WD 2010/ 065209PCT/ US2009/ 061612 MJILTI PLE ANI SOTROPI C PARAMVETER | NVERSI ON

FOR A TTI EARTH MODEL FI ELD [ 0001] The present invention relates to a
met hod f owogetodwsioni ng val ues of ani sotropi c nodel par aRreTARS2000/06®1Xi | t ed
Transversely Isotropic (TTlI) earth nodel. BACKGROUND [ 0002] In order

to analy | agj.c r [ f ti ration
geopnys: P FEANERIR GRICRD BE RS O] A Rl Bl aBEBk P
formation is isotropic while in fact it is fundanentally ani sotropic. This
faul ty HE&hption may result in erroneous inmaging and interpretation of the
geol ogical structure. To extend the seism c processing techniques to
anisotropic nedia, it is desirable to obtain a neasure of the anisotropy of
t he geol ogi cal structure. [ 0003] Seism c anisotropy can be defined as
t he dependen880fTiegirssentinveitmoirtitesto & hetldidrfecdéteminingwalves pf opagati on. |t
is known.that. a transverse i ropy with tilted axis. earth el or TTI
cart h iBieloRis i HREF RS srabl S et S borBrt Tk bl obe ai n ' an

i mge of the subterranean formation in anisotropic nedia. The physi cal
paranmeters to describe a TTI earth nodel include (1) the symmetry axis, (2)
P-wave (conpressional) velocity along symetry axis - Vpo, (3) a paraneter
t hat sd%% HdW t he velocities vary for small angles fromthe symetry

axis - 6 , and (4) a paraneter that determines the velocity at |arge angles
fromthe axil80@%] Isyndmzto ynalyzelr ¢cBbngichhetmentyre of YaelitciEmen fgmativs.ot r opy”,

Geophysi cs. vol . 51} . N9, 1& Oct ober é986 nd {\T’hkhalghf@ and Tsvankin,
" Vel oci T OLHRN ARSI PEREPEPE A1YMPUSEY o B coNag 4> the 88&5@8%%ef‘nvo| . 60,
1550- 156fmatibd98)sotropic whileQR st} itSO AR JIrhbnteldy bilsstRPHRI. STIEL St aesuddptisat r opi ¢

paranmeter 8 to describe the propagati on of waves in an anisotropic nmedi um
Par anet’e#y Bsalhin gfangeus inwgingl anduptapretation ofdhe aelogitad sgugyre fhoxeyendshg shear )

e LRI Yol RSTHL 8 SRR ST D Rl R MR el
rel at i emadirppybf i BeslByiealseluowird.y .

[0003] Seismic anisotropy can be defined as the dependence of seismic velocity on
the direction of wave propagation. It is known that a transverse isotropy with tilted axis earth
model or TTI earth model can be used to model the propagation of waves and obtain an
image of the subterrancan formation in anisotropic media. The physical parameters to
describe a TTI earth model include (1) the symmetry axis, (2) P-wave (compressional)
velocity along symmetry axis — Vpo, (3) a parameter that specifies how the velocities vary for
small angles from the symmetry axis - & , and (4) a parameter that determines the velocity at
large angles from the axis of symmetry -1 (See Thomsen, “Weak Elastic Anisotropy”,
Geophysics. vol. 51, no. 10, October 1986 and Alkhalifah and Tsvankin, “Velocity analysis
for transversely isotropic
Media”, Geophysics, vol. 60, 1550-1566, 1995).

[0004] Some TTI earth models also use anisotropic parameter ¢ to describe the
propagation of waves in an anisotropic medium. Parameter ¢ satisfies the following
relationship n=(e-0)/(1+23). S (shear) wave velocity is required to completely describe a TTI
carth model, but in P-wave processing, S-wave velocity is usually obtained using an
empirical relationship with P-wave velocity.

[0005] Usually a TTI earth model is a three directional model. Each point in the

model is described by its coordinates and the values of anisotropic parameters. In certain
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[ 0005] Usually a TTlI earth nodel is a three directional nodel. Each point
in the nodel is described by its coordinates and the val ues of anisotropic
par anmet erw0 2bn/@savai n WO 2010/ 065209PCT/ US2009/ 061612 $CTOBR009M06161DN] Yy a
few quantities of anisotropic paraneters nay be needed to fully define a

nodel if the prqgperties of. the anisotropic nmedium do not change.from poi nt
to poi ﬁft}lat%wﬁ§ & Ty HEHICS P HAEQTORLS PATHRCHHHI M YA RGO IR e e = | ar ge
nunber Qfdcs pahd ?ﬂo'p&tl‘éébﬂh@gnié@ir%@ Rl AN S AbT @RhE REMITRIRS foinP_accurately
define the nodel.” [0006] e ani sotropic paraneters of a TTl earth
nodel riigwder.di nest $ifpatrerss theeldl lfaaghnaasicbredaires. a leggoewenber df spatipihygvarymel | and

coring are very. %ﬁpensive I cesseﬁzﬁgp dir.ect asurenments are only

possi brias of asotay T reR g AraRC DS B madiTng, it i's desirable to
determne t i.sotropic paraneters.o he TTIl  eart del usin | so
fateral 1y eNDefflR aEhoatmmrmes of & bgsw mpdd Hpae By ieenged S0

i nvent i@y cbR&MER. 9o PHRY HBthRa GRIMAHY €6rir%grﬁgk ?Biﬁr@xﬁ%sﬁ@éﬁ@&sﬁé@rang‘ﬁ%&m ni-ng

val ues of anisotropic nodel paraneters of  a Tilted Transversely Isotropic
(TTI) BEagashremsdes|are oty pastilgdont vpy covpacHiedadipss. i | dtinregife, Way desimebledo t y

5 (or Remresy Py o CRrRRbs A e T e UPTRRT iR AR IR PR Tes 2sa

functi qatpf wave propagation angle fromthe symetry axis, the nethod
including: acquiring input data for a geol ogical volune of interest;
determning a theoretical relationship between the input data and the

ani sotropi ¢ nodel paraneters; and cal culating the values of the anisotropic
nmodel parafpigys at each of a plurality of subsurface locations in the

geol ogi cal volune of interest based on the theoretical relationships and
the input d ing workflows involving.iterative or sequenti

conbi nat 1 ond V1 3paTaSRELt REERIE DR eV SpPuBCBIRTh Btvent t ona
t onogr apdthéd for\defeshding tdhigefdhiveine)io ARldcl iimgstapbifa TinkeTahoRrRased on a
tilted transversely isotropic nodel, and three dinmensional pre-stack depth
ni gr at i1697rQpss (gl Iy Epsth medcek F@r@@tﬁ@ﬁ@@ﬁ@aﬁ@ﬁ%mcwdﬁ%%wave velocity 6Om8] | n

anot her_,aspeg he | nv i i I o) e r

havi ng arlr(%l %tﬁléedg%g% ﬁ%&’b?xég%es rdﬁ%ﬁﬂ%ﬁ%#@@@&%@&%ﬁc almf)angrsr(‘8 ﬁhl Fﬁjg)é(ggg §abl e
by a naghichmtdtiaeREKh@4tong of FERIVARIHICs dsPVRNST AN RRIVE peofagstichedngtldirérng

val ues of anisotropic paraneters of a TTl earth nodel, the anisotropic

par anettBe symmetry axipghpmgiivd indpdagtapapnme innut datg far 4 grolegicad yalsasf axi s,
the Th ani 5o : i.=(8- : :

opr s aer e SRRERPE PRFATE SlfioRuAP ollck ha hil ity el HrpAcoropic

pr opagahoduh pangiceerd; nodncilbw asygmie tvalucaat the ahBetropet hodel precdmicengt deherfm ni ng

a relationshi p. between input data apd. , ,
plurality opf subsurface locatri)ons n ?he geopoglcal volume of interest based on the theoretical

relationships and the input data using workflows involving iterative or sequential
combinations of processes including input data preprocessing, conventional tomographic
inversion, three dimensional tomographic inversion based on a tilted transversely isotropic
model, and three dimensional pre-stack depth migration using a tilted transversely isotropic

model.

[0008] In another aspect of the invention, there is provided a computer product
having machine executable instructions, the instructions being executable by a machine to
perform a tomographic inversion method for determining values of anisotropic parameters of
a TTI earth model, the anisotropic parameters including P-wave velocity (Vpo) along a tilted
symmetry axis, the Thomsen anisotropy parameters 6 and ¢ (or n=(¢-0)/(1+29))
representative of a variation of wave velocities as a function of wave propagation angle from

the symmetry axis, the method including determining a relationship between input data and
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WD 2010/ 065209PCT/ US2009/ 061612 t he ani sotropic paraneters, the input data
bei ng acquired for a geological volunme of interest; and cal culating the
val ues ofwoOhle1ws2et r opi ¢ paraneters at each of a pl uralPcryusedossetssr f ace
| ocations in the geological volune of interest based on the relationship
and the, input data using workflows involving iterative or sequential

combi ndht BHEOEPHPBRBSERS e drRAeigsau et for BieepPBEaSaINge of Miasest:

di nensigaahichRARY E@leaihfe[s ggggraﬁiseﬂopi%@ram&&@a@éaeﬁ BBA 91%@41%; 'aﬁf sisEradeack

depth m gration. ] A conputer inplenmented nmethod for determ ning

val ues logatians sthe gpélogipalnatuneekintsics baded @p tii rebationgngkndrthe et dhtanodel |

t he ani sotropi aranet.ers includi ng P-wave .vel oci Vpo). algng .a tilted
syt e e Ao R RBHE AT S ARt SRVt o Ykt B B g ol o6
repres Qi’zl'taaﬁﬂe}\!@c@%in‘fgﬁﬂﬁ@tdi@ﬂanﬁéna\l\@d@ogt@lﬁ@idv%ﬁfon@&nc&thféﬁtﬁﬁﬂe@d’io@fl TR BE:-
propagation angle fromthe symetry axis, the method including (a)

obt ai nistagkalgpthAnigradionni gr ati on vel ocity nodel that substantially flattens

comon- i magi ng- poi nt gathers and substantially ties seismc data to well
data, the irdDB0HIA poypuatci orplemémed mgtheddet ddterolinid vgluehof dragotalcues Vpo, 6,
8 (or i-i t each of .a plurality aof su rface |l ocations in eol,ogi cal
vol unre s BEEiSy yindPh HieBhaRitRole BiPyoPE i gfeRoy
checkshptveaRfho MtV tafordta Rl syhRediyl A0S tHFHdnRch BRRSIEHy FR&hQBRIS, & (or

t onographi c inversion to deterim ne updated val ues of Vpo near the well

| ocat i op(g-ob/he-263) mpssafativpof beiistpnuf datve deloyitias eoa fumctiomof Whxo, wher ei n
Vpo = Vpo + AVpo; ( determ ning an_ increnental. i pprovenent AQ .to

6(i niti Psagag?fﬂai&%ﬁ%méﬁwro@%3%@&11%@&0@356%55 ?B(%}al@aag PRI i ng the
rel ati vgiehRRaRIARRy MidR Mgedub¥ehtiallyoalch OO hBn igsiRA b chiit8&ndi Mensi ona
TTl earth nodel at”each of the plurality of subsurface |ocations, taking

i nt o acobsimtiajgdicogéisralc datrteivatlednty thaditrad gugrationr aclpaty, mpdel dedleding ne

updated values af 6 erein 6 =.6 +AQ; det.er mi ni ng updat ed .val ues of
Vo = VRl e Vs el of R esich BhoPREEY PR ST IRGIGHAIT AEIRE e of t he
pl ur al iioy,RE o SiRSAES (B Bipli@m8 Ichakeh&Nd 0Bt @kPidag, bhoth BA&R s ARASiSpnal

ext ended 1 ncrenental update Avpo= -A6 VPo; (0 inputting

near - t alatd d-vofllflsedtioan glte a thes¢ dwadnsivnslgombgiaphicrimetriiomta det¢rirene updated

comon- i i oi nt gat s obtajned with an i.nproyed mgratian velocity
s et S T gt bt RS A T AR S GRS R A

t onogr .G AVEr §1.0 F.OC L i . 6 at
cach of e HFRr Ry AYRCEDZebfinintly SheRERKLAEmpBRaRaA AT RTLAD

near - t afsaig-thé fSaivcahghg ABSiAAUR) VIRV epertrapolath@aicirolativdichange AS from
connnn-inagingggqint %athers obtained with the inproved nodel the TTI

t omogr disRi-well fecatignsdta the gitee dreqdipicasipad T gatte ogdgl ai@actosf the plurddgrf of t he
pl ural i ] t . / 612

CTH IR R R T S P R e

pr esentdetdimn@itthipdated 3alueebf 5,ashdréie dres hads(cplctopsinalidatddealubnet Veps of the
rel ated el ements of the structure and the conbination of parts and

econom & (dfAdrasing dlet exteepolaiddithise donensromebAd pipacke af thephraltiyredisdesusiaéon of
the follow ng descr.iption and.the .appended clains wth referenc o the
coonpahSTRES e HaRe BF 1176 dirne i deGr ETspt K€D RarT rdal o,
wher ei np) ihktih € her 89 GHid Bl Aok AeRLANRGRGOMIGRRASH G e E@ﬁlhl%nliﬁla%ﬁ%-
various figures. It is to be expressly understood, however, that the

dr awi ngwiztretheprottdiechwithes enploved migretiar vaecigrdodis et ippddfiond sathyhand are
cpeci 1 eanegyAiasof Py LA fort Mhoecihidingirbgpgr e ifvilEng . {e®
i ncl ude,pabidd hiutbes SNdash Hf'ﬂh\%/\%ﬁxr&l’ﬁ? ot QM s@XheClo8RdnY; MdGLPBstak Resose.

BRI EF SCRI PTI ON CF THE DRAW NGS

far-offset/angle residual moveout information in the common-imaging-point gathers obtained
with the improved model the TTI tomographic inversion process to provide updated values of

1 at each of the plurality of subsurface locations.



[0011] Figure 1 shows a nethod for determ ning val ues of anisotropic nodel
paraneters of a Tilted Transversely Isotropic (TTI) Earth nodel in

accor dancEowntanesvdenbodi nent of the invention; [ @OTAS20000616@2 2 Shows
a workfl ow for determ ni ng val ues of anisotropic paraneters in accordance

with an enbodj of t ent| and 0013] .Fiqgure 3 shows
vari ous sceﬁgb{@%}eﬁ%ﬁn %Iher ge%ﬂﬁe% gad %arr%‘ft&&m%%f 3’6?3811 Jnvgngon,
accor dapGgeMistthe ﬁ‘l@th%ﬂ?@fjéﬁ%fon%ﬁldtfﬁ&?ctlbﬁéfé’mlb mate@awehﬁfaf%%m N

[ 0014] Enbodi nents of the invention provide a nethod for accurately
det er nith¢ pgmbiaktiensofgfarta ping otanopiics qfam@mﬁetcans, ol l@cqm@ ede Iprana epsel y

Isotroplc. eart at_.e Iur tlons a
vool ogreartgalign gt BRREFe gt erPASIARLLS sBroR S AR ERR A s ot r opi
par am?ta%é@mﬁd irfpadrh R ingb edl o wiicll forecd dfﬁ@f&ﬁfs%ﬁ@cﬁﬁ&ati@h Weérkinl 10@atfceMSe
Enbodi nment s the invention al so rel ate to_a conputer product having

mac hi n@l@@é@aﬂm@tq eestosprdingnRartstim ghej visippy B gireh st beliorhg c&reesly abl e by a
hi f d
machi “%nters%§E1 I‘Pt{fz{;r'%v%r qﬁ‘%t Eﬁ)e dr \gn_gg%eefoph{%d%g%qs@ ﬁﬁglﬁg;t%@rﬂélﬁ%eg RJn;c‘)He et hod

paraneters o
for acamiypiml are det idtontded moa definitden @'ﬁtharihﬁt@bf driigvgpabamak essl @ftha TTl earth

del incluyde th h 1) th d
et or MMECILHEICH IO Gh RO na NBEWRS Tt Ehe oR e Rag | BRS RICBABAYEEN | he
i nput M- ZOLHMORIROREN: HR2QP afcga@éseb]tgerwme.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1 shows a method for determining values of anisotropic model
parameters of a Tilted Transversely Isotropic (TTI) Earth model in accordance with an

embodiment of the invention;

[0012] Figure 2 shows a workflow for determining values of anisotropic parameters

in accordance with an embodiment of the invention; and

[0013] Figure 3 shows various scenarios that can be used in the workflow of Figure 2,

in accordance with an embodiment of the invention.

DETAILED DESCRIPTION

[0014] Embodiments of the invention provide a method for accurately determining
values of anisotropic parameters of a Titled Transversely Isotropic (TTI) earth model at each
of a plurality of locations in a geological volume of interest. In an embodiment, the estimated
anisotropic parameters are calibrated with direct measurements at well locations.
Embodiments of the invention also relate to a computer product having machine executable
instructions, the instructions being executable by a machine to perform a method for

determining values of anisotropic parameters of a TTI earth model.

[0015] In an embodiment, the method for accurately determining values of
anisotropic parameters of a TTI earth model include three main aspects which are (1) the use

of input data to determine the anisotropic parameters, (2) the relationship between the input
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data and the anisotropic paranmeters, and (3) the process enployed to
convert the input data to values of the anisotropic paraneters. The process
that i s wweaotoweswavert i nput data to ani sotropic par anBCEMUS200056 1vd2
referred to as an inversion process. [ 0016] Referring now to Figure

1, this figure shows a nethod 10 determ ni ng val ues of ani sotyopic
par anetd@rasgﬁftﬁ%aﬁ*ﬁtr@aq PFAMEGE: a@iﬁi&‘@d}fﬂ%ﬁ%& RA tonCoBNEIS Rt 3R Phe

i nvent i\Qfes WEHA dhli8tBFik ?@ﬁn%fterﬁ | OME Srodess DR iv@kd &S caifvetihgpaRAEQS F Opi C
paraneters (Vpo, 6, nand/or 8) are determ ned for each coordinate (x, vy, z)
i n t he ageotropjicpatametérsmay &k rifiatred sds anoversidn pyocesse TTI earth nodel . The
nmet hod starts at procedure 15 where input data are acquired for a

geol ogi cal VO0LsTRdErringmeweastFigura puthisdaguac sty s axabthde 10 ffardetoraphge, surface

seismc data, vertical seism file data, VSP (vertical seisnmc ofile)
dat o CHUER CLHYTOGRRGPeRF e G Bl il st by it SO BE G
{rend. . RREAKdn. O8YA 4 eBOY of BN RUAORIBF, JTR: SRRERIranller (Vpy s,

interpretational data includes picks of horizon and shape.

Sur f acenapdios ) aredatcaminet ifeteack coordinaef (keyg tz) onthe fgeologichevadame bf inteaes gr eat
coverage and are dily ayailable in nost areas. e wave ref|ected at
differ émeraﬂa%%e ffla%aéwsfflﬁ'e@-glfﬁ%nﬁmo Stara st Efoﬁ‘aif“é?rl? HOSIC HRUBIAGTR, surface
sei sm Gcd@td HRR cBSloHREAL Afné OPMterdRt MipliPlath By 3ISAL FARIKEMBR! &IFRIET
estimation. The measurable data include travel-tinmes at difrerent offsets
and depchmee dan, veftiqal spismigdrofde detas VAP (dirfita seinmicfrb 8k datangieels shoySP and
check shot data i.ch record.the direct arrival .of waves fromdifferent

i rect s w8 iR BahEiotu 8. Daiogalwil & PPow Shver BEY HREMHERA 6F ot

i s travg fdrgng@t TIEH infeeprentioRrdaaah@uld @Gads@ThoriAsh dddapd. N the art, VSP
data are acquired by positioning the wave receiver down the borehol e and
the wave emphpf] NeAEe sdenRWalL0RichTRESTY réﬁ&ﬁo&aﬁr@m%@ea@&l%wee%ie&y
positioning both the wave emtter and receiver down the borehol e.
[ 0018] caftmege awhare ré¢adgy iampiabldiatragst ttves. mEldwavcliBflprtod atatifcitcot grgbesesiur e 20
where a theoreti catr relati ongshi;P i s.det er.m ned be&é\ﬁeen ]%he i nFut U?ﬁta and
the ani'SBYPEHRANFRFANSPAATICSie TPATOfh SUIS oS dgid S boUsed A iyt figa

t heor etfhemk ahBbRbpIEPEALRIPRENEATN TEe MREQARE dith AvhdoltidvB]-finePstt dat a) and
ani sotropi c paraneters of the TTI earth nodel. Specifically, the

t heor etdiderent ffsgtsi and slapih asor neewmgrated cpthgistat dteac wifsetvanglas. SoIH sl ¢

par anet er I LLSt -] t4 s 1T ifi i on

t echni qCE%@( %@2 g%}?b‘gggﬁh%ﬁdo@ﬁé éi %{e&%{gﬁl@% Ig}agg% %&g r(liirl #g%? I}tod brﬁ?t%‘ée%ﬂﬁ %?/S Si cs,

vol . S5Xkengigse toldbtropic paB&E)crs. arnd/measickrhais itfagbl tireé atdifferehMedreledlé y

anal ysis for transversely isotropic nedia," CGeophysics, vol. 60, pgs.

1550- 158009045 kngyvis Petdf a1t YaP datrsprcauesd bh ppgi@ning Hegrveireesiver gawn

ani Sot 1aPhGrehA ahd AR Ml ik area PRELAFARI (e Do Qhua Y FecENRY QUES

descri bed 1 n Cerveny, §e| smc rays and ray intensities R onbgeneous
ani sot rpppitionmgdiot) the Gawp kysitaahd Jagiveatoww dle.bo2holpgs. 1-13 (1972) and/or 5
WO 2010/ 065209PCT/ US2009/ 061612 Gaj ewski et at., "Vertical seismc profile
synt heti cs Qpor8inafdracq@ying irgat dga) the hattdalol prostaty iogotalyiey Erwhde 20t r opi ¢
structures,” Journal of Ceophysics Res., vol. 95, pgs.. 11301- 11315,

(1990) .thoouetiqai Ehationsiyp &y deieruied Regwed the innyedafa én%PheraagﬁOErﬁ@@ PHrstder i ve
the th ' [ ' QP At ' pic
par amot A AR OB AT ARNE B e AR I A B (TR et

12/ 079, tidO(inj8y sth@irmahahiddtopodparanctbsgif alid HHl Gethsmode]. Dipajfidailly gtle on Mar ch

24, ZOOE. . Eﬁﬂ«%ooéi%bp\fter det ertrs%?i n he .t heoretical, rel aﬁji onshi B

bet weer {HEIGhEIHTIOGSHTE PSR A ARV 4 it ?%F%F%f%?%?m?tﬁ@%ﬁ RodBKEceeds
to proagadukeindreMiRing thd"eTV bR a@in fbithi s 0L PRl ¢n TROR nPa BIELIEY R at
each of "a plurality of subsurface |ocations in the geol ogical volune of

i nt er estrisarrepr.dlGeobhystas, Yalsld pgs 10A-6OHEPFRL dngladr Alshlsdifadnshilps Valeditt he

i nput data. .| n enbodi.nent . the ¢al cul ation of.the I i araneters
uses worebiis FRuSParae T eRdr s St ToIobo oS RRERERERAE) B boesses

i ncl udigpecifyngnidot SpicE MR RS OSIBLHIgs. TRAMBN PRy HAFRYaRBh BerifvMRHyon or

t hree di nensi onal tonographic inversion based on a tilted transversely

i sot r oping obEe fechriguestiicsaitgil e RSTVSAR “Spiseiartaxe kndieptrertigesiri on using a
tilted, lié”}h‘o?’e%rézﬁ'a%m‘o?rB Fe I, TGy o[ FEat, oS0 égsf 3LiMGo%s) qRyent i al
of p S may i L et1ve cki'ng

conbi nati on rocess



[ 0020] The estimation of the anisotropic paraneters of procedure 25 is a
conput ati onal process which uses the recorded data and a theoreti cal

rel ati onswopotiwes®Pve t he nodel paranmeters. This proces®Craseeoloethi2

t onogr aphi ¢ inversion. The inversion can be perfornmed differently using

vari ous_wor kf.l ows. For exanpl e, the anpi sotropic paraneters e estimted
sequent 4T ifaly, Vofsalae lfipﬁ%éle&’%’ﬁ%’tcé_léflgiﬂ”ff? FOR S A or s mmy be
esti mat,ed,;55 Iybianeavdb¥ic shlichpesd! RArMPSEGRo LR REE, 104, YBe 1980 data to
estimate ‘'one Oor nultiple paranmeters. Tn anothér enbodi nent, "all avail able

i nput didBas.dl 89Ws édiditwnekmniaratation Fdgartin s dic nopdCrap dhemme toedesiveitimul t aneousl y.
Further, the values of .the ani sotropic el .parameters can be determ ned
sl ng VAo BHERAED o RGBS RO LABCHERF e SRRTTLE B el Do SRR [he
i nput  dadra (RS Pt IA ppetSioarScsiubNe! /@10, I1oeSputmuhd ddtiod for Migrahi@@21] The

t onogr a&si c inversion of procedure 25 is recursive and iterative, and may
use t hryeesngr Ay ifidaden Maraheld. 29@fhsversely isotropic ray tracing to nodel

t hree di nensj I V. i r SS) i.pcl ude
nor mal 21 ng WAL AN ERAAAORL PPty SRRy BESRER BRI R e

t onogr apisoaopio\paramaddrs, theipidthod direcepdep pocedsic P wikgre eesaliesof thde, prior to
performng the three di nensional TTIl tonographi¢ inversion, magrating the
sei smi &n&&fraplﬁgm%?wamﬁerwégq Rfie Rlept! Fsubsitrash ey P HRBSCONS9A ng t he
m or at ed1ifl ShrdRhR ARGRAL e By BRSO SHBBHIARAGHOGLMOTANdath N 1

m gration offset/angle into WO 2010/ 065209PCT/ US2009/ 061612
comuon-anreag@dpoénts th¢ ChlP)lagert dfcths pniastbsep et wasiwqukdlowsfigvalgingesi dual

noveout.s in the co n- i - poi nht gat her omai n, .TTl prestack depth

T g at | B O S RRR AP BORGRRS § P s eladRE Mot g b P ues of t he
ani sot rc@ﬁb&tﬂéﬁél&ﬂﬁb?{a%h@riﬁve@ﬁb& bt AFQAiR¥NdibiR BSrhd@hphis Bhvestdnhsdpbigs of
Vpo, d and n. Specifically, the values of the anisotropic paraneters are

cal cul diltsd tignsverselaisotsertie model, prdydirgsodimensaral pfc-statksdaptamegrationuesting €s i n

t he geal,pgi.cal volune of interest.tie their spatial. . positions recognized in
ar 1 P ed BTN e s MRE e B S B R Bk B P < e e
M Ni Murprédes @y enay iRCludé intdipichiee pidlg. The subsurface structures include rock
boundari es. [ 0023] Referring nowto Figure 2, this figure shows a

wor kf 1 ow 10Qoh20] HRIRHALAGNES hahhigsr&ic pithdelctOdt froRALARMBEgRs of a Titled
Transversely |sotropic ETTI) earth nodel in accordance with an enbodi nent
of the dompetatioodl.pradess whishamsesvibe wsokded siatacad agbefiretical rlatonslitin tesdosthaher e
three di nsidronaJ[ S 'hslm' o refil eaclti (%nmda}a%iarie mieasutrhedl.1 TklleHV\éorbkf | ow t hen
pr oceed Ot PEFBESEur ¢11 RERe? S IHLOBRFERNE TP TRL S ATELYY S Used to

det er mpeefoaned fiffetcnkly Tiingearibhs Wottelows OForteRempROIhe @hRadropie biihctdrs may er est .
The initial TTI eart?]l nodel nmay be determ ned using various neans. For
exanpl &¢ asHmatedisequentiqty (1ga@norit grieg) o&dnclseabio (varpSResMeteinmMay e t v

i nfor i i C gl f wel | as
now eagiielinBhEAE, O RASAARID 0t BECAPoHAT W SN iR, "7\ o

geol ogimaltipleqlatamectak. linnhethestmbadimon@tikdvaikblctihputrdatacare tisvel to Ritimatk all Tl

nodel buil ding al so includes estinating subsurface reflector ruct ur al
di ps arftiSOHPRICMRFFICTers S ?nyafé@hfﬂh ﬂt%‘@i&éﬁﬁlﬁ CROTOBEIRAD i nt er est

I'n the J.pidhdidl C%-I-lr ge géé&lﬁn@a)g&lll%vﬁioﬁ@lc%bﬁfatim iﬂiérﬁg%t ©lth ¥Psetorand 11 is

provi ded at eac f a plurality of locations (x, v, I'n the geol ogi cal

vol une sobsdatnefehestput data and fudloR%]or Afibsets aféheoutputidatp.an initial TTlI earth
nodel , the workfl ow proceeds to bl ock 115 and procedure 120 where well data
(bl ock 115) [8021]udedomogpehicanvarsdoi bf geceiunedsisanalrsitSm)d ifdrhtitandmaphy
(procedure 12Q) base n ray tracing tq update the v e of. Vpa of the TTI
earth bt é‘}re%g]érfenﬁlﬁég\kﬁieﬁ(t@?SV% Y ISOERPAC FRyTACH @@@%&%ﬁ“‘?ﬁa igegsioggleckshot
dat &, Woiyehrb RREESE Nphd YRl BRI sHRGHTy YN Ee ¥ohPRiaqhe inpul higloMe! | (S) . The
updat ed va:baelgd%of Vpopillnat hlg%%eoo cs)gli%calylvol u?re of iZntgereesr{bunea? the well (s)
cor r espgenvsning tMphféendimicasipreAYFl torégrhpltibirs/ersion. Input data preprocessing may

also include, prior to performing the three dimensional TTI tomographic inversion, migrating
the seismic data using 3D TTI prestack depth migration algorithms, sorting the migrated

seismic data according to their subsurface location and their migration offset/angle into
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operation, the values of Vpo near the well(s) are updated in the initial
TTI earth nodel. Specifically, the VSP data and checkshot data are used in
t he enmbodwoento/ws20Fi gure 2 to tie the seismc data to tRETWSR0IMatea2 WO

2010/ 065209PCT/ US2009/ 061612 [ 0025] After updating the val ues of Vpo
near the wel Ig%ﬁﬁ t he ggﬁ;kflow 10(%) roceed rocedure, 125 wher eht he
i nitialPARREINGe-RPIHLSIP gl %ﬂﬁe%ng and g a%r& 98 Feueh ROyt BdhGal ues

of VPO ReffdflinmibelRitthater dMMIRITT] ARELA! dRH /1 &%Mg@ﬁm%@%\kﬂd% in
6(updat ed) =6(i nitial ) +A6. The transformati ons of “procedures 110-125 enabl e

one to thetitne the initial 3D TTlI earth nodel by providing a nore accurate
TTI nodel near the well(s). [ 0026] Once the initial TTlI earth nodel
has been upd8022] Trearalitckef thel an{seropic tphrantveers bt kdlaval hyeiscradvelipselamidgd, t he

wor kf | ow, 100 eeds t ere.the remainin oints in the
Todel . S Of Raogandts DUEERaD - he Hucal tor o e e e SyeuTagpd

popul attﬁﬁl (a!) Reibif @HROAbBs &fsuﬁdugféﬁ@st%lctﬁrgﬁnrtﬁ LA1bSGalRBLM Sof 1ﬁte¥é},? nodel
are popul atéd using a three dinensional extrapolaflion process and t

updat ediovthéineatiof posifeona m@bognne(ém diledwedl]s(agyl (biThasidudd rrmedutﬁmnsomman-
extrapol ation process is st, extrapol ati or Al |nthe
g S B e L B S R S Tl R T A
updat e ipéludPRckdbigHatiBe transformati on AVpO=-A6*Vpo. It will be appreciated
t hat various types of algorithnms can be used to extrapolate the values of d

or Ad outsi dgo33) &R Weting! n%%m@%ﬂﬁ ¢ anglist My RB WY aea&x)&@@e«dlo@q@laa&ém%mgpo and
d. The result of the extrapol ation process (see block 135) provides a three

di mensivehsb OTEmlmmmpamdeﬂermftaHﬁvled Tranpecrseay Isagopip dET Bebaithimeds! iof Vpo and
6 at each poi f he. t hr ee nmens el

bl ock 1%%018 ﬁed&rﬁgaft% ‘% F%Wf g 16‘3{?15}?&&1‘?”5{&“586‘@ ‘?%Pa‘tﬁeg“ﬁlm z) of t he
nodel @ pYpQduRd 1053l DectAVRED difi{chfibhdl kikthBreABetiohldatddrt infagured. The whik@dl The

nodel determned at block 135 is used to performa three di nensional (3D)
pr e- st db& myreads pr procedude hiP whersdhasseisenie s¢flastion defa ge wscato gtopddere 140.

Wth t gkﬁlapf?fga%rrﬁ%eﬁ gérs[ﬁzﬁg%d’rlgé {:aqqolu?ﬁ'e &%h%retsp afheh?ﬁ‘[fal E%Ey %&88&6(:1 for

t he geol ogi ca are processed/ m nodel to
provi demay bedétémmgel wind Vidiohs eaiy, ffaﬁexﬁlflplbhﬂie gﬁﬁhldgrlc&hh\thehmndje

interes As wi ||l be appreciated, the mgration of seismc datavmll

typi ca|<fe§ﬁr@ﬁaeé|f@r%ﬁelpﬁ1&g %1’81%‘@“% HEiPUsPregses bR B Med onvRRagwed itaiaht er est

from theg r&&&%ﬁgdgéeélﬁ{%} fe ?d?faﬁy Bﬂgﬂobh@y Ap SR ?%QH{ Phigh fEPd e%idgﬁ’%l of the

geol ogi cal features prese Int sei'sm c vol ume of inter an an i nmage
f or med vohone of igreatse o ldextt@d viiurtheemoresihit npalcT H rgoddl bhikling hiso tioledes

di nrensi onal ..pre-st ck T dept h i ing.,of seismic reflection data of

o ocoaurnaibE SiauRiE e LR el O oA by i v aeRy T8y TR kmown i n
the art eofo%m{?blhﬂi@%?u{?&'eﬁt 198NR1RI TPI ERGNAGELL L OvdIteoMdaok Bh@mhcRe VI C data
t hat end up at a sane inmage position in the geol ogi cal vol ume of interest.

[ 0028] dCnelen shpeodderasiga¢meigeplpailift ofdacdiions Chave) ibdengdodiegical Vplahemf t he 3D

pre- stactk TTlI depth inmagi ng anal ysis, the workflow 100 then proceeds to
procedurgs 50 and/or 8 WO 2010/ 065209PCT/ US2009/ 061612

[0024] After determining an initial TTI earth model, the workflow proceeds to block
115 and procedure 120 where well data (block 115) are used to perform a three dimensional
(3D) TTI tomography (procedure 120) based on ray tracing to update the value of Vpy of the
TTI earth model near the well(s). Well data may include VSP data or checkshot data, which
represent information about wave velocities in the well(s). The updated values of Vpg in the
geological volume of interest near the well(s) corresponds to Vpo(initial)}tAVpy. With this
operation, the values of Vpg near the well(s) are updated in the initial TTI earth model.
Specifically, the VSP data and checkshot data are used in the embodiment of Figure 2 to tie

the seismic data to the well data.



155 wherein a residual noveout analysis is perforned. As known in the art,
resi dual noveout analysis is a basic step in velocity nodel refinenent. The
anal ysi s WO 20vesab| y carried out using senbl ances for &Cgisadoogfeciomt i ne and
xl'ine | ocations. One senblance panel is conmputed for each

comon- i mag r a a function of de and of he resi dua
nmoveout anaﬁ?@&g‘%% HMP %ébgkﬁ%ﬁﬂﬁégigwsﬂ?éwﬁ QWéQJ BRCCEGr t he
near tQo%h%e&h%%@%%ﬂﬁkﬂﬁé%ﬁﬁﬂuﬁﬁwééﬁsﬁﬁﬁhﬁb&@ 5%§hﬁuﬁkdﬁﬁﬁ ﬂﬂﬁqﬂB@HyS'S on
t he commobn inmage point gathers is carried out or e near o far

of f set svahies pf Ypedeoeding B thiuéelfovengl trivasforpiatioe e=Adpr/eéponidh respect i veI y, to

a smal | ce between the source cei ver

Coozo) PG LGy bl IR T TR bns Opp R hR DIt st BB (Eleinee 2 are
i nt endede tr@tif GYET TN34rthi b1 BD YEAEAing B MtS @Scuradt TN hiddeldiar fRSidgl noveout
anal ysis of Figure 2 can be perforned only for the near to md offsets

(procedure 1pgde) Wn@nhyini@ T8 Rlodbithak BEerPif @RI LPMO GRAK) %lﬁﬁtﬁ% in
enbodi ments of the invention. Alternatively, in an enbodi ment of the

i nvent iwpdatedvaluasosYipawwndi i the werk@ow, 1 00peogeeds yabcedoicelditwlamathgsi s can be

perforned for both.the ne to,.md. of f sets d the near to f of fsets
Pt dedatnie el id 18 BERD i OndoPu] SESHE TSt BTGRERS Sy Plree Undat ed
wave Velopglatdde In Mizterhdiraa bf Paiund 2 ahe tdinisikg pdintdmded m@@éu afﬂ@ﬁolﬁﬂat@d ocedur e
135. After determ ning the updated velocities Vpo for each point of the

nodel , Usinget tragidimensional extrapekatign pm%&%ldﬁh%ap@wwu% @£ YPagnd ¢ nogidhher

conver [ [ veout
anal ysoelip- el By CxeMIFhIGH plod Bl Il by i RSl I

pr edet exdiinnkerenolitng It!batloﬂsfof(ﬂﬁmmedi@@ﬁd ehdnsobeditiaj aekkee tihﬁemmnklf Upatatel@0 ends
at bl ock 166. 31] 1f convergence._is not obtained, the workflow 100

pr oceed¥PotUsng tB%r{aanwﬁenoéVm ook o Ik ks appraciated Hat eriephbachplet her t he
val ues a@%orglﬁeg'gcjupﬁe dded 301040 RE ﬁ&e@aﬁﬁgoc @sﬁtsﬁelt&tw% JcliforiRdgho T the

result o Inquiry is positive at b 170 e wor om1proceeds to
proced wbaalﬂeﬁtendwln@dates bf ¥go didenBhaorallt ¢330} ei’cfapoiamngplrmkw(sefsblpek f&med to

update the vaI d f.or h poi nt. of. the nodel. usin ts of the
Bs dudiogvab eyl A1 el b VEl desrroganided viudidpryd

benefi ¢ eﬁleaélpﬁ)diﬁtd&ttﬁe tld8elY aAlhdqBre @ HirterRdni| PECAYRENSIE bf BBclH PTRIRIdees not
nodi fy the val ues of wave velocities Vpo in the nodel. As a result, the tie

bet wee rthe\ézlllowamlpay@msmscat@aqkep@hte(& wers Obﬁ@\m@i@él\{/pobbtt@i)ﬁréérpw (inittahe Adodel
constructe %t block 135 is not qualitatively destroyed in a |ow dip
settlng é% way, it is possible to obtain a faster and nore robust

conver5|on f Alternatively or
addi t1 onal | ﬂﬁﬁl% ol Pl P T vose B 3 TVeh SRR Lpaat o
for eaqhpppiditadf TR pIPRRIging df sbRBid REESor A atd ag)rbdfyaufermm wvRRdif i ve at

bl ock 180, the workflow proceeds to procedure 195 where a three di mensional

(3D) Tmroctadmg pAphig rﬁféeq@enfd@ﬁar’fw hawe @rdmfwﬁiwowgi@hvcﬂume@éch poi nt

of the .npnde e of ual noveout the far
to md. tfefegle g proc%sseg%f ff%\é% by ’rThe tnhogefatgl pr%wg%ft new IInage ?f tﬁ? S Q’gur%agf: Ok h (?at ed,

it is %%bﬁ‘f oi8anesl uid oF hﬂéreﬁthQ\s\/\ﬁllllt&sap?feciwédethéﬂhﬁgﬁdtiohﬁ sHB8i cSduedivell be

updated (bl ock 175). If the result the inquiry is negative, the workflow

ends attyBrgbkenebl. an| image bee@mﬂ@d of the geolpgigel YoJurne obigdrest fiom tha anigrséaes | ow
proceeds; .9 {?Jt 9‘f‘a‘€' W Emboh e 4 C%Qn Iﬂhe &%HBg{CQP{ékaés d;?&reﬁf BQRéj%eﬁsinUpdat e
0 p0|

the values o Cities he geol o eres
volume of interest than an image forrned from migrated data with an isotropic algorithm. The

three dimensional pre-stack TTI depth imaging of seismic reflection data of procedure 140
provides common image point gathers (block 145). As known in the art, common image
point gathers correspond to the migrated seismic data that end up at a same image position in

the geological volume of interest.

[0028] Once the common image point gathers have been identified by the 3D pre-

stack TTI depth imaging analysis, the workflow 100 then proceeds to procedures 150 and/or
8



[0034] The results of the 3D TTI tonography anal yses of procedures 185, 190
and 195 provide a new three di nensional (3D) TTlI nodel at block 197 with
updat ed wabrew/w$5208, Vpo and ri at each point (x, y, z)Ppoff/ush@ofomer. It is
t hen determ ned whet her convergence is obtained for the updated val ues of

6, Vpo d.Ti .inth ew nodel of. bl ock 19 ock 198). Vario s tests may
be usedl%gavlzfé%ﬁﬁ?%@la'ﬂﬂwﬁ% tapalyviat i éﬁ#’é‘?‘ﬁ%&l %FEGF Exd it is
det er mrﬁ&c&oﬂhﬁ;aws it BeagbtR) %?delMéi’aﬁ‘%d@'%@ﬁ&%le%Wﬂe%ﬁ?ﬁ& & eeﬁ t hreshol d.

If the result of the inquiry is fOSItlve he wor kfl ow of Figure 2 ends at
pr ocedwaerictgit usifig s¢rablreeglifer aogri h%lnhmqmd }shnesiocwelga& i Org semléawmlaﬁd:low 100

pr oceeds 15 where.the a ed t arma three
B rene: SRR et RS b eiraR o S8 AR By e FaP T IR g 1o
updat e rtdigual MdiRo@fan¥0is Oh thd\@onlrhbn @ddelpoimiathcadit ahied oat fob km&aﬂ@ﬂ near

t he mell(s) Thus, the TTl earth nodel obtalned at block 197 is used as a
new i nimidaiffsais@éprocedure ha0 e é@féﬁﬂuqlmvamﬂmalym oftheefIB@aPIENLLE RAIts new

initial JT I i<t hal at the
vt B SR TRR PSR O P U £, G RO gt
gat her scoaRshondbstguativell) ty atsnedl aelelasiamge do:w,tme boetwweh kheddtiee aﬁﬂtﬂ&rreehﬁ@r m ni ng
a nodi fied nodel with updated val ues of Vpo near the well (s), the workfl ow
100 pr oceedq0dm]ar REEBE dﬂﬁecl@téd iR8theheseduRdased Ssf Fasir®b afe iatslded toVpo
and/or 11 are determ ne The workflow is then iterated until convergence

i s obt aonednpigiplamevapaf ywdyses. Bhad il thsrrengeal apricent applygis of Figuie2 gan bes of 6

and/ or p\éﬂ%f-ﬂ&i’éﬁ& £ tgggg.frtt?pﬁa 8 f%é{%gﬂo&(a{lrecl% gteor?ﬁtefﬁﬁﬁtﬁg nkafQo ﬁa#%?ﬁ&gem

iterati‘ons reC|a e wor kKT I"'ow of
Fi gur e (grdcsduratl enciadnibod e grais nﬁiemﬁﬁmAl%IﬁditafelyQSn ﬁroémbcmlmmlrzofnge t he
three di nensional (3D) TTI. nodel. Referrlng now to Fig this f| ure

shows tIREEN{IQR; %@sasetz%%m Kiguiera thesgsi %%ﬁpweaalabztméae ep@réwgﬁdéﬂr R the
first §ﬁ§ﬁ@arr't& i®ofrsetd AR QB hYarRGFATR etrssieng\ﬂ anbsusipdat ed at each location in

the no The Irst scenario is preferr ecause the update of 6 does not
change the v f

quant tat 1 v P e iibyBou e R PRI IRaMIE e BF L BQEBS VD 1 By g
2010/ 0Gfp2Q HPEL 15TV BiddblEetiAcd esprooydact mﬂlmgertd’ee:rmmlhgnheamdﬁmdof d. In the
second scenari o, parapeters and Vpo are. updated third scenari o,
par anetvef%ltesé{m queaaheoeba%&eawdﬁh atqﬁemaeﬁpwssrew. iﬁ K& 3G ti es Vpo

are Updl%tsﬁqs td \’i}hétﬂ ('?%IJ% d&%%‘é{'&thfﬁed MROWABef the %s%lt’s‘[?%%‘?&dda[‘m%b@mﬁ' xth
scenari o, I's updated and, in the seventh scenario, 6, and Vpo are
updat echnalyses of p[r(ﬁt&ﬂﬁl]es 160 wnd/br ﬂuec@jupﬂ' EXS iataediwithiata prb@t@n&mmirtofmme If

or o pAPATEERE i piared g Ve eia@tw' e o[ BLPETton. I n ofher words. the
anlsotroplcﬁﬁaraneters (6, 11 and Vpo optlnlzed at each iteration may be

di f f er ent PaL] It ﬁoeﬁr@ﬁ%&%ﬁbtamie@ thewerkﬂ%*f Hfberoegeds ta/blprle /0 erdéeiar i os
coul d hg, cgéﬁs% \Izt?ergﬂtlﬂ 1'§‘dé$nhfﬁ%dwﬂ"e&1%¥ fHeranst 8Pghnddin 5%&?& l%egﬁ’({: br 1t s

envi sioned that after optimzin I rst paraneter, Ing to the
first swempointef thtenodol kIf tlmwesmﬂt FHithrumguizy mq;osbeze;aubbuledlm chha)wbrkrﬁox\e a

second ara ter .1, and then a third ter, g. Vpo Therefore

he. parised © mocr ke iSe & diren g omidal O minesedivds pergemed 6

S equentdpﬁhﬂeXhe Fitd HES for 'eﬁcﬁ%dlﬁt Jf%h@ﬂ@ﬂﬁcﬂsﬁltggﬂe Fe'@@ﬁs dMBe RBIMAELMORAE the

paraneters updated at each iteration is g ﬁ@ ependent on the maturity of
Fig

t he ovemalysisportbt nparitd diidgipete clssgrehidyt bing wpldettehhejeq:luets dafpegilbng and
t onogr and ,t he t and the.quality of.wel]l nd ) dat at are
noeat dRRlE P RS St S e hiticPbe Y xRS S IR R AR ton has

been desaild, BRdid tetwednaidll A1 sciditic Bukh PIRS SvaQprdvidudBt srdihenwhRsRdmedelwhat i s
currently consi dered to be the nost practical and preferred enbodinents, it

is to bensfréqdst @mktlﬁéﬂs Befcalifativgly df:sgrosfeql &1 4/lovodipspiEing pin heswanndist hat
the i nV%ggleqo o?taﬂl di %s eg]aﬁcﬁ%o}e ro{)gsef ]pl Ca 4181? f:“o(i1 tﬁé@a?gésrg%@lﬁ lerBd on the

cont rary IS I'n cover I ons and equl va e arr angenent S
that are w t[ﬁb&]t&?ensuﬁwe y or Ay 1t10n01ﬁ)e, i) 1fs dtet%IQmI% RS rlllceit% ﬁle allRs of n should

be updated for each point of the model. If the result of the inquiry is positive at block 180,

9



[0038] It wll be appreciated that the different acts involved in
determ ni ng val ues of ani sotropic nodel paraneters of a Tilted Transversely
| sot r opi WO TU0Oj06E20t h nodel nay be executed accordi ng t @CraShémdswtzCcuUt abl e
instructions or codes. These nachi ne executable instructions may be

enbedde ata stora di essor i gured o.execute
Che. | ndfs bepepocteddS f@e%’f 3 vheR e FER dhemanel Bed o (MO i

syst emjcpah¥d RAJAERIFAMITLOSS fd}(élaéﬁjbélﬁt SXBE Hioadl ﬁnfg%l@%esumf e used to

i npl enent the above descrlbed nodel .” The software code may be execut abl e by

a geneﬂawdwﬂmpn®@m@odwaﬁéwthtﬁﬂé@enébﬂﬁﬁs the code and possibly the
associ ated data records may be stored within a general - purpose conputer
pl at f orm At[0033df theivathes ofidwed/er ) atchet spddtediitas detgriiacd vbrthdr the veluker

Iocatlo and/ or 0/ 209 0 2 tra orted for | oading
into arP mﬁa@%ﬂfﬁlﬁ%@e]ﬁ@l&f B @E&‘é{e@@&ﬁﬁ% }ﬁ%gy %w@ulw Kensgabtdi ment s
di scusspdwaRaNRy ¢t ¥BcRMEG OIf thDFSul1s Of ﬂl@@r{cﬁm‘}ﬁs ?&g"'ﬂ?&g e WERAYGt S 1 n the
formof one or nore nodul es of code carried | east one

machi nepre@aadatel ppoereldieuifll vExare a BDoRT lothmogiphy meblyletétqammia@sthg valgés ethe
conputer_s es, t he glatforn1to i npl enent the functions in

bl
essentﬂg QKFhémﬁ%ﬁﬁ GOB@FPB(ngﬁoﬁHFﬂS enbodi nents di scussed and

1 L A Bt BEI) S B Rt D SR B

provi di g Jrostié Hath ose Hﬁnéﬁsi&h@lc(@ﬁﬁ QT RIdcEH DTS 197-wifh GRITRMANGN R bF B,
machi ne "readabl e nmedi umf nmay be broadly ternmed a "conputer product." Such

a nedi uviporaagl 1t @ kechmpmint (koy.rm of theahedsil.nl ihilen deterringd wdtheogonvergenediat i | e

For oxaipiaed e s Thligheft & e 8 n Bk a0aT ot Bletkina? ik obaicyi ces

i n any vamet@ts(fly bPeaitd B8eRBind nhethes 6hvaRRWes is ¥Btaaiddl Foredingle,Nelsude
dynam c nenory, such as the main nmenory of a conputer system hy5|cal

t r ans mids&iraginededicshar ted eienedbwatics are bgpws pr@dﬂs@éunw theesheldd I thpegsulspf i cs,
| ncl udipg; & 'llﬁy aé}o%ﬁléeht%% v&o Jv%?F% F“.i Nqs c%‘d&r‘é”f%‘t ﬁrt{lé%/egﬁlglg}the

Carrier-wa sm s5i on nedia ca rnlof el ec

el ect r dnqgnets inegivgniak Sworl@ﬂlmaQO(DlptdceedS batk @hilostaviEswhete theasclt b4s arcgener at ed
during radi o frequency (RF) infrared (IR} data conmuuni cations. Common
f or ms cﬁseg fogm-%téaeaéiw@n% S nkeldpppearaphy (nipesdurol20d Rasedon:12% 1 oppy

d' Sk 3crafc @g%&atg'ﬂp%kval&acﬁqf&'o%lfhe ﬂél?% 'ﬁo&e@gﬁt’amﬁaﬁ'i RbBEToMARGRGl ¢ medi um

any ot her optical ne ess comonly used nedi a such as
punch oaﬂM@ Tﬁmnaheﬂibemﬂam@ddkmEMmmhybkmhn9ﬁmdmmdnmambwpmm3bnu$ﬂﬁh hol es,

RN ety e AR R F R ST S

l'i nks ttﬁﬁﬂﬁle%ﬁmgo&mkbdaat% fidsEter@NEin tRAt iBMbs@AMAT m@hymrﬁﬁ@m whi ch a
conputer can read or send Erogrannlng codes and/or data. Many of these

forms amagmgmsmrérgath@mﬂlss st@tmaélyrtrwseb@mlcrdatal toercell dutw ahftgr deterowenge nor e

sequences ,.of on ruc ssor f-or ecut

o041 fiaiftka PaSe bR RE VI Rt S SuBlRR TR Rhek Bl fEGFN s o0 ¢ hat
to the IﬁéféeaﬂiesFlQ§SI9@|\xﬂher&ﬁﬁla% We@of@@ﬁdléﬁVE@indﬁmm foldedihrel. The be
conbined with one or nore features of an er enbodinent. WO

2010/ oemaEimETs thep algoitasigagi] ponvergence is obtalned for the values of & and/or Vp, and/or
N (i.e. the values of & and/or Vp, and/or 1) substantially do not change between two

subsequent iterations).

[0035] It will be appreciated that the workflow of Figure 2 is intended to encompass
several scenarios for optimizing the three dimensional (3D) TTI model. Referring now to
Figure 3, this figure shows the various scenarios that can be applied at each iteration. In the
first scenario, o is the only parameter that is updated at each location in the model. The first
scenario is preferred because the update of 6 does not change the values of Vpg in a low dip

setting and, as a result, the quantitative tie between the well data and the seismic data is not
10



WHAT IS CLAIMED IS: 1. A conputer inplenmented nmethod for determ ning

val ues of anisotropic nodel paraneters of a Tilted Transversely |sotropic
(TTI) Earwb 200985209t he ani sotropi ¢ paraneters incl udi ngPPTRSI@IWeloozZi ty
(Vpo) al ong a tilted symmetry axis, the Thomsen ani sotropy paraneters 6 and
8 (or l+2 re resent t|v at| ons of wavbem%/(ﬁ{gociti es as a

i —g8
funct i SFSEIY gng %}‘Pnaﬂf L dnf osﬁf‘? CEW‘PEPWTH%?F% Pr@thod

conpr i Sip@gtedaﬁgﬂh'erthlﬁgsdeﬁﬂﬁﬁ Qﬁ&&tér% afd R GakAl 1Y HUBBrREcchB SRSt ;
determ ning a theoretical re ationship between the input data and the

ani sot rx@bacmersﬂd?elarqom@tﬁét dn ghe fafifdscenario, Mpalaodinard u[giatdde Iy heseghof t he

[ d h_of. bsur f I

™ o gaurisgn st BT B TrefleteBlioR MV BT eal Tl at i onshi pe
d the i Kf I I t t tial

Conbi nati ondoBfély wﬁi@g%&%@%ﬂwﬁ%%‘éeﬁ% b BBl PERER G SeBhvent | onal

t onmogr al&lﬁétfbn'rﬁav;ﬁﬁo?t'b@ Mhe JaRieR tall Wrﬁ&% af2PNRG 5@1941‘dt€d AVRbRgAchtbased on a
tilted transversely isotropic nodel g hree di nensi onal pre-stack depth

m gr at iitsmatiesi hgothertwd)rtiedhtt atas@mncsmrgmﬁtsmt(ﬁopa@ Wpd@ptlnmmaerae bachptenatiodi ng an

accur at e npd of | ogi cal ture resent ,in . the cal | une of
N oty Bk SO Sfet iR R e Mo SRS Sl Bt
conmbi natst®@So@fmipé ﬂﬁ:&ﬁr&@&ﬂl&iﬁidﬁdﬁ’ﬁﬂ Mb&d PIFeithateit N &KiisiéhedIhat hier met hod  of
claim1l1, wherein the tonographic inversion is recursive and iterative, and

uses t HIDEEIENEBABHRIEAMATT €800 becariing iosth first sewnappi the maykovael Figued model

three Egﬁ&; 0] t f. }é’h@ ein the
i nput ﬂg a i %%F%Jget ﬁglinag % %gﬁdn& ?"‘%et eg;ﬁ‘r tﬂ‘%cjsglllrg ¢ anrt%q’ i ‘é%lt a,
checkshiierefateathe Yarnetadra 5, yehd Vb@gand&t@nmlmdeﬁmulem&bum af sedlabmalhyegl onal
trend, arglrl ori _data, or any conbination of the foregm ng
er, it will be appreciated that the selection of the parameters updated at each iteration is
highly dependent on the maturity of the overall model building process that includes both
depth imaging and tomography and the type and the quality of well and seismic data that are

used to construct the 3D TTI model.

[0037] Although the invention has been described in detail for the purpose of
illustration based on what is currently considered to be the most practical and preferred
embodiments, it is to be understood that such detail is solely for that purpose and that the
invention is not limited to the disclosed embodiments, but, on the contrary, is intended to
cover modifications and equivalent arrangements that are within the spirit and scope of the

appended claims.

[0038] It will be appreciated that the different acts involved in determining values of
anisotropic model parameters of a Tilted Transversely Isotropic (TTI) Earth model may be
executed according to machine executable instructions or codes. These machine executable
instructions may be embedded in a data storage medium. A processor may be configured to

execute the instructions.

[0039] Software functionalities of a computer system involving programming,
including executable codes, may be used to implement the above described model. The
software code may be executable by a general-purpose computer. In operation, the code and
possibly the associated data records may be stored within a general-purpose computer

platform. At other times, however, the software may be stored at other locations and/or

11



5. The method of claim4, wherein the interpretational data include picks
of horizon positions and shapes. WD 2010/ 065209PCT/ US2009/ 061612 6. The
met hod ofweol2aiome3209f urt her conprising creating an initi &CTUBROIOAEI2 USi Ng
the input data, the initial TTlI nodel being created by estimating

subsurface reflector. structural dips and obtaining TTI s tr xes in the
geol ogiERFPYIdfREI0BFINE HH8 AR SPPTOPHALC BRRCTAERITBRFC SPMPHIG SSIem s Hepgfe e

conpr i sdpftghdRENTBHis&lsBE d0d9e iiBRle HRIR niit Mtrb e BEES d’flbﬂgoallft_@s inny¥er si on.
8. The method of claim1l, wherein the input data includes seismc data, the

met hod fhun phene eronpreinddwdgs qiicpde carvepby pideast nge machingrreadakle medginonal  TTI

t onogr gphi c..i nversi on I grating t seism c data using,3 Tl_prestack
dopth PR Sy Rce R Ebteb e o e St s L R U ROt B i gt o
their shbsimidnaar fuf@RInk dNes3Biallpehd mihi@i ?Eﬂf@@n&lﬁﬁ% dratiidli@ent HRcussed

comon- i rraﬁe- point (CIP) gathers, and selecting and quantifying residual
noveoutddiifustiatedderaibn- | mage- poi nt gathers domain. 9. The nethod of claim
1, wherein the values of the anisotropic nodel paraneters at each of the
plurality of[084MsAy fissd deteot atrmsngcharsecomaiutarioatnedhus i “regdatie swddiniengironal
TTI tono ' si mul t.aneo epar at«? seguenti al

raphi,c I pver sj.ons, ] sly. r s in a

manner a8y A0 LR SR H TG PR o BTN PSR &F subset s
of the doifpter dah aadhihe Ftaliali@hiedRim Stle BE Broallyastinitdta ‘@ahputer pdIudtre nmet hod
of claim9, wherein the output data includes Vpo, 6 and i and/or E.

Such a medium may take many forms, including but not limited to, non-volatile media,

volatile media, and transmission media. Non-volatile media include, for example, optical or

magnetic disks, such as any of the storage devices in any computer(s) operating as discussed

above. Volatile media include dynamic memory, such as the main memory of a computer

system. Physical transmission media include coaxial cables, copper wires and fiber optics,

including the wires that comprise a bus within a computer system. Carrier-wave transmission

media can take the form of electric or electromagnetic signals, or acoustic or light waves such

as those generated during radio frequency (RF) and infrared (IR) data communications.

Common forms of computer-readable media therefore include, for example: a floppy disk, a

flexible disk, hard disk, magnetic tape, any other magnetic medium, a CD-ROM, DVD, any

other optical medium, less commonly used media such as punch cards, paper tape, any other

physical medium with patterns of holes, a RAM, a PROM, and EPROM, a FLASH-EPROM,

any other memory chip or cartridge, a carrier wave transporting data or instructions, cables or

links transporting such a carrier wave, or any other medium from which a computer can read

or send programming codes and/or data. Many of these forms of computer readable media

may be involved in carrying one or more sequences of one or more instructions to a processor

for execution.

[0041] It is to be understood that the present invention contemplates that, to the extent
possible, one or more features of any embodiment can be combined with one or more features

of any other embodiment.
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11. The method of claim11, further conprising performng a TTl pre-stack
depth m gration process using a TTlI nodel with Vpo, 6 and ri. 12. The

met hod ofweol2aiomeizoowher ei n the cal cul ation i ncludes cal edraseeg/oysiizies of
the ani sotropic parameters by iteratively selecting values of Vpo, 6 and Ti

unti | iﬂ positions of subsurface structures in the
geol ogl@ Asﬁtﬁs%lwzﬁt erest tie their spatial positions recognized in
drilled wells and (b) residual noveouts in common-ineging-point gathers are

m nimum at every point in the nodel. 13. The nethod of claim 12, wherein
the sublsurf at€omprigemmemcntad methed fordetgramimag vrlags of apdotropic model

20107 0%t oPRARY ’grﬁﬁsgéfseﬁrﬁsér%)ogg#‘fﬁ EatdTRIBIE M RRDR babiMcters.

det er m™i ng vaI araneters I mensi onal

TTI  earihéluding @ watdwelcuily(Wph o Paltarshendry a6, ded Tﬂ@rﬁkeﬂ@ﬁ@oht@;b}om ty (Vpo)
along a tilted symretry axis, the Thonmsen ani sotropy paraneters 6, 8 (or

:c =( 8- 6)hafarmgtegy P amé ﬁr(@%@n(@aﬁ)i(i/ﬁ&i} repEaseriRtivsrofoRripEans of svage velpeisicaas 4
t hod
unc "’fﬂnéﬁon"&% aVBTQPch%g% dnd ﬁl’%“@érﬁ Ad ﬁ%&%ﬁ%g‘;ﬁﬁ @Xt%ggeﬁmp{]gﬁgmt 0

conprisin al ni an | I’ll

subst ant i aI lagqiliikiag iepus d@t@rﬁmgmlmvpmhfetofgﬁbfms and substantially ties
seismc data to well data, the initial mgration velocity nmpdel |ncluding

initial val fstrpgung gthogratigal rpbatlalﬂshaabfﬁvvﬁn the gyt dptpepd &-‘re BISEQPace
| ocati qﬂgdell Baﬁng?e%,%gﬂcal vol ume of interest;

calculating the values of the anisotropic model parameters at each of a plurality of
subsurface locations in the geological volume of interest based on the theoretical
relationships and the input data using workflows involving iterative or sequential
combinations of processes including input data preprocessing, conventional tomographic
inversion, three dimensional tomographic inversion based on a tilted transversely isotropic
model, and three dimensional pre-stack depth migration using a tilted transversely isotropic
model, thereby providing an accurate model of geological features present in the geological

volume of interest.

2. The method of claim 1, wherein the iterative or sequential combinations of processes

includes interpretive picking.

3. The method of claim 1, wherein the tomographic inversion is recursive and iterative,
and uses three dimensional tilted transversely isotropic ray tracing to model three

dimensional wave propagation.
4. The method of claim 1, wherein the input data include surface seismic data, vertical
seismic profile data, checkshot data, VSP data, well log data, interpretational data, regional

trend, a priori data, or any combination of the foregoing.

5. The method of claim 4, wherein the interpretational data include picks of horizon

positions and shapes.
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b. inputting checkshot data, or VSP data, or both checkshot and VSP data at

well locations into a three dinensional tonographic inversion to determ ne
updat ed Waburew/ws209¥po near the well | ocations, the val uesTafS20mmotset ng
updated by a correction Avpo, wherein Vpo = Vpo + AVPo; C.

determ ning .an incr tal i ovenent. A6 to 6(ini.t.i usi the relative
change 6= ( ﬁaﬁtﬁlﬁfggf claith 1, %RL@%P%W&CW&“% !(41% Tplat T /BSAsh e o 1 rom
near - wahbytldagatHcqRgial PTT ABIQMLinp& i AR, Sikias AnabrId refddtbistRAR at each
of the urality of subsurface [ocatioris, taking into account geol ogical

consi stapreandanbthiniog T symatctiynxes io thegelogierd vahbdet efdntgedsies of 6, wherein 6
= 6 +A6; e. determ ning updated val ues of Vpo = Vpo (1-A6) using the
extrapol ated three dinensional A6 at each of the plurality of subsurface

| ocati ons anrheahétBddof@ainhie, ﬁlhhafcodipmﬁgi@ﬁahhzeﬁ% Ragdht dnapeier al update
AVpo= - A6_VPo; . f. inputting near-to-md-offset/angle residual noveout
i nf or necrfgrming thhdveisioon- i magi ng- poi nt gathers obtained with an inproved
m gration velocity nodel that is defined with the updated val ues of Vpo and
6 into a TTl tonographic inversion process to further provide updated

val ues ®f 6 Eic mahdd of clhinel piiwrahithe/ingiit datbulllaceidntic dhiapiths m el g.

i nputti n%hnear-t,o,-far-nffset/angl e residual novequt information jn the

common-TPHBgYi REWEsing: PERite epdogpig thedhregidimensimal Tl omagrHbereinvemienTT|

t omogr gpig; 'gg%f&?é @dea%ﬁ%fz_ﬁ PTPHRUHE ARG RhIYET AT, sbrtidh tgach of the

plurality o surface |l o I ons.
migrated seismic data according to their subsurface location and their migration offset/angle

into common-image-point (CIP) gathers, and selecting and quantifying residual moveouts in

the common-image-point gathers domain.

9. The method of claim 1, wherein the values of the anisotropic model parameters at
cach of the plurality of subsurface locations are calculated using three dimensional TTI
tomographic inversions, simultancously, or separately in a sequential manner, using various
combinations of inversions with full sets or subsets of the input data and full sets or subsets

of output data.
10.  The method of claim 9, wherein the output data includes Vpo, 6 and 1 and/or €.

11.  The method of claim 1, further comprising performing a TTI pre-stack depth

migration process using a TTI model with Vpg, 6 and n.

12.  The method of claim 1, wherein the calculation includes calculating values of the
anisotropic parameters by iteratively selecting values of Vpg, 6 and n until (a) seismic image
positions of subsurface structures in the geological volume of interest tie their spatial
positions recognized in drilled wells and (b) residual moveouts in common-imaging-point

gathers are minimum at every point in the model.

13. The method of claim 12, wherein the subsurface structures include rock boundaries.

14



WO 2010/ 065209PCT/ US2009/ 061612 15. The net hod of claim 14, further
conprising iteratively repeating (a), (b), (c), (d), (e), (f) and (g),
wher ei n twe 20mesa0ed paraneters of the TTlI nodel det er mpagdsatohwiznd of
an iteration corresponds to the initial parameters of the TTI nodel at the

next iteration. 16.. A _conput er .pr.oduct havi ng machi ne execut abl e
i nst r ucth ons> C?fﬁ@utﬁhgmlﬂe%i@eﬁﬁﬁﬁar qea?lasgaluﬁﬁ%aw&rﬁm?éﬂ?%l perform a

t onogr §RRirketbrd Ve h MO8 dRINERHal Or1 dfth @hdleDNitNGani ReBR fRkarRbS ¢hdIQRAE P-
paranmeters of a TTl earth nodel, the anisotropic paraneters including

P- wave walcoeldeity (Vpoklalgontgted syimnatiy axysntet Thonasen snisothepyTroarsaors@nt ot r opy
paraneters d and e r i=(8-6)/(1+26)) representatiye of variation of wave

(o 1
vel oci té8-04E1 Z MURRICPBHAtIE OhFBatipn Y e iVeIochisy Pea fUnsHeR AEYaYSmet ry axi s,
t he net | SL RY: m Rl r i.onshi p between input data
and thﬁ%g@@ﬁ%ﬁ%ﬂ%ﬁlﬁ%ﬁﬁ%%@tl'ﬂ%g%tﬂﬁ)éiac?gﬂa 8l %'g acquired for a
geol ogi cal wol umebtdininptaeimssl; THredrth model that cubktahtiaily fldteny edmi@sn-of t he

ani sotropi c paraneters at each. of a pl.uraljty of subsurface |ocations in
the gedM3gingRomsRthve sntanialy 16 Samisideferia Yol it E'lﬁslﬁ}tﬁl RGP i nput

e L T L T e
i nver silocatioanth 4 probezichl vehwicarfahte®st;; pre- st ack depth m gration.

b. inputting checkshot data, or VSP data, or both checkshot and VSP data at well
locations into a three dimensional tomographic inversion to determine updated values of Vpg
near the well locations, the values of Vpg being updated by a correction AVpe, wherein Vpg =
Vpo + AVpy;

C. determining an incremental improvement Ad to d(initial) using the relative
change Ad= (AVpo)/Vpo;

d. extrapolating the relative change Ad from near-well locations to the entire
three dimensional TTI earth model at each of the plurality of subsurface locations, taking into
account geological consistency and regularization, to determine updated values of o, wherein
O =90 +tA9;

e. determining updated values of Vpo= Vp, (1-Ad) using the extrapolated three
dimensional A9 at each of the plurality of subsurface locations and obtaining the three
dimensional extended incremental update AVpe=-Ad Vpy;

f. inputting near-to-mid-offset/angle residual moveout information in the
common-imaging-point gathers obtained with an improved migration velocity model that is
defined with the updated values of Vpo and 6 into a TTI tomographic inversion process to
further provide updated values of § at each of the plurality of subsurface locations; and

g. inputting near-to-far-offset/angle residual moveout information in the
common-imaging-point gathers obtained with the improved model the TTI tomographic
inversion process to provide updated values of n at each of the plurality of subsurface

locations.

15



WO 2010/065209 PCT/US2009/061612

15.  The method of claim 14, further comprising iteratively repeating (a), (b), (c), (d), (¢),
(f) and (g), wherein the improved parameters of the TTI model determined at the end of an

iteration corresponds to the initial parameters of the TTI model at the next iteration.

16. A computer product having machine executable instructions, the instructions being
executable by a machine to perform a tomographic inversion method for determining values
of anisotropic parameters of a TTI earth model, the anisotropic parameters including P-wave
velocity (Vpo) along a tilted symmetry axis, the Thomsen anisotropy parameters o and € (or
n=(e-0)/(1+29)) representative of variation of wave velocities as a function of wave
propagation angle from the symmetry axis, the method comprising:

determining a relationship between input data and the anisotropic parameters, the
input data being acquired for a geological volume of interest; and

calculating the values of the anisotropic parameters at each of a plurality of
subsurface locations in the geological volume of interest based on the relationship and the
input data using workflows involving iterative or sequential combinations of processes
including input data preprocessing, three dimensional tomographic inversion, and three

dimensional TTI pre-stack depth migration.
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