial near-surface (7
paramnmeters. Then the near-surface paraneters are updated to obtain a better
mat ch. St %§gg 5 Step 303
[0052]hb;??q%%ﬁgﬂﬁ {%%P@gg?ﬁﬁi& o(ﬁkﬁgﬁﬁéﬂﬂgmﬂﬁ%nveﬁtlonlgge described in
nore detail for an exanple enbodi nent of the invention. First, a prgferred
paraneterization of the indi w% al surface-consistentyco onent gl%rzs (1%
transfer Huhbwrtens psT dekefived e 056/ BAVIG Mt f atDade: vl thsydour cé
surface coordinates given by (sx,,sy) and the receiver surface coordi nates
30 (rX, ty). The raypath between (sx,,sy) and (rx,ty) is determined to ()
travel across each region j and the travel distance in region j is der
Then, t helheorfesedegpexesssiions fisr for Beonhenes; dtals pesmilotederivsimilpr expressions fery,

t) is given by WO 20 0/0193 5PCT/ US200 8007 ( : y, 1l )&=

(aof frei r"?‘%} R{e“fs‘fﬁs(sﬁc . afcer][%m{“(e oS f;%pr BIREY ’3‘3 E%%“?Ih“e%c%?dr s PSR ng
hori zont aﬂon?ﬂﬁﬁﬁﬂﬁﬁlé d%féﬂmﬁﬁméﬁ o nhéw ,caﬂl be hfeaglr&@rbrbappr&@m)lt%d( ctiokf &aéy)

112 ev 12 f YR(T)C, rx, f
parameters are unknown and will be obtained by the model optimization of step 303.

10 Deterministic components:

[0053] (aoffset)’™’* — Amplitude Spreading Factor or divergence correction for a
surface wave traveling along a 2D surface (Berkholt, Applied Seismic Wave Theory, Elsevier

Science Publishers, p. 142 (1987)). The quantity aoffset is the absolute value of the total

source to receiver distance given by J( sx—rx)* +(sy—r)* .

15  [0054] S — Source Wavelet in frequency domain: This is an average or

characteristic wavelet for the entire survey. Methods to measure it are described below.

[0055] R(f) — Receiver Impulse Response in frequency domain: This can be
obtained from the manufacturer. It represents the average response of the sensors, but if

individual sensitivity curves have been measured, they can be used.

20 [0056] I(f) — Recording System Impulse Response in frequency domain. This can
be obtained from the manufacturer or measured by injecting a spike voltage into the input of

the recording system.
[0057] e'™’* — 90° phase rotation for horizontal component.

Unknown Components:

25  [0058] Cu(t,rx,ry) or Cu(f,rx,ry) -- Receiver Coupling for vertical or horizontal
sensor, respectively at receiver surface position (rx,ry). This term represents both the
variation in sensor sensitivity and the receiver coupling to the ground at location (rx,7y). The

receiver or geophone coupling can be described as a complex transfer function (Krohn,
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5(8) The

hydr opho

precedi ng expressions are for geophones; it is possible to derive
simlar expressions for other sensors such as accel eroneters or

rwe.20im1Eyaat i ons 7 and 8, sone conponents are ®€TAISRONQI0$80DT, |

. €.

t hey can be neasured or approxi mated. The ot her paraneters are unknomn and
wi |l be obtained by the nodel optimzation of step 303. 10 Determ nistic
conponentgeoh R8RAG0a0H Co8hling”, Wﬂ)ﬁsiég 29 Sperri M98HRC1tQan Also FhMEI I & ay

correction for a surface wave traveling along a 2D surface (Berkholt,

Appl i ed

Séfenganwld‘mmry a sppEevEeiveSeriontl dppdadiadserls thig implemeptegign )9 .

The quant.| t

di st ance

grven our ce

frequencymdnnanmedThls i s an average or characteristic wavel et for t he

entire s

urvey. Methods to neasure it are described below. [O0055]R(I) -

Recei ver [bossyl se Rgsponssy)idd A,LE@UHSNCYSARRIduplkig and Parkfor RiteiM6ede f, Tam
t he nanufacturer It represents t he "aver age response of the sensors, but

i ndi vi dualertsashgnd |h@r1tzcynt@lu1¢ene@r8hweeobeelm mehis usemi lmmetynfcbmmé meﬂetelzolt

[ 0056] -
obt ai ned
into the

Regar di
gl R R o er PG SHRBGIRE soily e BBt (e e
the paplitic bie€itibe 0 fHdi sogrcs eaé@ininth Q@&l?ﬂnod& OE phafedd @hafel tﬁdillgfhﬂ bf as

15 assu 8 tg %t 1n<§e (?en?%? %1 '_’étf bu? g?ﬁ: %eﬁcg&‘gﬁng rm%l%fr 1e§ f)’vu?erﬁoed Ver

i f

hori zontal conponent. Unknown Conponents: 25[0058]Cr(frx,ty) or frx,ty)
_- Recei V8rinicHaisnEnef 1lake-vayesitear ing Wb alaytred staisiys fornting pé\@wg}é g 'Hie

recei 1\6er

15

20

25

30

lﬁwr{n%c\‘?/ﬂpgé’l%&iv%ﬂl E)Bi)'agé/te difrBlefit tﬁ%ﬁﬂénc?eg,r G5E W SealRtHodd ill have a

different amplitude spectrum. Furthermore, the fundamental mode will start at zero
frequency, but there will be increasing cut-on frequencies for subsequent modes. (Aki and
Richards, Quantitative Seismology: Theory and Methods Volume I, W. H. Freeman and Co.,
259-318 (1980)). Differences for horizontal and vertical components give rise to different

polarization for the different modes.

[0060] s, ;( /) -- Complex slowness for Propagation Across Region j for Mode n.

The complex slowness is multiplied by the raypath distance x; across the cell j  In this
implementation, the slowness is made independent of azimuth or direction of propagation. If

there is sufficient anisotropy at the site, then an azimuth dependence could be implemented.

[0061] The exponential term in equations 7 and & is of the form of plane wave

propagation ¢”* where k is the complex wavenumber (Aki and Richards, op. cit., 173.). The

24

. 1 1 J
wavenumber £ can be written as k=—- where — :—+—2 0 and Q is the effective
1% 1% 1% %

attenuation quality factor. For each region j, a slowness terms, ;( /) is defined, which

includes a real part, the inverse of the phase velocity v,(f) for surface mode », and an

imaginary part related to the frequency dependent quality factor Q, :

imag(sn,j (f))z—1 . )

el (1)) 20,0/ 17, (f)

(f)

The complex slowness is thus a parameter for each propagation components for each region j

in Equation 7 and 8.

[0062] The current invention solves for the region-dependent earth filter. To fully

account for the carth filtering effects on the surface-wave waveform, both velocity and
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variation in sensor sensitivity and the receiver coupling to the ground at
| ocation (rx,cy). The receiver or geophone coupling can be described as a
conpl ex tweansfeemofiancti on (Krohn, WO 2010/ 019315PCT/ USPODAISD80@8007
"Geophone G ound Coupling", CGeophysics 49, 722-731(1984)). It can also
include an array effect, which could require a source-receiver azinuth

dependencgtenhdiioh maﬁdmaals QREPArhNY indludcd RLSHINBELT 6f REqUcREE PEREIRRM RS, for
nodes, but a receiver coupling termthat varies with node coul d be used.

5[ 0059] P, m¢reshansgie mopefthe phasg)and SeupliedoCfists arg canplc®and icanngh be wolyedbere n
for vert '183%?&%19?[1& hY rtllcgll rgﬁ fé oq{tﬁé ¢ &5958&181 v e%tenu%}lo% ?109 é:quﬁ%)cp n(EI‘algtlt

| unped para VA

coupl i ng @timhrdait tis (sﬁttgb’oylnstdaﬂ ah@othenﬁrbqwb@SytdB:@etﬁfmbd wdﬁ)tlpareldcﬁtyomldof
t he source energy into each node. Each node can be thought of as an

i nt er Per egauagion s fawdaa (se tit iy Eupdgthgp tihcn e lugyd ﬂléateﬁt%%cﬁomieée%m?nﬂﬁfg a

VV-avegui w Il selectively propagate different
frequencnggmnggﬁdg%&%%%ﬁ¥ﬁ§?%9mnII have a different anplltude spectrum
Further

the f start at .ze enc b re
w1l be TB08Uacr ng TR et e S AL LsBEND MESRI g Singae
Ri char ds,cafumald tiad inwlcSebaniaagy : stdh ety raB@lstl\/ehh@wbs 1iW@htur® duthodl discuss
Freeman and Co., 259-318 (1980)). Differences for horizontal and vertical

conponentRoliFms ands diffignldest fre Kapwings sl Bhase f the sawrea maveles f Rarasilarho ders
[ 0060],s (Vnﬁrla%ory SikShQUNag deQ Fv’5e° gakd Qé*srﬁ@ O@nﬁuﬁ&g* %)p})c 0l Wgde
ex st ance X

n. The co omnéLs I'S nu1t|p e raypat Cross’ the
cell j 1 nl9l()|cﬂ(H 41991)emadt®1bs@nand herrst, ov]n98$s ‘iPsedietde dacdeydimitenandtheazdrorut h

or direction of i 0 re js sufficiengt anisotro the site,
then an &b@wwrgﬁ‘eoféa? S8 A9 |38513§7-<ﬁ%§4éhelﬁ?0éase 9 f@%mrwg@%ﬁ%lﬁ?ﬁ A
termin %QH&E' @R lYasar&ﬁ! nl%ehsmé’lfud&h?n fg%&dﬂdqfollpbé}@ﬁt;)“@éftﬁn&foﬂp@%khﬁnarﬁf tphere

k is the conplex wavenu chards, cit
wav enunberankfec imchen mpprbacélr(Eqs 1 khas n@7bden uabrbfoz giound—rﬂzll mltlg@qns Hohexample,

! ouris e Sp et EErpuyty T RIS O FHRr HSphaEas isant ihila if s il sopiony

t he phasqby@bggbuykMHygeMQr surface mode n, and an 25i nagi nary part rel ated
to the frequency dependent quality factor Q':

[0064] These difficulties may be handled in the present invention by methods to
approximate a source wavelet, and by the source coupling and partition term described above.
The source coupling term corrects for the inadequacies in the approximation of the source
20  wavelet. Trantham (“Controlled-phase acquisition and processing,” Soc. Explor. Geophy.
Expanded Abstracts 13, 890 (1994)) showed that the acquisition wavelet can be controlled.
Furthermore, Krohn (PCT Patent Application Publication No. W(02004/095073) teaches a
method to process vibrator data by deconvolving by a vibrator signature based on
measurement on the vibrators and shaping the data to a desired impulse response or a
25  wavelet. The vibrator processing wavelet constructed by the method of Krohn is a preferred
wavelet to use in this invention for vibroseis data. Alternately, the autocorrelation of the
sweep can be used. For data generated with an air gun array, the far-field signature of the air
gun can be used. The far-field signature can be measured or it can be modeled from the
responses of the individual air guns. Finally, for dynamite data or other data without a source
30  signature, a source wavelet can be constructed using near-offset traces by computing the
cross-power spectrum or auto-power spectrum for a time window around the first breaks.
The square root of the power spectrum is used as the amplitude of the wavelet. The phase

spectrum equivalent to minimum phase for that amplitude spectrum can be computed by
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\ 11 f - v " fimag2Qf)v(f) (9) The conplex slowness is thus a paraneter
for each propagati on conponents for each region./ in Equation 7 and 8.

[ 0062] Thewounroamp3disnvent i on sol ves for the regi on-depen@emiusee@oomsodi | ter.
To fully 30account for the earth filtering effects on the surface-wave
waveform both velocity and WO 2010/ 019315PCT/ US2009/ 048007 attenuati on

par anet ergandhRl RE@LES alnk hasdder) Gaid the!PEhdcOFy BEmputBFUAR AYilbehlUdRESHDT €,
for nore than one node, the phase and anplitude effects arc coupl ed and

cannot bengbodelthe dogariffue peihgeravelet ampliade pregirumr of il e of the earth
velocity or attenuation is not required nor is it estimated at this stage.
| nst ead, [0065] t he fTlequbencuniependempenofts biet feprestsed by fartions ofifiteguerayi on
is found..Once it .i.s found, then it.can,pe used in ste 8 term.ne
the vel odt oty O5fRsh DU BIEF FIHETirb B SPanEouBry PReril: dhiF SR RIESN he
sour ce Way eh&hroahfioll.n Skftdahé @Rsund-rottis Band’1i@ted 8nd 8 TRKBerlchethdOERuency
optim zation Step nore robust. In the literature, authors diScuss problens

and di f f irtenga thetsngeds knbswargradhie splalistor skample fausde 2adial One waarte iselyk o1 y

o1 gnat ur ot WS et ehg S B3Iy pr L Bl ARATERS N s TPk enty i
" Predi ctigne fete@emyodtut g &nchid BRbaERRnPHRGE is@utice, the GrIMEBYHipagandfers for

379-397 (1884)) Because of these perceived difficulties, a source term has
not been %afle figdesdcy aregihe soCe piTtitior pEplitude aad Pheci B TpTeHTr sfdp irpnMiude

transfer 1.0 r . Ot S - - -
mti glz(i)t i oa%.%irb%ére’ gl}ég@r#%pg?&i in t%ltl tF}ﬁd:)lr e%t‘ %agg?%[%l?g{é bgérnﬁg{lﬁlgtp %aa{pgw&ca%ésr S,
a sour ce thar thei solntdn ifoc|andetrequenthemby riet vegl diffewentf fromatiphaset frelamicyy

field. [0064] These difficulties y be handl.ed in the present invention by
met hods t%"ﬁ%ﬁ‘%‘g’ﬁtﬁﬁi g OB iedangavisndee alaalatugv FR&MaLy e BEBTRII APREPagh &
partitiongt & ARSHe! HStthBRAKE stchb&oS BHAE G CRMRIohBGs LEE M GRIOLEL itndiBh e

i nadequaci es i n the approximation of the sourc
frequency. One way to do this is to solve not for the individual frequency values but for the

15  coefficients of a polynomial or spline curve that represents the components (see the
previously cited Ernst et al. articles). In this case, the inversion is performed simultaneously
over a range of frequencies. Another way to reduce the number of unknowns is to link

velocity and attenuation parameters by using a causality constraint.

[0066] A preferred way to perform step 303 is now described and detailed in Fig. 7.
20 In this implementation, the inputs to the solution step 303 are the seismic traces with source
and receiver locations and the path lengths across each region for each trace. In addition, as
part of step 303, measurements or approximations of the recording system, the sensor, and
the source impulse responses (wavelet) are obtained. The method may be used for only
vertical traces, for only horizontal traces, or for both together. An expression may also be

25  derived for pressure sensors or accelerometers, as well.

[0067] In step 401 of Fig. 7, the surface-waves are isolated by a time window. The
purpose is to limit the interference from other events such as reflections or first arrivals. Also
the offset range or the traces to be used can be limited. The longer offsets may be missing
high frequencies and tests may reveal that they are less useful. Also, the small offsets may be
30 not useful because they are in the near field of the source. Other methods of isolating or
enhancing the surface-waves can be used such as filtering, cross-correlating with a reference

trace, interferometric operations of cross-correlating and stacking, etc.
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20 wavel et. Trant ham (" Control | ed- phase acqui sition and processing," Soc.
Expl or. CGeophy. Expanded Abstracts 13, 890 (1994)) showed that the

acqui si tivwo 20enabas can be controll ed. Furthernore, KrolRraoT(USQNIMatoeNt
Application Publication No. W?2004/095073) teaches a nmethod to process

vi brator data by deconvol ving by a vibrator signature based on neasurenent

on the vip bﬁ@é_}ors and skappio thBeddat ad @ sUpslidde dnpaBall B&HonSEPARS Folfierd
25 wavel et he vi brator processing wavel et constructed by the nethod of

Krohn i s teanpfosmeq inéel theeveguencyt dompd Aﬁeltnﬁtl‘sely rthed@ta ofn botetiip Bhosmpe dogatna.

Al ternately, utocorrel ati can, se For, _dat a

gener at ed’ tratnﬁpegea lPtro Sgolﬂl[he ar 6%80“1? e far }?fgl%lﬁ? d-’si gna lﬁreag?lefﬁomggf G&B?]r can
be used. ch@lﬂ,@rrrédoalddnﬁhgnature can be neasured or it can be nodeled from
the responses of the individual air guns. Finally, for dynamte data or

ot her sdatjgogd)t hout 18 SQUIER thSHatd itAOE! Hf Be FoqOCRMBY B (Blars ANiB&I by the
constructed using near - of f Set traces by conp ut| ng Ehe Cr oSs- power spectrum

or aut o- pleigemingeaceeropancals @aafised W?ﬁﬂzld%ﬁ at?l@bﬁéﬂ efie 4tid storadrasaRRe). Ties is

square rog SPeG! d..as he a |tu e of  the t.
The. phase gl IR BRF b PRREd AT RERY uRSe PR U b BRRh e BBt L
can be comgWHEd abycoMpuéil0/ 019315PCT/ U82009/ 048007 standard net hods. One
nmethod is to obtain the phase by conputing the Hubert transform nethod of
the | ogarppprup of t NGoWRYBARIns FTHRLISWH B SRARNWAM tht RAERE PRRNRRIY Rribikaown
corrponents are represented as functions of frequency. The val ues of these
conponents are estimated for each frequency over the alzlgmtthe{d}‘requenm es 5
in the ground-roll e the ground-roll t@dzandl ow
frequéncy, the freqd‘grpgsxr%(r@égtiﬁmcdﬁééﬁ'gy i‘ﬁe(nfd 6d is small, for0
exanple from3 to 25 Hz. One way to solve for the unknown corrponents isto
sol ve for the individual frequency val ues independently, i.e., one
frequency™ dt a tine. In this embodi ment of the inventi on, the individual
parameters for each frequency are the source partition argpl i tude and phase,
the receiver coupling anplitude 10 and phase, and the.phgse s] owness real
and i magi nary partsMAfpsmeremyWi)HC ¥ hirs, rﬁpErfoe(qhsx s )that 't he sol uti ¢hl)f or
one frequency nay be very different fromthe next frequency, particularly
at the edges of the band when the anplitudes are small. A preferred

appr oach [D871]lo condunrs&iprddhe iohtlpful zafurter strelpsonsthe tdh@atanti ke poampoteentls isar e
a snooth fu i of . frequency.. One do this is t ol ve not .for the
ndt vi dudiCR i ity AH g fsingl a}fl'arfﬁog the avegirrrarined SIS BI GBI  or
SPIT S CUCKE Nand BRR PERLARING ROTRAENL Sk 8o R B RN AUALYEL LAE i !
et al. articles In this ca r5|on|s per forne swruténeou
over a r afhgensss pﬁfaﬁﬁptmmereesdjum@tabpbpmylyt oFueithumerd heis rhgipbelr tooﬁseuahktamms

is to link veI0|tyadattenuat|o arapeters by usi a causality
const r ai riits [Oéd§61}% aﬁa de é?%leahwpffeﬁ ay @btf%gﬂ ¢ HBFoRaL B FBE and

detail ed y,0. Einﬁilar%ume%gall \rﬁlﬁe@' e. 1%@%8& 3k Olr(‘)’ sb gt 'tﬁboﬁ%ﬁelt tlhﬁfatﬁ)‘ﬂls‘tgﬂ On

step 303 are the seismc traces wth rce and receiver tions and't

pat h | engihdetarupdsteeadhonee ddtber Ways ofalata regdaezatibn negdictadomtagesupart of
step 303, neasurenents or approximations of the recording system the
sensan, do072lhe souwwaen thepulssancrsdio ﬂsaemOdepahﬁia)tloarse:pabﬂiabﬁed/heff higererét hod
may be used for only vertical traces, for qnl orizontal traces, or for
bot h togé{l@fértﬁamﬁn%ffmd@s%|1%)ﬁ0wgg¢aa| & @@S@z%@@i’%@&hﬂwé r°é’§1§HF3é1°§elﬁ§)8‘f>sa or

accel er orpg,tnﬁ{lga,r o m‘{ﬁhbn 9(?1%&1 LShsBLER &Qi%n%fnﬁ: fefins { teeﬁ LAGHHYBRKESF ar ¢

i sol at ed a t| W ndow. e purpose I1st erence from
ot her evq:ma'macns hiS@p 4|06) | Bas usefsl orcohstran thar souve zmd rébeﬂmeﬂdmephﬂg srephuudﬂge
or the trai)es t

elo r of fsets y si ng

1 g T r odbandIRa 8 HTRESY cAhgy SHSFBAN ForkdUiaye) T bPRsdon SERT Al X he
smal |50f fi2@Ial MBYorRRlize the cost function at cach frequency by dividing it by the average rms
amplitude of the data traces. Furthermore, as discussed above it may be preferable to apply
damping or to re-parameterize the components as splines so that the components are

smoothly varying with frequency. Weights for the different offsets or trace amplitude

normalization may also be useful. It may be preferable to make the longer offsets more
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30 not useful because they arc in the near field of the source. O her

nmet hods of isolating or enhancing the surface-waves can be used such as
filteringvoconusE9zidrrel ating with a reference trace, I nPETfUSR@IBYINT
operations of cross-correlating and stacking, etc. WO

2010/ 019315PCT/ US2009/ 048007 [0068] In step 402, the data and the supplied

i npul se rigSBRAASESy, A6L ckaHple CHividiAN $AOESRIudioRs wech& lsGGHEN6Yt SOPELR. The
Al ternatively, tHe data can be left in the tinme domain or transferred into

sone ot hdnghtsoadai. mpdes ascamore, dOﬁknamm honggaoéfsets, donmimndecdtpordeabrediset or
radon doma' ght dlg[b u?og% Bec[iﬁ’lt eI‘i)t %rhg tﬁges oaftt%e Erag 1% t*a? s&r@?y ;ﬂgﬁ?%ngﬁm n

DO are d| Vi ermnis onent’s

(1) 1(f) thabekt Rﬁdchoﬁs%arﬁﬂ%jn(&hﬁh@di @éing:)t’h)é)traca-lam‘f)huﬁieﬁﬂi mak@hll trhds doufridase i S
to avoid rrultiplli)dng by these ternms _each tine the nodel traces Eq. 7 and
Eq. 8 3ar enei§rasiytldto fhoospdytiaw Hiubitiad yalues Astep §0@hernple Gt justngnmegsuremangs

K nown parr@{ﬁ%gc&rtfl-e H@@g@g ﬂ%[a,n?lyélg ;or %ﬁfé{ ﬁ%agﬁerﬁér/n)‘EéI'Ar 19§or§11at1%§1 hff’thé yﬁt rmlgat;l,on

P""sx" syl SX, S
)e [0071]skap isbeipgmateﬁlthbstﬂeqir@fiMS\tama‘suamheumdondl tion the data and the
paranmeters. It is useful to flatten the data using a single value of the

average qooz8]d-r ol ITiel SHMEiSSicOstes 40MVedsee day Gle@@inty at hémelat @nargeoup of
rrultlplled by the phase terme'21"ffiel to flatten the data, and all
sl owness fprvgiitsests Bime RpUse @@Pﬂa%rqump&p@myng siep 19 rav Aescribed belpwt phiul

to usg d'tﬁ anf éé@h Fou! the QAT Aol r IERL Bk V812 TR kil ébg? ngtflont) rllsee\%ﬂa@edso
e un 0] ave siIm r

that all taneters nuneri cal ues,
range of t&-d]:@:;rmm \t/hahertdrenmhk&h haptb'eem' zabhvmngesicepo aasnhb@ht(Stepumat éf eatch

one. O he ways of dat a regul ar [ dvant ageous. 20[0 g72 When
there is Bffe TRYdE USHBaDE eplclé%ftf o Shsc s Seing. RPHEANG St Horetsed
more than,apgnMd®ckt obRidd@MHRERE oﬁt]%'nfzgf?é@ isf @He! foRimott R qRHS! groups g ,
optl m zati on know, a nonli near optl ation my need COI’]St ral r 1 ng
terns (St499).405) and an initial set of paraneters (Step 406). I t is useful
to constrain the source and receiver coupling anplitudes to be positive
nunberss. Spe07:t Onkempe sblationst function frombeing too small initially, it
is

[0074] When there is only one mode of ground roll, a determination that the skilled

practitioner will be able to make from the seismic data, then the optimization problem is

linear with respect to the parameters, and the amplitude and phase components can be

separated and solved for independently. Even when there is more than one mode, it may be

20  useful to try the one-mode solution to help set the initial parameters, particularly at the low-
frequencies before the cut-on frequency of the higher order modes. When there is only one

mode, then Equation 8 becomes

raypath

- =it Y s (f )%
M(f sx,sy.mx,00,T)=Cy( f.rx,ry )P ([ .sx,sy)e : (12)

A similar expression can be generated for the other components, i.e. transfer functions.
25  Because there is no sum over the modes, the amplitude and phase components can be
separated and solved for independently. Using A for amplitude and taking the logarithm of

the amplitudes and @ for phase and unwrapping the phase, one gets the following:

log A(M ( f5,59.7,79,T )= log A(C, ( f.rx,7v))+log A(P,( [ .sx, sy)){zfyf’”yif”’h imag(s, (f))ij
(13)

-4 -



25 hel pful to normalize the cost function at each frequency by dividing it
by the average /ins anplitude of the data traces. Furthernore, as discussed
above it wayotwaipsief erabl e to apply danpi ng or to re-paPaFaiSesnesvhe
conmponents as splines so that the conponents are snoothly varying with
frequency. Weights for the different offsets or trace anplitude

normal i zatjon may al so be useful. It nmay be preferabl.g.t o make the | onger
of fsets @t%;(fm,mw 35T USRODOPOASHOT. s WpoRHant itg’yl,(sjf(dr))xeaanﬁl ,
di vidi ng the cost-functions by the square root of ‘of fset. The hi gher-order
nodes arc_nore dom nant on |onger offsets, so a node-dependent offset

wei ght i nglhesgsdene fardks ynplitufle anbphasplarmadeeonass: t he traces in the survey
are highly variable, the cost functions can be normalized using the trace

anpl i tudes to make:aj | t(a es contr'but? S more equal ¥ to the solution.
The initial valuesjf) BA0BY. wamn. b -é@aA@éKﬁgn@eagwﬂQ At made on (h¥

data using f-k anal®ysis or other neasurenents or information. |If the
optim zation step is being repeated, then the previous values can be used.

[0073] The optim zati ogsstep 407 is done one frequen y at atime or o
group of frequencies SI@%DKfﬁéﬁ”@W@ Fﬂﬁ@’@é?ﬁ%d§‘b?ﬂiﬁﬁﬁ%nenting stegﬁ@07
are described below. At 10 the end of each group, the size of the tota

resi due (the value of the cost functign iis eval uated to determ ne whether

)
or not t heIFeSHEOHERN ba CObHRRS Yuh 8108 1EBPUITBRIINSE, e 38)MaTE 1A% SIPRen
new val Ucsn(R¥icDGaiefk Aliofl, & lifglial AGL desfitbdsifin, WP AORgId! fnd | T

a good sol ution has been obtalned, then the optimzation Is done for nore
f r equencynegleotips tHeStee@ vaO@uplifS tStrsp the@ Aine@n ecgnesdionswh Uiei wned t GOIR4] foh dre
there is only one de of ground roll, a determ nation that the skilled
b act ¢ 1 et RSP B S AR Pt Al TS gobat a. then the

optim zatjion problemis linear wiwth respect to the paraneters, and the
anpl i t uded&ht! pnXei-JeMsobHt%8Scan be separated and sol ved for

independent%ﬁ. Even when there is nore than one node, it may be 20 usefu
to triy tHA0BNe- modeVsen therdis merchibp ogetmadsethpmitha eptipizatigrestep ¢ non-linear.

A O PN SOHRIE SRl Rkl SRl
-1 2i | sJIf )asidhe a pysticylar yumbdr) ofFmoddsf (two lox maty) d(dse b fulbyos} ntHPpn Aagidron ar

expressi on cap be generated for the other comonents, 1.e transter .

multimode vector T (f). Since the problem is non-linear, a non-linear optimization code such

15  as Levenberg Marquardt, steepest decent or a Newton method, is required. The Levenberg-

Marquardt method may be preferred; it is fast and stable. It is particularly helpful to supply

analytical forms of the derivatives of the cost function or the Jacobian. These methods are

iterative. They require an initial model, and the solution iteratively updates the model to

improve the match with the data. All of these iterations are within the step 303 in the flow

20  chart of Fig. 6. It may be useful to start with a small number of modes, solve the solution for

the smaller number of modes, then to branch (306) back to the beginning, use the parameters

previously determined and add new parameters for the higher-order modes for the next

solution of step 303. The whole process can be repeated as many times as needed to obtain a

best match to all modes of the surface wave.
25  Examples

[0076] A couple of examples of the estimation of velocity dispersion and attenuation
curves are shown here. These are examples for computer simulated data using a full 3D

viscoelastic wave-equation solution for flat layers. The simulation was performed with a 20-
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25 Because there is no sumover the nodes, the anplitude and phase
conponents can be separated and solved for independently. Using A for

anpl i t udewandiveakiing the | ogarithm of the anplitudes an@&CfiUys2doon4gphase and
unwr appi ng the phase, one gets the follow ng: raYPat |og 414"sx"cy, TX,

ry, Tlog .4( c(f ,))+ log A( Pr(f "vic"cy ))+mag(si (f))yj (13) WO

2010/ 0193]pREcke MM HARA0 Bet AP Mdmb&@li{ obflatllayers, ker® idhlo laferdl vRRSLGO R

termfor the anplitude and phase terns becones: traces2 4(pi("sx,,sy, rx,
ry)))- | oglAgMs( #o thosx is enly ony yagienwvhicl) rgjuires oplyaemsssaurged Alsos thergyarexno

,))- (1) (VLLE "sx" rx, ty, 111 = mn(16),,5Th luti.on _can b bt ai ned_usi ng
<1 andar o (PR P Bl yins JB Pladbangde PRI LRURR SR B BRRTa
propagation terms for each mode. This means that two components (also called transfer
5  functions or filters) will be used in these examples, both of them complex quantities. In the
case of lateral heterogeneity, however, the preferred method would be to use multiple

Sourcces.

[0077] The first example is a single 5-m thin layer over a half space. There is only
one surface-wave mode, which is dispersive, as shown in Fig. 8 for four source-to-receiver
10  distances (offsets) ranging from 500 m (81) to 2,000 m (82) in 500 m increments. These
represent a few traces from the seismic data input for step 301. The outputs of the model
optimization step 303 are shown in Figs. 9A-D. These include the source partition (i.c. the
part of the source energy that goes into surface waves rather than the body waves that provide
seismic reflections) amplitude (9A) and phase (9B) and the real (9C) and imaginary (9D)
15  parts of the slowness. Each of these parameters is a function of frequency. It may be noted
also that the source partition parameter is not the 20-Hz Ricker wavelet, but is the correction
for partition into the ground-roll mode. Predicted ground-roll waveforms are computed using
the optimized parameters from step 303, and are shown in Fig. 10. They may be compared to

the input data of Fig. 8. They are a perfect match to the surface-wave part of the data.

20 [0078] The second example is a simulation from a complex near-surface with a large
velocity gradient composed of 20 layers. The waveforms (Fig. 11A) show complicated
interference of multiple modes and the f~k spectra resulting from a 2D Fourier transform of
the data (Fig. 11B) indicate the presence of up to 6 modes with their own velocity dispersion
and amplitude behavior. The slowest mode or fundamental mode 801 starts at 0 Hz, but

25 subsequent modes have increasing cut-on frequencies. The cut-on frequency for the 3" mode
is marked as 802. The velocities and amplitudes were picked on the f~k spectra and were
used as initial models. The linear method was used for the first mode, and then subsequent

solutions were performed with the nonlinear method adding two modes at a time.

[0079] Fig. 12 shows the original data traces for five offsets ranging from 100 m (top)
30 to 500 m (bottom) in equal 100 m increments, and Fig. 13 shows the predicted waveforms for
the five traces. They are an excellent match. The waveforms illustrate the complexity of the
waveforms and the interference of multiple modes. The model expression with six modes is

able to reproduce the full complexity of the waveforms. It takes a multiple mode solution to
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conj ugat e gradi ent nethods, or singular value deconposition. Wth only one
regi on and neglecting the receiver coupling terns, then |inear regression
can be uswo2w/mEedge for the anplitude and phase par aneeraisedoonsdosour ce
and the one region. Step 407: Multi- node solutions 10[0075] When there is
nore than one node then the optim zation step is non-linear. The anplitude
and phasect@aithy RpfesGRUR favabine ANPRes PEA FeRRFAH8 GombRratié SFIEADE incARGNTRY
assune a particular nunber of nodes (two or nore) and use the full cost
functi on Wasedtven thike foeaindasiy Mmadsgiih seypwang predictednwavgiaramsgiKignl 48y shows
Equation O, J0€908h,4 Fid© 138Y ShdQ ol &ido! dr, 4 GdeRdiSe ‘ﬁ?ﬁgornef ((ffgia()i wo'Ce
the problemi’s non- fne ,a noR-11 Hear optimzation code"s ch S
Levenber q 148y, quat d14D s fagnesE) Secert(14F) modNswWIacludg vty ohSmbae tatetds thihe
Levenber gMar quardt net hod may be preferred; it is fast and stable. It is
parti ul drack. Shevgmart qféheswwfwangwtmms At eodomatcheandesiy (ades matchiehe
cost fungtipn he: J | T 0 Lites atid . iJ.e an
i ol redar Pl Pl PE SRR e WRAR JFRich 3 A Bl Eioh B e

t he mat chmeddshof heodad-mll. M Tbésct beses | daar dti opsat ane wicph308t foe stepudd i n
the flow .20 chart of Fig. 6. It may be useful to start with a small nunber
of modes, haBFFEZUE- sol ution for the smaller number of rodes, then to
branch (306) back to the beginnLn%, use the paraneters previously

det er mi nd808Hd add Hefopgeurepelisitioprs dhected SHlyeambpdiraents of thepsessil t
sol utj,on : : 0S8 C S Yer. b S
mecded 1 oepia RoE puiate S0P RIRIETR (R BphERE B FL A% TRRNIHET 185,
[0076] A coHae nahy exalifiidation0dnd Veeiadsid toethe ombadimeetsalesdribedihsar sic posslrid.
attenuati on curves_ are sho here. These arc exanpl.es for conpuyter

i mul at ech HAHE FOGHECHORY ARG 36514 GF daieasdyisy be @vqfffén {16nS<OBF (Y 1B PFBENE | a
| ayers.  TRErHbIuLANAn WA BRhALEiN (h a 20- WO ,
2010/ 019315PCT/ US2009/ 048007 Hz Ri cker source wavel et. Because the nodel is
of flat layers, there is no lateral variation in soil types, so there is
only one region, which requires only one source. Al so, there arc no

recei ver coupling variations. In this case, the paraneterization reduces to
t he source and propagation terns for each node. This nmeans that two
conponents (also called transfer 5 functions or filters) will be used in

t hese exanples, both of them conplex quantities. In the case of lateral

het erogeneity, however, the preferred nethod would be to use nmultiple
sources. [0077] The first exanple is a single 5-mthin | ayer over a half
space. There is only one surface-wave node, which is dispersive, as shown
in Fig. 8 for four source-to-receiver 10 distances (offsets) ranging from
500 m(81) to 2,000 m(82) in 500 mincrenents. These represent a few
traces fromthe seismc data input for step 301. The outputs of the nodel
optim zation step 303 are shown in Figs. 9A-D. These include the source
partition (i.e. the part of the source energy that goes into surface waves
rather than the body waves that provide seismc reflections) anplitude (9A)
and phase (9B) and the real (9C) and inmaginary (9D)
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15 parts of the slowness. Each of these paraneters is a function of
frequency. It may be noted al so that the source partition paraneter
is not the 20-Hz Ricker wavelet, but is the correction for partition
into the ground-roll node. Predicted ground-roll wavefornms are
conput ed using the optim zed paranet arlsaAfmM®m step 303, and are shown
in Fig. 10. They may be conpared to the input data of Fig. 8. They

arc a perfect Aredeeiddt for &ﬂﬂﬁsi_&ﬂﬁﬂh?%%’rsﬂﬁdlﬁat@&fdce@f:oﬁ&@oﬁﬁg’ito 20[c04 0k Kaerce
second exanple is a simulation froma conplex near-surface with a

| ar ge velPSEHEY avg aalveHily O6 FisSYEHPOTIPE in dypeisgic ey RiAefubsyBace Fegjon into a

11A) sho 0, I I rfereng ' : b .
spoctra Hegarrees Yl MBAGOSEORE RiaWate BrbheBRE ARML F, bty ppygica
i ndi cat e pidpertproé genaehakrivgblé hetefrond Reludidgshefehsdudig) samié hethiddycomprising:
di spersion and anplitude behavior. The sl owest node or fundanental

nmode 801 staris at dovitag abighr-sui2facs phs efithe Rtibdellesrcamanionsie @agiongcells;
cut-on frequencies. The cut-on frequency for the 3th node is nmarked

as 802. The vegbpci simagdtaasshsamdlihg fsleg VBt evPingles @f QlirfidecconkibtebPesihfchents
and were used as initial nodels. The |inear nmethod was used for the

first nmo@ theasresrpindrices ydatia stsusBretomsmienhspapprant sharaegenigos Hilteniag effects
i et i : i Fi.g.
or i nai it otifoRalia of ¥RcBRUER AL falt Hoddl SESLIGH o Rl ), or

500 m ( bdut amgeherasoual sid@kcenwhne eenrentas 2 sencteHogatioh3(astvave fihe) or due to

predicted waveforns for the five traces, They are.an excellent natch. |
The wavefSiChENS PY9¥FGoH % CeRESY S FRse ey lasrugrh@ TGRSR SHIGE) aM pergin & “Type

interfer %@%&fﬁe—d&ﬁbt&ﬁﬂ%@nﬂ&@ﬁ%ﬁs ohB®f @%?rg@%&ﬁ&%%ﬁt@ﬁ?dﬁ&@ sﬁif%‘ce{ﬁg 5 mode,

is able to reproduce the full conple e waveforns. | S a
mul ti pl e endddated ot alt cdls drossed\by 20¢ Of GEIBEERCTALIS2 () 48R teacavaluated| ay all
represent the Wa¥.eforms Fi gur.es MA- F s@. w the.conﬁ?rati e.e fecﬁ of .

i ncl usi ofHFS SABIORHET e SHMIF JTACoH MY Gtk a FEeRIET; Iito gty at all receiver
predi ct edhaByRS PF - selshflc trddd: Slaows one data trace and Figs. 14B-F
show predictions of that data trace using one (14B), tw (MC), three

(14D), four (M) anfloint drkAmsrRde e ditalebiitankimAsRnEDHR FRILAER 1o

the 5 back, slower part of the waveform Four nodes are a good na
and six ©ougsterhpt admereal inmetsion FpeatsuyiaceeaythiBoddl oafishedrevast yelncityfor other

ar ound- 1 8V HCehiEERY Y B RE RHIE G Tont & o« b o8 o osionur f ace

h terization. 080] The.f ' | i cat| i s di ted.t
el e T A e
illustr afcbﬂ@spbhdin%_tsel\_ﬂnﬁd sfcARRPIRBver REXRMB! eorﬁ%tﬁi@&h@ kdyipb@ddibtandeh®ross
art, that many nodifications and variations to the enbodinents

descri bedatiebu¢mcring qsskem| e saprcesloesiionoidi thieceetivers logaftony anid avherpig the

o, Ut o s e SRl EFRERE i TR, o, vl

sei sm ¢ dainpatisoacrteentd espguitongof datatrabe® Frdm GiReseHRUE C@vEPShd hidtheaRehve
a plurality_ of receiver positions in a seismc survey of a subsurface

regi on i REGIGI0RS Fompyiada HENE AP HNSMH @8 | Itesativela dpfated tempopge along with the
pr opagat i°9ﬁﬁﬂl%h?@3%ﬁ£§tﬁﬁ"%ger physi cal property of the earth
there '

derivabl e m 1 ncluding shear nodul us, said nethod conprising:

En‘;‘g edi:‘e’: ﬁi.s_”g FhREAEMBH JrRGEmP A truRert An BTN IRE S SBb Ty DY At 90Kt Vhce,
wl{erein the cell division in (a) is changed to improve consistency between predicted and

survey data waveforms.

4, The method of claim 1, wherein the components for each trace consist of a source
component, a receiver component, and a component for each cell crossed in the raypath from

the source to the receiver.,
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(b) sinultaneous solving for at |east two types of surface-consistent
conponents of the seismc traces, wherein a surface-consistent

conponent characterizes filtering effects either of propagation of a
seism c surface wave node across a cell (a propagation filter), or

due to gener atTienmethos Wi dgien Wavithese g Yeadl tvio IMhEEmodeRbicOMett®ied in the
source filter) or due to receiving of source wave energy at a i
recei ver SEEE4E idae. @adrige eynlage-Eonstsiany  cog@neite ringlade parapsiers dpr multi-mode
surface- a5, SONPARE is one of (i) a propagation filter for one
surface &g@%%%%gé, evapﬁg%gﬁ'at all cells crossed by any of the

selsmc tg acesﬁthﬁ(ﬂqét}m@o§ glldp'ﬁ% Uh%%e%{ t e&{&lnléﬁﬁl%gesa reqhénftﬁ’%? M the data after
| ocati ons™ for e Sseism¢c trates, or1f||| a receiver Firter,

eval uat edhatiatahte traasimed intea ditclj gy idomalnh@ aSfed@BhE/-Wiedaiibepddnain.

(c) choosing one or nore of the surface-consistent conponents, and

usi ng them t o TMemwethed BYclaiviTewigatinithy g Bic@RodsiNaacompbhatearealsb A function
nodel of shear wave velocity or other physical property of the earth
deri vabl ©feramEh poproragation diestiodn of (x,y,z) location. 2. The nethod
of claim1, further conprising for some or all of the traces and

cor r espondi ng 6 $witkods afr eirand. rebaripethq suEprorsiskapeAmpRRctse include

raypat h 'ﬁﬁ?ﬂ ter i cell fromthe source
Iocationq%o _ %gP%§%#%§F%%gggkﬂgﬁfﬁgﬁgﬁ§ﬁérein the solution for

sur f ace- gpnsi qu%n&egaegpoqﬂagﬁﬁ 19 R:Eﬂeﬁ%iﬁ etge SRR ACAHIORSS 'sbéerﬁ)rﬁlleg 94h%c) by
conparison or iterated conparidons of data traces From thEs&"shi e
survey anmmginghizingce-ooel Cunptiediictdloing ot ederusidrigunss urmees @f the difference
iterativelgﬁupdated conponents al ong with the conputed raypath

di st ancedetwesn arpadshexprsgsion. whigh g Dfunctien pbsaid swgeoRgskRiROMnongnts, and
st eps (a%hégﬁvfﬁdéﬁaSt once, wherein the cell divisionin (a) is
changed to inprove consistency between predicted and survey data

wavef or s, 4'Th}hﬁetﬂ@c{ B'Pgai&)r{ 1 %ﬁér@fhja’ méé‘&? rogﬁﬂiztaggn %%%ﬁl%fﬁtu%e& ﬁ{so%ﬂﬁé‘ for
trace consist of a source conponent, a receiver conponent, and a
conponentsafdonrfees tomsatdnt compaeats, whtieen thaymaichisfa moidl d aseavetent for titer a
receiver., 5. TQfggFthgd g; clglq11, wherein at |east two distinct
modes  ar SMESHOPT 1Rde prfos BudtRle ™@d8%a, and the surface- consi stent
conmponent s include paraneters for_ nu]ti-node,_ propagation of,

sur f ace- wves ThegmethRg Snekbn bf WReTEInnSoYInghioF ekl péacqicopsisient reypRaents

are identjfd f t t a T . i
frequenc;hvéﬁﬁiﬁ&@g]gggrgguﬁggifﬁgggﬂﬁﬁggé g%ﬁéﬁ%i%ﬂggQQ%ggﬁé?hggﬁgTand
cl ai m 1, regedargdation.he surface-consi stent conponents are also a

function of azimuth or propagation direction. 8. The nethod of claim
1, whereild. t h&dsunfetioed- odndiist eht whormgroneht®niptstu deingasadetefgefconsistent
vel ocity dispersion or attenuation. 9. _The_nethod.of claiml1, .

wher oi n tCRETPRTFRE il & SWTes Yare e I T CPmPRSOpyo fpweshpading regorded
cost funghism: d4ayol ving the sumover a group of traces of the

di fference between a nodel expression, which is a function of said

sur f ace- g@nsi %h%%eﬁem%gam 2, Wfedilens li!fix)’e‘i"é{oxgﬁ]g]c) islg-noghﬁem%}a zation

of claiml, wherein a nodel opfimzation algori Is used 1 n sdlving

f or sai d psehlémde-vdoelsibsteodel ¢o apoaesrfice whlecity nraftie muddeknd pamnetaebf the

of a vvavefé)d' f?r ei h% ? Si rfj Ieam roound regﬂll defor ;‘lrorr céuygrls?and the
modes.  T109CTHEME SesbleY BT diPRRsI2nd %S ST SBP N Ry oF sy

sur f ace- GRAFLISH BxtacEOrMORE NSk ANOLNOSs 68 bidh ARRCOWaIORIRIOFrom the optimized
constraints, danping, nornalization, weights, and regularization.

12. The metisdcopbischasamponeniiandicampeles dempio wdecitysdisngrsen elirves predicted by
sur face- consi st ent onents to conpute a surface wave waveform for
conparisg%ﬁfgﬁgﬁypgébgﬁﬁﬁﬁg recorded seismc data. 13. The nethod of
claim 2, erein t {nversion_in (c), is.a.nonlinear tim.zation .

ot obi e 18w pofod BhEf 37 el Yl il Wy BE REu R ois 2V iRuine, by

filtering, by cross-correlation filtering, or by cross-correlation, then followed by stacking or

by transforming the data into a domain other than the space-time domain in which the data

were recorded.
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15. The nethod of claim 1, wherein the seismc data traces used
correspond to a plurality of survey source |ocations, with each

source inpul se being recorded by a plurality of receivers. 16. The

nmet hod of claim 1, wherein at |east one of the surface-consistent
conponent]s. i s Taetnicahsf & cliinttwigseihnhd setgrieniais teRBBLEd@OTashontme b Paurality
response in tinme domain. 17. The nethod of claim_1, wherein the .

sur f ace- O8NSy efUT o Msahidm: IV1Hr Sadto APITEk TFRRBE i RS Hicorded e dcplurality of
i.e. fun?&kﬂgﬁ having a real part and an inmagi nary part. 18. The

met hod of claim 17, wherein the conplex surface-consistent conponents

i ncl ude urc 1 e :
col | "croatod By rRa 4 SIBRE RS oF s bn S o C ISR end BB i o
treat ed. trhAsfEhfanowdrhiadrahcndyadomaln of aif kel seaesponsesinnignadintgn.a

conput ed near-surface earth nodel of shear nodulus from (c) for

engi neerillg orThdestyod off ¢iaipn dy evienéia the suFfachcdBtentRdthbaars negicomplex
20. A netgﬁg for Péoducing hydr ocarbons frqom a subsurface region,
conpri si ARACONS OF requancys e 'Hﬂﬁ@5§a§égéﬁﬁﬁlﬁﬁﬁ@%a%P“%%%ME@B urface
region including s-wave_ seism c data, wherein the s-wave data were

processedSf or Tihgapgthesl efsslpig Shericrsigvle sasaplpt sufasewessigprtfonEenends Hglude
a net hod i bed, | i i (S (o) I y
referencg?&gggﬁﬁﬁﬁQﬁ m%g§&%?1%F?%dﬁghﬁéiFEﬁﬁ?%P?ﬁé&§E§§Hp?§§%@r g?gﬁnwe
based at rhwadt andfopeach gosurdhelswoderbieing treagel. f rom (a), and produci ng
hydrocarbons fromthe well. 21. A nethod for determining a

near - sur flace &artietimabe clam Elfastdrcosipeiging waivg apoopagd tneansur ke eartlymodel

from sei s ¢ dat races, conprising for a plurality of the traces
esti mat i 194 ShRar P@ggtusgw L) PRSI RESFER OF RN HHPIRICIETRGTIB AR thiysubsurface

frequencyeggﬁain, or inmpul se responses in tinme domain, that represent
changes in seismc surface wave waveforns as they propagate from
source to receiver, and nunerically inverting one or nore of the
surface-consi stent transfer functions or inpul se responses to conpute
a near-surface earth nodel of elastic shear-wave propagation velocity
as a function of (x,y,z) location.

20. A method for producing hydrocarbons from a subsurface region, comprising:

(a) obtaining a seismic image of the subsurface region including s-wave seismic
data, wherein the s-wave data were processed for imaging using shear wave modulus values
obtained using a method as described in claim 1, which is incorporated herein by reference;

and

(b) drilling a well into the subsurface region based at least in part on the seismic

image from (a)}, and producing hydrocarbons from the well.

21. A method for determining a near-surface earth model of elastic shear-wave
propagation velocity from seismic data traces, comprising for a plurality of the traces
estimating at least two surface-consistent transfer functions in frequency domain, or impulse
responses in time domain, that represent changes in seismic surface wave waveforms as they
propagate from source to receiver, and numerically inverting one or more of the surface-
consistent transfer functions or impulse responses to compute a near-surface earth model of

elastic shear-wave propagation velocity as a function of (x,1,2) location.
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