METHOD FOR THREE DIMENSIONAL SEISMIC TRAVEL TIME
TOMOGRAPHY IN TRANSVERSELY ISOTROPIC MEDIA
Cross-reference to related applications Not applicable. Statement
regarding federally sponsored research or development Not applicable.
Background of the Invention Field of the Invention [0001]The invention
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[0002]Seismic surveying is used to evaluate structures of compositions of

and fluid contefe EpSSEkeIENSA tordiplatedsap phicatiandpplication

for seismic surveying is to infer the presence of useful materials, such as

petidteanplicethe subsurface earth formations. Generally, seismic

surveying includes deploying an array of seismic sensors at or near the

Earth's surface, and deploying a seismic energy source near the sensors

alsS'RtBPHa KRgAsHASSeAtE b o RIRIEY s68raKch Adtstauelapment

seismic energy emanates from the source, traveling generally downwardly

throughPIRY 4 i%urface until it reaches one or more acoustic impedance

boundaries. Seismic energy is reflected from the one or more impedance

boundaries, where it th8athyetsumpivaf dlyeuhiit beiigmetected by one or

more of the sensors. Structure and composition of the subsmface is

inferred from the travel time di¢hecfeilseriicvenekgy, and the amplitude and

phase of the various frequency components of the seismic energy with
[00kEgpect to The anergiyeménatipentrailythe theisigiit sOsricemif0QO3 Podnessing. More

class, 1MEMOdR o, ProgesIng seiamic.daia I3 koW, a8 Prestadk images of the

migration. In"processing seismic survey data usin pres%a migration

methatis's subroefraliyrerergirgrdppdaticgraivough the Earth's subsurface

may be thought of as follows. Energy from all seismic energy sources

used in producing a survey propagates from a subsurface "scatter point"

to all the seismic receivers use@irlagnuindgiseismic data. Consequently,

all recorded traces (called "input” traces for purposes of seismic
[008jcessingetam € simtain &N &y gyl am evgasticsiax scattef; poinpoSiecas o€, and fluid

the input traces have a finite recording time, the scattered energy is . .

o 0 e e AR A L SRRl et surveying

scattetinigisoiilie presebjectiveseiupresterenigebtisrpindeyathay the ssbismiice earth

energy.frapall thedeserdediiRces miingha AIastaak MIgRNIoN ARSI seismic

and sum it back to the scatter-point location. [0004]The accuracy of the
migPEERSSISreranse th s cUTaEY 6f tHE eapieirited seismic energy source near the

sensors also at or near the surface. The seismic energy source is actuated and seismic
energy emanates from the source, traveling generally downwardly through the
subsurface until it reaches one or more acoustic impedance boundaries. Seismic energy
is reflected from the one or more impedance boundaries, where it then travels upwardly
until being detected by one or more of the sensors. Structure and composition of the
subsurface is inferred from the travel time of the seismic energy, and the amplitude and
phase of the various frequency components of the seismic energy with respect to the

energy emanating from the seismic source.

[0003] One class of methods for processing seismic data is known as prestack
migration. In processing seismic survey data using prestack migration methods,
conceptually energy propagation through the Earth’s subsurface may be thought of as
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seismic signal travel times that are used for migrating the data. The key

point is to calculate accurate travel times in order to have better migration
imaging. In homogeneous media, seismic travel times, as functions of

offset (equivalent distance between the source and receiver along the

surface) and common imaging point ("CIP"), are determinable by a simple
anafgtlesisedingtioh{reanatheriniefaieery eoesahesdéibheostiomeaseey propagates
("D3Bm £9uBNRRcd P RER BRI AIIQHRAMBMEE HRYRLUMESISh acquiring seismic

fundamental in migration. The DSR equation is exact in the sense that

therre e SHBF A S BRHEL ISR ORS AitpIanaHE GHIEE Arigherposes of scismic

[OOQE'(];RE@@@I&B@H@H@BI%@fyﬁh&i@@'ﬁiﬁ‘&&ﬁl&h@cdﬁélﬂ?)&ﬁfnai&iﬁlé@ﬁw egut traces
to perform restack th migration |n |so opic media. Trave# time

tomdgragh rfétearﬁ?gf R th § {5 Bt it RISIS/aToLiggces Within the
Hovpmsemkt hagrbiéen repagmizedthétewkeridhesseisintic valooib@gséve of prestack
affex%t%gam{n r}jsp t Bt%b}h%gessé%{%lfroége %g SIII%CK dﬁpH;e re%raHO(P {n a% sn\%t in the

be accurate. If anisotropy is |gnored in migration processing, posmonlng 0

the BERAticrelg@isspate sl Beniticenskde dredbetisrgyoifbiumitiert. after
migration will not be optimum. The foregoing two factors may have

ﬁ’ﬁzortant eRpISFSHBT ISt sHE FOP AT dNE dBptAcEtafhieh the calculated

formatignchapndaries iaimeetarmined Qi aee Y HHNing wells thueh) theint is to
subsa%ﬂce may not correspond in depth to formatlon boundaries

detsASHEY by Bk Sy the D8 iic HEEA. owsiA otimBrepaofmaging.  In
anisetiopeisdmanstags udstidallystransvessassotiain VToFs& (agaitient distance
suc@ glsaf mation hag) VTI| des rlbed b thr e, arameters Vo

(interval- ver calveloéit aeélvne ﬁslﬁler?at\% O SeRSrs Rasiag ot (CIP)
as "Tholisenisablr @m@MmpleTmmgeﬂgwmewmrmalﬁMédqms the double-

Thomsan. Leen“p ¥ieak-glastis anisglr OIEXRG%%BHXE'% bnbant 4289 times is

Society of Exploratlon Geophysicists (1986) 07]In three dimensional

(30U NS RAPMYHEITI e s, @%{p%%m fvacarim Berpriphihat there are no
deterfinRehin difigint Waus RERxaNBI NG Aarameters may he related
to (interval normal moveout ("NMQ") velocity), V (interval vertical velocity)

[0085 intervainé kdtheinievmheneliRitRpametse) d§ee diopaxamplfilddSe perform
Patent No. 6,905,405 to Ren et al. and a ;&gn dto the a?%g %rﬁxf the

preé’e%%tzfﬁl\(/ednﬁ h SRR 1% te s g 1s a preferred
paramétetsq 6stindhiz)thy mlrterfxallcy\almgtexprléswom it [0808HReriarpning] 3kxt when
tomgagr i LV m e uires estima eithe

e L0 e O RS e SRR P, S R k. det
Estimigtizitpeithey gt dwqoaﬁam@ferslﬁmi@Memegeamd elgjuivigdentioro processing,
esti §mﬁ@ﬁﬁ%r5§%m@%@%m§gﬂﬁé%§1@ BRGH& M\é?éy ‘focusing” after

estlmatlng may result in ambiguous solutions for the three parameters V,,

6 arti S8R b rApT BRI Wve (PSyEVESUBETIO JAEOE eRANgRfe important
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Summary of the Invention [00111A method for estimating seismic

velocities in vertically transversely isotropic media according to one aspect

of the invention includes generating an initial estimate of vertical interval

velocity and interval normal moveout velocity with respect to depth from

seismic data. An initial estimate is generated of a first anisotropy
[00palametenwiliisespachspate i Fhadisapibptiopyparrmetendspieiatedrs V,, ¢

to the interval normal moveout velocity and the interval vertical velocity.

An &) satinbadersganst ancliffonentagpe clrrgepiicoths satspiers may be related

anisgUiaRy PRIBMERLMOLSEHON BNSRIOPYRARMEN! (RIRIRG 0Eal velocity)

first anisotropy parameter and an interval anelliptic’ parameter. A first

tomagtaplivihvelgienngpetfenaieptiwithrespeoct tG¢hefinteraalmoriial Patent No.

moveni ylaciiy.and the spcond anisaliony. parameler L8 CONNAN ., v, and

valug of the first anisotropy parameter unti fraver ime ditferentials reach

minimeRtyaluess Layeeideiaths arsoagiusteddmhednitied eslimafetsf the following

vertical interval velocity and interval normal moveout velocity. Using

value®'6f tE%econd anisotropy parameter determined in the first

tomographic in ion, a second tomographic inversion is performed of

interVa,llmﬁrMai; hby¥dout velocity and the first anisotropy parameter with; and

respect to depth. The adjusted layer depths, interval normal moveout

velocitieg:andl interval vertical velocities are again adjusted and interval

aneﬁ?pﬁﬁ—“ meters are calculated from the second tomographic

inversion. 100121Another aspect of the invention is a computer program

edin read i or cqrdi IS 1 .
O o e o G oL ophEife RN i e, reauires
comgptitesttagpetierrththe:faltdwwing, f¥aceiss, for estimetibigss®isnvig,yetdcitiesval 1.
in vertically transversely jsotropic media. The process includes generating
an it SRR b el AT THEIRTA ARSI Iy A THEB VAP REMHSR i sl ing the
velogityrwithberspeatdquaipib ffpamdeinnticvdata., Aniinitimgestimatalisin ambiguous

generated of a first anisotropy parameter with respect to depth. The first
iSOV DiaEEF 6 AVRETE e i aPaf oAR SOURSTLORIGLRYe (P-vave)
and digrinieialve teabvRIodhs, Agviilial estimate. iIsIgenRiatesemitbn of reflection
respect to depth.of a second anisotropy, parameter, The sec )
i) BB B (AL 1 EEEH Gy ar i 7, Socity of
inte gl laraibip e @arngioatsy 1 #0first tomographic inversion is performed
with respect to the interval normal moveout velocity and the second

(0@ otropy3patemeep bicay congiasttiatteroithElinsedinidetr bpynplaaritetem Zhou,
untiiraye e difsrentaleweagh ininimym YAUBRLAYSEASHISAE: ransrersely

adjusted in the'initial estimate of vertical interval velocity and interva

: ) the Initia) & ;
norrifaleivaudiceldcibE @ syl 4aeBaieH grakaersd A3 bikapgnded Abstracts and
param@&@ﬁ.ggts,rmgrm}B.}aﬁ@@mpm@mw@ngmp%%%ﬁF updating in 3D
tomci;%gphlc inversion is performed of interval normal moveout ve OCIt}/
and fHEfiPSeAFALOHIBy 54 dmiterifth THRBE CPEBHRIOAC AR M (SHEG)» Fxpanded

layenBapifis, interval normal moveout 4 velocities and interval vertical
velocities are again adjusted and interval anclliptic parameters are
[00H¢ulated Tiwm thetteeond toraogedfre imprersibasthO] 31 Sfthecraspedtgities and
and .advanta f the invention will nt from thefollowin
s A S
10014]NG. 1 illustrates the principle of migration. 100151FIG. 2 shows a

flow chart of an example pigRasaAc6PABI A Eiibention. 10016]FIGS.
3A through 3C show common image gathers for a prestack depth

[0dPigration p{agesR @gePIdiNg MoniheRNEtRRIARL AL RIG A EPAWRRersely isotropic
programmable computer and computer readable media to explain one =
aspé’&?dé‘l‘ ASeOHH R PR aspect of the invention includes generating an initial estimate of
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Detailed Description [0018]FIG. 1 shows a seismic energy travel path from

a first source position S (geodetic position of a seismic energy source) to

a first scatter point SP (a seismic imaging point in the subsurface

corresponding to a particular geodetic position at the Earth's surface), and

from the first scatter point SP to a first receiver position R (the geodetic
posiaBitdfatesishtieloeidsivad attdisak aptmslsesee)t Tiiéogdn detle 1ewatbip depth
at the Facthsisuracesdiraatly abovadhe fnstscattar Peint SRdadssianaiet: with

as |, or the imaging locatign or "image point?' FIG. 1 shows the seismic
endfgftralel fath- froth o ofi S&iRe REEHMBH! 5 térkihde roititenigl normal

backdocotlyveneirgcaivehdopaion. tieshiallddieitndesstaniihattimarthikegenerated
dimensional ("3D") sejsmic survey, in which there are a plurality of source
o SR e Be e B S B rby t ol B orons
eachsowree positionslio athmectiver pusiticns dthdoughttiteaseatiéppoirtrameter.
SPAtidne:0nlech R NG IGIAURR RIRGeR3 R MBRISJIE. SRISRIF SRRt Enoveou
detected at each'receiver position that was reflected from a particular
scatepbinnBabk tertidt susatenp oIt nesHotla e8siae vibe aftdsdishanisotropy

the ferggaingsenresepiation isgauatyiarpigabiadembriniand-basegd: depths are
seismic surve@, in which the source, image and receiver positions are on

the JAHG S A0 B R @ S ESEARL 1 PR S SOREY B AN P S RORgy moveout

be reRciRe susiagevartiediotioncobabadyabpwaieradQOdkodAs shaaniinthe first
FIG. 1, the Earth may be represented by .a plurality of layers, each.havin

. oRRP BGERAH) HEbih BOSTOR RrECHSA g a3 PO LA ol
veloityeofiteadbcl gy endiay fvet reyreseptedrbpstgrvRitiriatexditdidgtaicel he adjusted

a'°rl‘%é?ed%ﬁ‘lﬁg,"ﬁa?é%(fﬁcﬁo%%%’l"%&é%ﬁts%f e@”zﬁﬂ%rﬁ@r‘!fa‘iev@%ﬂo@eg&%es are

the geodetic position of the image point may be represented by Xs, and a
corfespbriding uistadcanbative epcihptimageapeisitoanepttidaiedeivap the second

POSitiRRIMRYPERRRBsENted by Xr. In a method according to one aspect
of the invention, the effective seismic velocity in each layer and a

[oogeirespongdingidepth @k eachdayesRaintdarycmayube geisrmingekwhere computer
the subsurface formations have velcglities tﬂgt are vertr};(]:glly,transverse% des logi
isotFESIR & T fOP A GRESHRAY 56 PSR &Y Yy S PEF O i caiaudes logic
travebdiabé: tomegraphipioyersioaasctaitermopsifotar teenislareiusedocess for
this description repres nts.a two or three- imensiopalg)rocess thg.ti r

. eStimati eis velacities n yertica ransversely 1sotropiC media.
seismic ve C|Sty distributions of a he erogeneous meydlum, iven a set o
seisnvicdasegenetetivel timeiidetioenickobventipaisititnebl seisitmieranistgyral normal
SOUfEaR RO RRISMICRECEIS MR HIRGR AibeiEaih or Abasiili ¥ imate is
known datum plane or planes (e.g., the water surface and/or water bottom
for BERGFECders mifish ATESRTOpoOZBTRS IRitEIth g BRRFE & difdhsidhal firgpmyisotropy
tompgraphis weloridiastimatianPipesss omyvdbinediseiitiamedalefe vertical
the parameters V", 8 and s, or the parameters V",,,", V and I, as such .
pardfi@ti¥s HEvEBiabSHBHHRE SERSHGR U ARG AFRAE A Foesbanisotropy
are | eEﬂ'h&lh@fé‘é’c@rf@r&gmﬂg@e@%@@’ﬁfﬁmﬂsﬂﬁtﬁmﬁti@@[ﬁotmpy parameter
equialentio ihe other,sel. as explanedith reference 19 cauations ey win
and in the acﬁgro fd S8&ion herein. The Infial models represgn

initiatspstintatbs ofithevatues! ohehecigregoily padahsstaentbraswtopf aarameter at
plu rgll&é(ngtfaflqr@?&éogf ! ﬂ%’ee i %&%ﬁ%?uﬁg?&ﬁet%y Q_Hlﬁlst}g@eiat}{ﬁ%sdifferenﬁals reach

represented in FIG. 1. [00211In one eXxample, an initial model for the

paraniErey vwiesreSgret fsribpaiccatiustedbrdie i fighraangisiotxesical interval

using. (g, marakianvelacity analysis teehniduesikpawmds drendtecond anisotropy
followed by isatropic (no VII in the velocity of the layers) tomographie

inverIBRSFI SRR MRS FHSt 20MRSHRRIG dYER) Shode BT agriZgnographic
or layesvelocitypyidiregpeciiesaisnugiibvweliing Maydig detemaimist ahisotropy

10 using prestack time migration. Qne example of prestack time migration ,
5 CUETISLR i 0 S PEAAT RS ok AGH ABhH S IRt By 4 TR Toveont

assigned to the assignee of the present invention. Prestack time migration
velocity analysis may provide the effective 6 seismic velocity of the layers
with respect to seismic travel time. At 12, the initial velocity model may be
used to determine effective seismic velocity with respect to depth of the

various layers in the subsurface. Such effective velocity with respect to
Aenth mav then bhe convierted to interv/al narmal moveni it ("NINO™Y veloecity

S
process



eff - (3) [0024]The parameters A and B in equation (3) above may be
estimated at the geodetic location of each well, for example by using a
best linear fit between Veff well and Veff seismic. The parameters A and B
thus determined can then be used to predict what the \ cif well would be at
any other geodetic location within the seismic survey area from the Veff
seisivireies it gedrietic Youambriclusdtigredictedain effliwetds elutitivsrrahynelliptic
thephgicansiprped IR NMEHNer ‘é@é&ﬁi‘?&fﬂ@%gaﬁﬂ@fﬁvé%ﬁmam an initial

icte

model of V"'w, with respect to depth. The pre d Veil' well velocities

[00¢3] also hetkanalgrnedinat 28/ IEESs & IO MRIRRIINIGIVAlVelORIHES, from the
obtain an initial model for VD with respect to depth. [00251Using the

VO 1o
initigcillfgﬁﬂ‘? SEHIPUER ARG BPRPIEFD SHER/D determined as explained
above, and using equation (1) explained in the Background section herein,

an initial model for tkﬁﬁg{@g@ﬁ%ﬂé@ Aﬁ‘ﬁ@?&?%% can then be

obtained. The foregoing Is sho Method 2 for
njtially estimating 6 with respect 1o depth: At.any particular geodetic
[OO;{;‘@ation inBt e %ﬁg‘%ﬁfé‘%ﬁ?@% rérf%gl?o?ﬁvr%ﬁ:rﬁ well data are available, the

[Oﬂgﬁgth of f%’@@ﬁ%ﬂdl&%’ﬁ%@ RR&GE QPMQ}%@E %J@JM&BI@X@ rt(')rlﬁg ?r%vention,

surface) may be defined with respect to seismic travel time from, for

[00gsgmple, ais@nic @cepstia) 199, ayverticahseismic.profilenera sheckahelk depth
survey (collectively, "well data™). Similarly, the depths of the same

forfTAEEH B PEITHY HE LS FEAFH migrated seismic data (e.g.,
jgrated r sfack) assuming isotropic subsurface formations ("seismic

004 As <o ST T RIS GEvEOR R e media fo

definadhfromethepseistic:datansind. those from the well data can be used

for initially estimating 6. with respect to depth using the following

expression: - Az(4) [0027]In equation (4) Az represents the difference

between the seismic data d&etaileddDeserifsromp depths and the well

data determined formation top depths. In equation (4) z represents the
[00A&I data déterrhinkertbrmationitopngegthsajebdas]rhecabovdiptosadaregosition S

will peovide EH@M%@' M!S AR eSRREY 19, AR LG PRIAMGISES seismic

V,""and & An injtial model for the parameter VD with respect to depth

may 285 EUBtdMEY FERIURC SIS TAOMENE dPtR P IEIBYBings pristitigrdien at the

andra usingueabationd Has gestribeshitethp Baskokoung sactiandeigifion R (the
After tlée initial estimates of the paramete, 5& e%‘?ﬁ%? es/nvgﬂ respect to

coptFAFU OBRAIER oL hIELTBH ERebithrd (e R iGdeseion o
3D tteldtitth sstimationl usirg thmegtaphystacMiet poadis 0O204Ankitst as 7, or the
iter?ﬁ%@irﬁoj Igcea%%rr?%g “al%gep ;58&‘?9”%61(;5.“10%’%% %1% ig]eilgrll%é %ﬁe('}%? travel path from
only one source location, to the scatter point and back to only one receiver location. It
should be understood that in a three dimensional (“3D”) seismic survey, in which there
are a plurality of source positions and receiver positions, there is a seismic energy travel
path from each source positions to each receiver positions through the scatter point SP.
It is the object of the migration process to migrate the seismic energy detected at each
receiver position that was reflected from a particular scatter point back to that scatter
point. It should also be understood that the foregoing representation is equally
applicable to both land-based seismic surveys, in which the source, image and receiver

positions are on the land surface, and to marine seismic surveys, where such points may

be near the surface or the bottom of a body of water.



include the following. First is to calculate V" using equation (1) and the
initial models with respect to depth of Vimo and 6 obtained as explained
above The tomography procedure may then be initialized by assuming
that the interval anelliptic parameter is zero (11=0). The foregoing
assumption implies that 6=6, as may be readily determined from equation

[00@®)] in the Backgrenhd MEttignhadiaith. hegvel tipesesiduals foluddipghof layers, each
migration ed.on the.above initial assumptions, can be cajculated b o
o G gy The scimic
estifbpiy tHeddpeyresiduiistoreasishbyizonvin depth Ankdteelcdiziing along the

the ﬁfgﬁﬁh@m@aas@%‘%&Jfﬂé@éﬁ%ﬂ%&&%&ﬂ@éspon@fﬁ hﬂmé%@{ﬁ%mon of

can then be performed by inversion. In the inversion in the presen
iterdlifol"698 Relet comsRinteearmiste 4 dias ey, aneriswearérbitigfance between the

?;?fﬁﬁ@@,f@if%gﬂiﬂraﬁ@lﬁeﬁﬁ%ﬂﬁfﬂi@ﬁ dﬁﬁ}hb@néiﬁf@éé@lkéﬂn@yd Xr. In a method
ifferentials are again calculated. The foregajng.adjustment and .

recATTAHEh T BEATRRLA (IR R e A A SFRRIS Y8y fallayer and
for examgisyndsingdtipehfollowdinpexiressiary mi8QbwhaiecfAijhaatiectdsurface

rep[f%%%e'?ttiigr% tf@/’? lvtei:rlrc])gic{l%Si %?Ia% & Q}Igr%l(%tﬁ;? {{gn?vgrggl? irs% }915;'1%‘.'8 Suc% formations
determined as explained above. In some examples, damping factors A,
relatery dacpiatehdoprranidiacditangEssuic tane §medyrhectrddctioversion” as that

stabilizeaR0iggylanizeth Ssic!a\éﬁfﬁdgfh&c‘?@%ﬁ%ﬁ@semea RRAUPBIRE- dimensional

changes" are the increments or decrements to each of V10 and 8 used
may beSfiplentetitéd dtaf i thE toMbgraphy YUsirig/the tlfowiRg A fip of

As heterogeneous medium, given a set of seismic energy travel
times between known positions of seismic energy sources
and seismic receivers atthe surface of the Earth or at a similar known datum
plane or planes (e.g., the water surface and/or water bottom for marine seismic

surveys).

[0020] To initialize a three dimensional (“3D”) tomographic velocity estimation

process for VTT media, initial models for the parameters V,, 0 and €, or the parameters

Vamos Vo and 1], as such parameters have been defined herein in the Background of the
Invention, are used. Either of the foregoing sets of parameters is functionally
equivalent to the other set, as explained with reference to equations (1) and (2) in the
Background section herein. The initial models represent initial estimates of the values
of the foregoing parameters for each of a plurality of formation layers in the subsurface,

such as the layers represented in FIG. 1.

[0021] In one example, an initial model for the parameter Vyme with respect to depth
can be obtained from seismic data using time migration velocity analysis techniques
known in the art, followed by isotropic (no VTI in the velocity of the layers)
tomographic inversion in depth. Referring to FIG. 2, an initial velocity model of
horizon or layer velocity with respect to seismic travel time may be determined at 10
using prestack time migration. One example of prestack time migration is described in
U.S. Patent No. 6,826,484 issued to Martinez et al. and assigned to the assignee of the

present invention. Prestack time migration velocity analysis may provide the effective
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At 0 0 inversion. expression: A damped inversion procedure (6) a vas 00
Ar  [00311Ay values in equation (6) may be defined as follow s:

seismic velocity of the layers with respect to seismic travel time. At 12, the initial
velocity model may be used to determine effective seismic velocity with respect to
depth of the various layers in the subsurface. Such effective velocity with respect to
depth may then be converted to interval normal moveout (“NMO”) velocity with
respect to depth. At 14, the interval NMO velocities may be used to perform prestack
depth migration, a result of which is the generation of common image gathers with
respect to depth. At 16, the common image gathers may be further processed by
isotropic 3D travel time tomography to update the initial model of NMO velocity
(Vamo) with respect to depth.

[0022] An initial model for the Thomsen parameter 0 with respect to depth may then be

obtained from, for example, data from one or more wellbores drilled through the
subsurface (such data defined below) using one of two different methods described

below.

[0023] Method 1 for initially estimating § with respect to depth: RMS (root mean

square) or “effective” seismic velocities can be derived from conventional time
migration velocity analysis as explained above. Such effective seismic velocities may
be represented by Verr swismic:. RMS or effective well velocities (vertical RMS or
effective velocities) can also be derived from data sources such as sonic (acoustic) well
logs, wellbore vertical seismic profiles or check shot surveys, any or all of which can be
obtained from one or more wellbores drilled through the subsurface, preferably within
or proximate to the area defined by the seismic survey. Such effective well velocities
can be represented by Vegrwen. At 18 in FIG. 2, a relationship between Vegr seismic and
Vetrweit can be defined. In the present example, such relationship may be assumed to be

linear and expressed as follows:

Veﬁ~well = A+ B 'Veﬁ"

— seismic (3)

10024] The parameters A and B in equation (3) above may be estimated at the geodetic
location of each well, for example by using a best linear fit between Vegr wen and Veg
seismic- 1 he parameters A and B thus determined can then be used to predict what the
Vetrwett Would be at any other geodetic location within the seismic survey area from the
Vetr seismic at such geodetic location. The predicted Ve wen velocities may then be
transformed to NMO interval velocities, Vumo, t0 obtain an initial model of V,po with

-respect to depth. The predicted Vg wen velocities can also be transformed, at 20 in FIG.

7



Cm 100321In equation (6) A, is the damping factor, ad is the standard

deviation of the difference between the observed and calculated travel

time residuals and crn, is the 9 standard deviation of the model parameter
(Vim,u or c) changes used in the inversion procedure. Note that as the

number of iterations increases, the size of the changes to the model
paréametersshalldiswet eskividlgs d¥créasktam eaciiiiel ativrdf fhe uveisioespect to
congﬁ;@es Convergence implies that cm decreases, and consequently 2
providing stability to the tomographic inversion. [0033]Optionally one may

[002Bply variahigongiohtsiip dhsrraaehtimerasidyals and the nasighined as explained

derivatives in equatlon (5) or é’G) as a function of the value of offset

(distarte BRAVEEIS SIHANEMAL retdniathtisiib i} Heiosarteer tynehipin, an initial
seismigflalatiace-[034SThemnexb&lemeantin dhe RERGRAUNGIR 0 ¥RIA coing is

the Vo , Vnmo and ri model values with respect to depth using equations

1) W(Qﬁté’ﬁd&u&ﬂ@tﬁe updated parameters V" and ¢ determined as

ex Ialned aboveW|th reference to equatlons (5) and (6). The values of 5

omi i S Mhﬁfﬁ@ﬁ?é@&wwaﬁbwmmwlw

Q'%U&E@HQ&@@M&@Q gm@yifyaeﬂ)q'e@nm@eqﬁ@aei AREVQ1abes the depth

it model values The foregoing is'shown at 26 in FIG. 2. [0035]Next, at

28 iff ERESN 3R e RBY Z 1P PRIy RYY: efcafrpaadenisyrmtéy m@bﬁ%fac@ may be
follQwing ExpIessifut: © BaYmidighdel(Bne from, for example, a sonic (acoustic) log, a

vertical seismic profile or a check shot survey (collectively, “well data”). Similarly, the

piHR Y s

depths of the same formation tops may be defined from depth migrated seismic data
(e.g., migrated after stack) assuming isotropic subsurface formations (“seismic data”).

As shown at 22B in FIG. 2, the difference between the depths defined from the seismic
data and those from the well data can be used for initially estimating & with respect to

depth using the following expression:
0=— “

[0027] In equation (4) Az represents the difference between the seismic data
determined formation top depths and the well data determined formation top depths. In

equation (4) z represents the well data determined formation top depths.

[0028] The above procedures will provide initial interval models with respect to depth
for the parameters Vymo and 0. An initial model for the parameter V, with respect to
depth may also be obtained from the depth models of the foregoing parameters Vymo
and O using equation (1) as described in the Background section herein. After the
initial estimates of the parameters Vym, and & with respect to depth are obtained, a

method according to the invention then can include 3D velocity estimation using

tomography for VTI media.

[0029] A first iteration of the tomography procedure, shown at 24 in FIG. 2, can
include the following. First is to calculate V, using equation (1) and the initial models

with respect to depth of Vyme and 0 obtained as explained above The tomography
8



V oold -} [0036]Where V, ne"."ig, | represents the subsequent vertical
velocity as derived in the present iteration for the jth horizon (formation

layer). Vo j represents the prior vertical velocity as derived in the prior

iteration for the jth horizon and dz is the sampling interval in the depth.
[0037]Then, in a second iteration of the tomomaphic inversion process,
andesEhowmnat e@rier igtiplizedirer efennang iéht?é Preistgeketentiiphigpatameter is
the seis the u date value 0, VIM and r, obtain

the first He aszlon G Explaméd’ anﬁg 5{1% o o&t glgltaesonrln%%% ﬁ?ﬁu?g determined

deﬁb@&ﬁﬂﬁiﬁo@@}ﬁﬁt&lm&l%ﬁdﬂéuﬁﬁ tmraachmmmamamebmuals for depth

calcullatefthebtravel t| 'du%lltfﬁf eactrwnh rlzonag%séega%ltlge r%p N ctack denth
resr&%sﬁ1 or eac horlzon € process ﬁ1epn can mclude pertormi trav (i P

tlmeltm,aphmmamm g8t deptingtdntrsadsienfotimatte Identiowmduals for
adjustingo 8. Ad A Qe pfRian: %@MIH{‘HQ iZI0g PRSI AL ﬁ&Q B24&HMEsiduals.

residuals, such as can be performed using the folio A 'Vhmo A

(003 Sl dithsniamyo erarhyingnr deep rac s Ech Rf thieeisiammbrdheiasgaan in the

Avpfesgnt iteration O is held constant, € and Vum, are adjusted, and the foregoing

migration, CIG generation, estimation of depth and travel time differentials are again
calculated. The foregoing adjustment and recalculation is performed until the travel

time differentials are minimized, for example, using the following expression:

ot ot || AV
nmo — At
{81/,% agM As } 1] ®)

[0030] where [At] is a vector representing travel time residuals calculated from depth

residuals determined as explained above. In some examples, damping factors A related
each of the parameter changes Vume and € may be used to stabilize and regularize the
inversion in equation (5). The “parameter changes” are the increments or decrements to
each of Vume and € used in the tomography inversion. A damped inversion procedure

may be implemented using the following expression:

- Ot ot l
0 Vnmo oe At
Vnmo Ae - (6)
0 2, 0
[0031] _ A values in equation (6) may be defined as follows:
o)
J=—d (7
O-m
[0032] In equation (6) A is the damping factor, ¢, is the standard deviation of the

difference between the observed and calculated travel time residuals and o, is the
9



A6 may be used to stabilize the inversion in solving equation (9). Damped
inversion may be performed using an expression such as the following: at
atlas 0 av'™,, 2v'ma0

standard deviation of the model parameter (Vo or €) changes used in the inversion

procedure. Note that as the number of iterations increases, the size of the changes to

the model parameters should successively decrease in each iteration if the inversion
converges. Convergence implies that o, decreases, and consequently 2 increases,
providing stability to the tomographic inversion.

[0033] Optionally one may apply variable weights to the travel time residuals and the

partial derivatives in equation (5) or (6) as a function of the value of offset (distance

between source and receiver position) represented by each seismic data trace.

[10034] The next element in the procedure is to update the V,, , Vimo and 1 model values
with respect to depth using equations (1) and (2) and using the updated parameters V,
and € determined as explained above with reference to equations (5) and (6). The values
of 6 with respect to depth, which were initially fixed in the present iteration of

tomographic inversion are used in the foregoing updating of the V,, , Vome and 1 model

values . The foregoing is shown at 26 in FIG. 2.

[0035] Next, at 28 in FIG. 2, the horizon (layer) depths can be recalculated using the

following expression:

j=1

A\ C
. Onew —mig, j
Z new,i dz &)
j=1 Voold—mig,j
[0036] Where Vi new-mig, j represents the subsequent vertical velocity as derived in the

present iteration for the jth horizon (formation layer). V oia-mig, j Tepresents the prior
vertical velocity as derived in the prior iteration for the jth horizon and dz is the

sampling interval in the depth.

[0037] Then, in a second iteration of the tomographic inversion process, and as shown
at 30 in FIG. 2, a first element is to prestack depth migrate the seismic data using the
updated values of Vi, Vyme and 1), obtained in the first iteration as explained above.
Next is to output common image depth gathers, estimate the depth residuals for each
horizon, and calculate the travel time residual for each horizon based on the depth
residual for each horizon. The process then can include performing travel time
tomography by maintaining € at a constant value for each horizon, adjusting 6 and

10



At0 FAvV',,,"LAS (10)

Vame, and minimizing the time residuals, such as can be performed using the following

expression.
[ ot ot } [A Voo } _[ar] o
ov, 95 || AS
[0038] Additionally, damping factors A for each of the parameter changes AV, and

AS may be used to stabilize the inversion in solving equation (9). Damped inversion

may be performed using an expression such as the following:

ot ot |
ov a5 At
ﬂ, nmo 085 A Vnmo ~
Vamo A5 - (10)
0 Ag
where A may be defined as follows:
q=2d (11)
O‘Wl
[0039] In equation (11) A is the damping factor, o, is the standard deviation of the

difference between the observed and calculated travel time residuals and o, is the

standard deviation of the model parameter changes. Note that as the number of
iterations increases, the size of the successive changes to the model parameters should

decrease if the inversion converges. Convergence implies that o, decreases, and

consequently A increases, providing stability to the tomographic inversion.

[0040] Optionally one may apply variable weights to the travel time residuals and the
partial derivatives in the sensitivity matrix in equation (9) or (10) as a function of the
small, mid and large offsets.

[0041] The next element in the tomography procedure is to update the V,, Vymo and 1
values using equations (1) and (2) and using the updated parameters V,, and d. The

parameter € with respect to depth is fixed in the present iteration.

11



[0042] The next element in the procedure is to update the horizon depths using

equation (8) as explained above.

[0043] The entire tomography inversion procedure thus explained, beginning with the

first iteration (constant 0) may then be repeated, except that now the 1) model values
will be those obtained in the second iteration explained above, rather than 1 =0. After
repeating the first iteration using constant & values and updating the € values, the

second iteration explained above, in which € values are maintained and the & values are

adjusted, may then be repeated.

[0044] As shown at 32 in FIG. 2, the above procedure, including the first and second
iterations of the tomography procedure may be repeated until stable values for 6 and &

are obtained. The values of 0 and € thus obtained may be used to calculate values of
the interval anelliptic parameter with respect to depth. The values of all the foregoing
parameters thus determined may be stored in a computer readable medium or displayed,

as will be explained below with reference to FIG. 4.

[0045] Examples of results of prestack depth migration using a method according to the
invention will be explained with reference to FIGS. 3A through 3C. FIG. 3A shows
common image depth gathers (CIGs) made using Kirchhoff prestack depth migration
using known or assumed values for Vyme, Vo and 1. Flatness of the common image
gathers is indicative that the velocities and interval anelliptic parameters are
substantially correct. FIG. 3B shows CIGs made using Kirchhoff prestack depth
migration for the initial model of Ve, Vo and 1. FIG. 3C shows CIGs generated for

the model of Vyme, Vo and 1 after the fourth iteration of the tomography procedure

explained above with reference to FIG. 2. It should be noted that Vime, V, and 1 in the

above explained procedure are obtained in the present example by modeling V, and
Thomsen’s parameters in the tomography procedure. It is to be understood that
prestack depth migration techniques known in the art other than Kirchhoff migration

may be used in other implementations, for example beam migration.

[0046] In another aspect, the invention relates to computer programs stored in computer
readable media. Referring to FIG. 4, the foregoing process as explained with respect to
FIG.1 can be embodied in computer-readable code stored on a computer readable

medium, such as floppy disk 64, CD-ROM 62 or magnetic hard drive (not shown
12



separately) readable in a respective floppy disk drive 58 and CD-ROM drive 56
forming part of a generél purpose programmable computer 50. The computer 50, as
known in the art, includes a central processing unit 60, a user input device such as a
keyboard 66 and a user display 52 such as a flat panel LCD display or cathode ray tube
display. According to this aspect of the invention, the computer readable medium
includes logic operable to cause the computer to execute steps as set forth above and
explained with respect to FIG. 2. Values of the various parameters calculated as
explained above with reference to FIG. 2 may be stored in any of the various computer

readable media explained above, or may be displayed on the display 52.

[0047] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
that other embodiments can be devised which do not depart from the scope of the
invention as disclosed herein. Accordingly, the scope of the invention should be

limited only by the attached claims.

13



where k may be defined as follows 2 = [0039]in equation (11) 2"; is the
damping factor, crd is the standard deviation of the difference between the
observed and calculated travel time residuals and cr", is the standard
deviation of the model parameter changes Note that as the number of
iterations increases, the size of the successive changes to the model
parameters should decrease if the inversion converges. Convergence
implies that cr", decreases, and consequently X increases, providing
stability to the tomographic inversionl4d0w0]Optionally one may apply
variable weights to the travel time residuals and the partial derivatives in
Whetsenkittaity mmatrix in equation (9) or (10) as a function of the small, mid
and large offsets. [0041]The next element in the tomography procedure is

1to UP%tﬁléﬁﬁ)X(Porvélszi}l%ﬁlg vales %i@giﬁgéj%i%{égl@nQMI Sii%?ropic

the updated parameters V", and 6. The parameter .6 with respect to dep
is fixedhddithe Pr@ssiigteration. [00421The next element in the procedure

s to g&&@l‘-@&ﬂg hRrigRkACRINRASIIGBANAIGRR) AS EIRANGHARAYS Al normal
100431The entire tomo?raphy inversion procedure thus explained,
beginning witorrout velocity with respect to depth from seismic data acquired by

actuating a seismic energy source at a plurality of positions above
subsurface formations to be evaluated and detecting reflected seismic
energy at a plurality of seismic receivers disposed above the formations;

generating an initial estimate of a first anisotropy parameter with respect to
depth, the first anisotropy parameter related to the interval normal
moveout velocity and the interval vertical velocity;

generating an initial estimate with respect to depth of a second anisotropy
parameter, the second anisotropy parameter related to the first anisotropy
parameter and an interval anelliptic parameter;

performing on a processor a first tomographic inversion with respect to the
interval normal moveout velocity and the second anisotropy parameter at
a constant value of the first anisotropy parameter until travel time
differentials reach minimum values;

first adjusting layer depths on a processor with the initial estimate of vertical
interval velocity and interval normal moveout velocity with respect to
depth from seismic data;

using values of the second anisotropy parameter determined in the first
tomographic inversion, performing on a processor a second tomographic
inversion of interval normal moveout velocity and the first anisotropy
parameter with respect to depth;

second adjusting on a processor the first adjusted layer depths, interval normal

moveout velocities and interval vertical velocities and calculating

14



first iteration (constant 6) may then be repeated, except that now the 11

model values will be those obtained in the second iteration explained

above, rather than ri =O. After repeating the first iteration using constant 8 MCSLLP
values and updating the E values, the second iteration explained above, in

which a values are maintained and the 6 values are adjusted, may then be

repeated. 10044]As shown at 32 in FIG. 2, the above procedure, including

the first and aseond heediicits pirthectorndsaphifeprsecadiemaydphic inversion,
repeated until stable values for 6 and a are obtained. The values of 6 and

E thus obtairie may be used to calculate values of the interval anelliptic
parametiensvitneespeotiig dedtdisphey wvgl ues afcall dhelfioneddmgr depths, interval
parameters this determined may e, stofedina.computer 1eadable uerers
medium or dlspllgyegl, as Wlt|| be exp Ained below with refarence o HF1G 4. '

[0045]Examples of results of prestack depth migration using a method

2accordifg) mesthedimferition Witvisscixslalaed with ebfhechitd torrpgrapla inversion
through Bfe Ko GRBMSAAEMARIRAES R ahsis,(C1Gs) made

using Kirchhoff prestack depth migration using known or assumed values

for Vnmo, Vo and Flatness of the common image gathers is indicative that

3the velditieetapd Mhekiat andiiisiopa Cameiess che Leisatantiigi«bire gy standard

FIG. 3Rwhevs Sl nade wairg duiehbaluaresiatk ciopth migwdiemf@deviation
the initial madel of Von), Vo and T1. FIG. 3C shaows CIGs generated for

the mBHEPRFSho/ NS AT At thESSLitth TerafidfAdt tRE tohtbgripthyand second
proceei® @splathea.abeye with reference to FIG. 2. It should be noted

that Vow, Vo and 'p in the above explained procedure are obtained in the
present example by. madeling.Vo and Thamsen's parameters in th .
oo B UG TR b T 6 A IR AL S i ervl velocity
migratiod iecimidueskabwo vaditeait atfyewitiamekpeci toftlapigratiateterayined by
be used i, pier Mplamentations, for sXaMple heam migration. [00461in
another aspect, (e vention relates 1o computer programs stored in

computer readable media. Referring to FIG. 4, the foregoing process as
Sexplaihbel withedspleciets FchesmpBbekibddiet irevasluteptheadataled seismic
code stgred %&?%E&?&J?Q%@MM&&E&Q a5 fapny disk 64,
CD-ROM 62 or magnetic hard drive (not shown 12 separately) readable
ina resl&fzctive floppy disk drive 58 and CD-ROM drive 56 formin%part of
6 gendrdl pETHSE B trdihmhaBietom tireiEtrTeiRBsRpatefisolisd anisotropy
knowniathetar twiiklvelpsa 8 nfptiPiecestingedNHyOI A MSeAINPMEARN CRismic
such as a keyboard 66 and a user display 52 such,as a flat panel LCD

display P AEEnBHE MePRb S didpRsl. ERolinEFtSifis il ARt ¥t fHkective seismic
inventieiudfte GemmPutspeeadabiepiediviiiiabilasinginonarahlento Gasse in a
the computer to execute steps as set forth above and explained with
respecttOAef. 2. Values of the various parameters calculated as

explained above with reference to FIG. 2 may be stored in any of the
NariouSleomptited refidddile medieexplaieethalxdvestonarapy b ehdisipstyadisotropy
on the digﬁlgﬁéﬁ%ﬁ gord'ez \é\étt]”% ﬂc]g i{ﬂlv?sp ti%rr]lerr]a% %enc%ergcgirtlag d }A(’)i;[rrﬁation layer
respegfafo a limited numner o P £ Y paring Y

boundary depths determined from seismic data to formation layer boundaries

determined from measurements made in a wellbore.

8. The method of claim 1 wherein the generating an initial estimate of the second
anisotropy parameter with respect to depth comprises setting the second

anisotropy parameter equal to the first anisotropy parameter.
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embodiments, those skilled in the art, having benefit of this disclosure, will
appreciate that: other embodiments can be devised which do not depart
from the scope of the invention as disclosed herein. Accordingly, the
scope of the invention should be limited only by the attached claims, MC
SLLP Claims What is claimed is: 1.A method for estimating seismic
velocities in vertically transversely isotropic media, comprising: generating
9an initiestisdade of vadisal inteivalivetbeitfirandriiemoplnpanmal sveoy €iditsecond

o SBS o Cep fom SRA e eSO  FEUTA v

formations to be evaluated and detecting reflected seismic energy at a

plurality of seismic receivers disposed aboyge the formations; generating

an initial estimate of a first anisotrdpy ﬁ)—qf%—rgeter with respect to depth, the

first anisotropy parameter related to the interval normal moveout velocity

and the interval vertical velocity; generating an initial estimate with respect

to depthorisedsntesmitsothspiiishrantioeepih@aeawsies.anisepropsats the second
paramgter felajed tahe fish s ARSI R AR val

anelliptic parameter; performing on a processor a first tomographic

inversion with respect to the interval normal moveout velocity and the

10econdisnt86thogy PaFirifBtdr AtheredhdfntVaIval ofora4h SPaKSBtofsiPeity. the
paramgteruNtbtiae| inRidiffaigntialsiraaskl SIRIPUPANMAMURS; dStelated by the
adjusting layer depths on a processor with the initial estimate of vertical
intervakypedsdity avig inteVakriordal wbvedut Vele cibpwitntespecitiersieptivrmal
from seismic data; usingﬁ;/alues of the second anisomy parameter

deterrAYEPH HRAGHE! tofm SBRERRIISHUErEIEHY Heatiffhy DRAp b Sstipsesents

secongharRagiaRhieHveIsigRef interval normal moveout velocity and the
first anisotropy parameter with respect to depth; second adjusting on a

rocessor the first adjusted layer depths, interval normal moveout
o CoA L AF b Ol AT G PO A S AR T gy threon
anclliiic/paralogiters/fiiom theusesond poopegrapdbteinvargiotr atud pél&ast steps
one of storing and displaying the second adjusted layer depths, interval

normai MEvEStt velocities and calculated interval anelliptic parameters.
generating an initial estimate of vertical interval velocity and interval normal

MCSLLP

moveout velocity with respect to depth from seismic data;

generating an initial estimate of a first anisotropy parameter with respect to
depth, the first anisotropy parameter related to the interval normal
moveout velocity and the interval vertical velocity;

generating an initial estimate with respect to depth of a second anisotropy
parameter, the second anisotropy parameter related to the first anisotropy
parameter and an interval anelliptic parameter;

performing a first tomographic inversion with respect to the interval normal
moveout velocity and the second anisotropy parameter at a constant
value of the first anisotropy parameter until travel time differentials

reach minimum values;
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The method of claim 1 wherein at least one of the first tomographic
inversion and the second tomographic inversion comprises damping. The

method of claim 2 wherein a damping coefficient is related to a standard ~ MCSLL

deviation of calculated travel time residuals with respect to a standard

deviation of model value perturbations used in the at least one of the first

and second tomographic inversion. 4. The method of claim 1 wherein the

initial estindfesdhyaayealicperyah vieldaitiabadiintesvsl natrodl imemeduklocity and
velocity with respect to depth is determined by Kirchhoff prestack time .
migration of SAEHIG ASHI FALCFHLEI RGN HR £ SORETLY (HEMkIr B rFcismic

prestack depdlatmigrated seismic data is further processed by isotropic
tomographic inversiop. 6. The method o cIaimeherein%; initial , . _
ot St Sy Dot it REBR Elo SRBRIGEd in the  firs
generated bytoalaginglan éffective seisfhiouetoaitycvithl respegiaithte pthersion of
from the seismic da(a {0, an Sfieclve seismc yolaciy i resect 19,9eph, witn
determined ffom Measurements made m & wenthore. 7. The metndd of - crer Wi
claim | wheretshet iitlebéstimate of the first anisotropy parameter with

respect to depth is generate compaying formation layer bqundar
depthsseggpéfremﬁﬁgat%grﬁﬁseeigr%% C?%.S %Jfgr ea{tir:)aﬁﬁtglysér %&H@aﬁ‘é’%“yal moveout
determined frehociteasuwementsvahdecim@velthoreic8. Bhé ncethddtinfz interval
claim | wherein the .generating an initial estimate of the secand anisotropy
parameter Wi D B e e R Y
paramastEasiqua tg therfirstaadisispdpyinzatiansetendM@iStddP dfke deapipdnterval
of claim 1Wl‘he ' ltl%?' ISQLE ramet §he secqnd anisotro
parameter s Te AMRIOLE P ey Bt e e AT eers
17=1+28 wherein 6 represents the first anisotropy parameter, a

lrbpresBitsoiargEdisadahisotivpgometieict faram rebreaunis fideast one of the
ancllipgpay hitOmlBRBE R G ClRlthiMBRISHANG AR AP prises

moveout velocity, the interval vertical velocity and thefirst anisotropy
paranf&@PHIE related by the expression Vnam = VO-V1 + 23 wherein V","
represents the interval normal moveout velocity, V" represents the interval

gerticallvelosibpard Gaapissentsite firpidanisobPRYparametehedeln A damping
computer readahle siorage mediu ith an execytable program stored .

e B WA R (AP e eSS S Fgiduals
steps campeigiag: wensratingdadeiiiinirestimatiRovalastisaltintruel el the at

and inferval normal moveout velocjty with respect to depth from seismic
data: feast one o?]tﬁe rRrst anH second omograpﬁi% 1nvers?0rE

14.  The computer readable storage medium of claim 11 wherein the initial estimate
of vertical interval velocity and interval normal moveout velocity with respect to

depth is determined by Kirchhoff prestack time migration of seismic data.

15.  The computer readable storage medium of claim 14 wherein the Kirchhoff
prestack depth migrated seismic data is further processed by isotropic

tomographic inversion.

16.  The computer readable storage medium of claim 11 wherein the initial estimate
of the first anisotropy parameter with respect to depth is generated by relating an

effective seismic velocity from the seismic data with respect to depth to an

17



generating an initial estimate or a first anisotropy parameter with respect
to depth, the first anisotropy parameter related to the interval normal MCSLLP .
moveout velocity and the interval vertical velocity; generating an initial )
estimate with respect to depth of a second anisotropy parameter, the

second anisotropy parameter related to the first anisotropy parameter and

an interval anelliptic parameter; performing a first tomographic inversion

with reffpetit ¢tostheninteriatitprwidl meepaoud \dipititgeanithinedsooncheasurements
anisogrnoa%% fnaarlawm %eorrgt a constant value of the first anisotropy parameter

until travel time differentials reach minimum values; MC St]. P first
adjusting layer depths in the initial estimate of vertical interval velocity and

lihtervabaconauissveadahle gomenme daspett ebptiapth Whpreseibmigigatstimate
using YAes Qf theSRERY S AP RY R AGIRELeS deparmy %%Hei'at‘ézﬁb@; gbmparing

tomographic inversion, performing a second tornographic inversion 0

intervatRFHeal &ﬁﬁ%@@pvémn«}eaﬁé tﬁémmi@ﬁﬁsﬁﬂ@pﬁf@%@a {pitFprmation
respeghig g5Rtafes AL ARG A Ersh _divaiethianeh deptioierval
normal moveout velocities and interval vertical velocities and calculating
interval anelliptic parameters from the second t moggaphic inversion; and,

J

15t leadt6rROBPHIGH AR A LRI G S Seth iR LSt T5T Br B S rating an
intervalifiarmstimane @it ugjogitiesdandisaiepatedimancal angllipgipect to depth
parameters, 12. The computer readable storage medium of claim ii )
where‘i%?ﬁ’é&%%ﬁ@%ﬁ?ﬁesﬁ?g??i?ﬁbﬁﬁﬁﬂﬁ@ﬁ{%}%ﬁ%rneﬁH ifelBe dyanisotropy
tomogsaahieténversion comprises damping. 13. The computer readable
storage medium of claim 12 wherein a damping coefficient is related to a
rgiandaid deviation of caiculated ravel fime residuals Wit Feepact o Ruisotro
Standard daVistion Of moder vafte per?ur%la ioR< Used in the at 16ast ore or - Py
the firphamncsecone tonvagdraphictioye rsiwantter Tavel chin puotélipéadadstaneter are
storag{glg?éa 'un&lgf %‘(Iarignss%lnwherein the initial estimate of vertical interval
velocity an interval normal moveout velocity with respect to depth is
determined by Kirchhoff prestack time migration of seismic data. 15. The
computer readable storage medium_of&iaic?l 14 wherein the Kirchhoff
prestack depth migrated seismic dafa {sfariner processed by isotropic
tomographic inversion. 16. The computer readable storage medium of
claim 11 wherein the initial estimate of the first anisotropy parameter with
respetther B pdh RPgRssEIatEY HY e Rris AR B RIEHVSSbishTienyeteeity themecond

the seiamaiz-dpiapuiheesPaet Hordseibnie @R MNbiBhi seghveseismic

velocity with respect to depth determined from measurements made in a
wellbgre. 17. The computer readable storage medium of clajm 11 wherein

Hhe initiaf SSHRYET 6????@%%?%%%{?8@9”&?%’?&{6}%%&8%% $dUEH formal
generateckbyt carlpaitng fhemaliandnyesricalndaty dgpthsdateynfin@d anisotropy

from seismic data to formation layer boundaries determine
measprements madedhtadveifbdre. expression V=V V1+28 wherein Vymo

represents the interval normal moveout velocity, V, represents the interval

vertical velocity and 6 represents the first anisotropy parameter.

21. A method for estimating seismic velocities in vertically transversely isotropic
media, comprising:
acquiring seismic data by actuating a seismic energy source at a plurality of

positions above subsurface formations to be evaluated and detecting
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18. The computer readable storage medium of claim 11 wherein the

generating an initial estimate of the second anisotropy parameter with MCSLLP

respect to depth comprises setting the second anisotropy parameter equal

to the first anisotropy parameter. 19. The computer readable storage

medium of claim 11 wherein the first anisotropy parameter, the second
anisotropy parameter and the anelliptic parameter are related by the
expression: sefshi@&nengyein 3 pépragentd thesfitst asisoteopyipposededboye the
C represents ftor}% sggond anisotropy parameter and q represents the

anelliptic parame%er.nfo. The computer readable storage medium of claim

11 wheneimthes inte ivétial orshialatove oattielb oiter thi vetecityl wedtizabrval normal
velocity and the first anisotro arameter are related he ex sion

Vnino = vo-T1% ’ou Wﬁ(ie(?ceﬁ% @igﬁ,"‘r%%erce{s%gngte tﬁe}?%%rt\%lgﬁgfﬁr%gﬁﬁr%%wout
velociggnviatiepresemisithestiteatalofertifisdtveiosityoandrdrepeseniththrespect to
first M SotrORY PRI AME Rl hnts HGHIORIA SR AR LM VEIRFIS normal
in vertically transversely isotropic medid, comprising: acquiring seismic

data by actuatimgeuseidntidyeanst iedotamvelateatishlradtycd positions above
Subsurfe%%%];%{ %ﬂoﬂi th b e%t%%l%%%ﬁq%@g%%%e%”}% 't\ﬂc llpsggéﬁ{a"%nisotropy
energy at a plutality of seismic receivers disposed above the formations;
generating apanitistestimastsofdenicatiniepesdmetocisiaed intbp/arst anisotropy

normal mov 5136%153?g}{d’\é{mrﬁ?&i}%&ﬁ&ﬂf@é%g@ﬁkﬁﬁ seismic data;

generating an initial estimate of a first anisotropy parameter with respect
to deptxfenenfirgt emisopropssparaniesrtrsnieianbichénivisioal Wotmegispect to the

moveout Vel?ﬁé@f\%ﬁ] qm&m&%u@m%g@%ﬁi%e%%@@ﬁatm%dﬁgieﬁérameter at

estimate with respect to depth of a second anisotropy parameter, 't

second anisatrepyspatanadrsr pdldtsd tostherfipetanis RrspYPeraméiefrane] time
an interval aﬁ?ﬁf&@ﬁﬁ%%@@ﬁ%iﬁﬂm%@n a processor a first

tomographic inversion with respect to the inte’rva] normal moveout velocity
and tHérseadivatimgidayisplepraniete Paicassonsviht Viglueibalisstiingte of vertical

anisotropy pgramefesptiyayel e difeeanin!s:eeact: m@aﬂa@@%‘pea to

first adjusting layer depths on a processor with the initial estima
vertical intersgPie ey ssiaistd#aal normal moveout velocity with respect

to depiffPnyF6SMIT A8 second anisotropy parameter determined in the first
tomographic inversion, performing on a processor a second tomographic
inversion of interval normal moveout velocity and the first anisotropy
parameter with respect to depth;
second adjusting on a processor the first adjusted layer depths, interval normal
moveout velocities and interval vertical velocities and calculating
interval anelliptic parameters from the second tomographic inversion;
and
at least one of storing and displaying the second adjusted layer depths, interval

normal moveout velocities and calculated interval anelliptic parameters.

22.  The method of claim 21 wherein at least one of the first tomographic inversion

and the second tomographic inversion comprises damping.
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using values of the second anisotropy parameter determined in the first
tomographic inversion, performing on a processor a second tomographic
inversion of interval normal moveout velocity and the first anisotropy MCSLLP
parameter with respect to depth; second adjusting on a processor the first
adjusted layer depths, interval normal moveout velocities and interval
vertical velocities and calculating interval anelliptic parameters from the
23econthiomethi@pbicclauar b mwlendmt |[dasipone wesfeittg ancldisglayimgtandard
the second .adjusted layer depths,.interval ngrmal,moveout velocities and_ . .
calcu R e O B R D R p B R 8 Botaon
whereifi atdéeistvane pbthetfitstiomegraphicinvdrsgnoandththsdoshdnd second
tomogtga}ggi%ai vi%rlsr{ggrscorrlnprises damping. 23. The method of claim 22
wherein a 5a|%p|ng Coaticient is related to a standard deviation of
calculated travel time residuals with respect to a standard deviation of

2fodeilVigiuee podurbakidns2dsabicisith Ehatitebiah estengtaled viestiesldegmhaelocity
tornogrAP RGNV BiRMa? 4 IS UNSH8S O GaiMm &biheseie e iilidkmined by
estimate of vertical interval velocity and interval normal moveout velocity

with réspedtal aegstack Waerigri By kpenmistipitstack time migration of
seismic data. 25. The method of claim 24 wherein the Kirchhoff prestack
28epth TigratachaaisklicHata ishirehehprreeBEe e Bycsatiopipip megraghiismic
inversion. 26, The method of claim 21 wherein the initial estimate of the

first afBHO Y BEERAOSESFSHifY PELB eI ISIRRE G RYTICE by relating an
effective seismic velocity with respect to depth from the seismic data to an
2éffectiVaeseisthizdvefocitymwitt redpesntchdeptitidetstmmaeddfaire first anisotropy
measu%(%nﬁler%g mﬁgerig 2y %(l)lb(?er 5t 2i7s' Tel’]n%rg}ggq gd ?f g{?ﬁm z%nl "¥Pee¥1evi” seismic
the infiar estimate of the Tirst anisd rop arameter with respect 1o epthis
generstéothy cuithpeaspecformdeioth [&per bioeisdanyidepttastdeterefifcetive seismic
from seismic data to formation | b 1] termi .
measu F§%é%tswﬁ?1§dge$ eé?w{ém%ﬁ%%zﬁ% %?E%ﬁ‘rﬁigfﬁﬁa%%%%%‘ﬁ%& %de e
the gewmellhting an initial estimate of the second anisotropy parameter with
respect to depth comprises setting the second anisotropy parameter equal

ot the fifgt ARISQLCRY PalAMEek12Feih NEdNEiRad aficliaim ¢ whereln Hiotropy
first anisotropy parameter, the second anisotropy parameter and the
anelliptieametem Stih diesparhti) fspthele gsissaien: pracomppiipg fraatipp layer
Wher%&&aﬁre&%% e dirshRAI SRR R RATRNAGIE R fGRIEIEAEIRE boundaries

second anisotropy parameter and rl represents the anelliptic parameter.
determined from measurements made in a wellbore.

28.  The method of claim 21 wherein the generating an initial estimate of the second
anisotropy parameter with respect to depth comprises setting the second

anisotropy parameter equal to the first anisotropy parameter.

29. The method of claim 21 wherein the first anisotropy parameter, the second

anisotropy parameter and the anelliptic parameter are related by the expression:
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30.The method of claim 21 wherein the interval normal moveout velocity,
the interval vertical velocity and the first anisotropy parameter are related
by the expression Vni = V0 Ji + 26 wherein V., represents the interval
normal moveout velocity, Vo represents the interval vertical velocity and S
represents the first anisotropy parameter.

30.

wherein & represents the first anisotropy parameter, & represents the second

anisotropy parameter and 1 represents the anelliptic parameter.

The method of claim 21 wherein the interval normal moveout velocity, the

interval vertical velocity and the first anisotropy parameter are related by the

expression V=V +1+28 wherein Vuy, represents the interval normal

moveout velocity, V, represents the interval vertical velocity and & represents

the first anisotropy parameter.
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