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M Tl GATI ON  FOR DI P-1 NDUCED AZI MUTHAL AVO RELATED APPLI CATI ONS [0001) This
application clains priority to U. S. Provisional Patent Application No.

60/ 629, 067, wordoobrasesy fil ed on Novenber 18, 2004. Fl ELD Opcitribs2hdduihiks ON
[0002) This invention relates generally to the field of geophysical
prospecting, including geophysical reservoir delineation. Specifically, the
invention is a nethod of seismc data processing for extracting
formation-intrinsic rock, fluid and anisotropy/fracture properties through
the analysis of the variation of seismc anptitude with offset and azinuth
In the presence of formation di p. BACKGROUND OF THE | NVENTI ON [ 0003) In

seism c exploration for hydrocarbons, AVO (Anplitude-Variation-with- Ofset)
refers to the variati oMEFHPIEOR QMT%&AEIQMMQEW%HOHO- receiver

offset or reflection angle. ¥ADIPSK -ﬁﬁHWﬁfﬁAtlﬁoa”d | sotropic
e nediu

(isotropic neans that elastic properties o m do not change
regardl ess of the directions in which they are neasured), reflection
anplitude at a fixed offset does L change - wit azimuth (direction
angl e of the shot-to-receiver |inre= 18l EPP&MNOHM. This situation
Is illustrated i‘@ Fig. .1 a, which shows, 6 a seism ¢ ray-path beginning _at
source (sei sni B®kbt ~pBrnhenplisatien glamns pPTgHihWar £regsigaal Patent Apphicatioa e
formati on surf ) tected by receiver R The
refl ected raygﬁnﬁ%%§6§r¥ﬂgng épgfé&w(f%glb%lglr%ﬁfio the reflecting surface or
to the vertical since the reflector is assuned to be flat. Fig. |b depicts
seism c data recorded by the reSEELBrORTHE INVBNHIONI fferent val ues of the
source-receiver distance 11 (called the offset), but each reflection event

being fromthe_sane reflection point D. The receiver
d [00%2] This ?nventior? relates generally to the field of geophysical prospecting,

including geophysical reservoir delineation. Specifically, the invention is a method of
seismic data processing for extracting formation-intrinsic rock, fluid and
anisotropy/fracture properties through the analysis of the variation of seismic

amplitude with offset and azimuth in the presence of formation dip.

BACKGROUND OF THE INVENTION

[0003]  In seismic exploration for hydrocarbons, AVO (Amplitude-Variation-with-
Offset) refers to the variation of P-wave amplitude at increasing shot-to-receiver
offset or reflection angle. When rock formations are flat and isotropic (isotropic
means that elastic properties of the medium do not change regardless of the directions
in which they are measured), reflection amplitude at a fixed offset does not change
with the azimuth (direction angle of the shot-to-receiver line measured from the
North). This situation is illustrated in Fig. 1a, which shows a seismic ray-path
beginning at source (seismic shot point) 8, traveling downward to be reflected from a
formation surface at D, and then back up to be detected by receiver R. The reflected
ray makes an angle # with the normal to the reflecting surface or to the vertical since
the reflector is assumed to be flat. Fig. 1b depicts seismic data recorded by the
receiver R for several different values of the source-receiver distance 11 (called the
offset), but each reflection event being from the same reflection point D. The receiver
measures setsmic amplitude as a function of the two-way traveltime for the seismic

wave to travel down to D from S and then back up to R (Fig. 1a). The traveltime is



measures seismc anplitude as a function of the two-way traveltime for the
seismc wave to travel down to D from S and then back up to R (Fig. la).
The traveltinme is WO 2006/ 055137 PCT/ US2005/ 036968 -2 related to the depth

of the refh@gtogssigt Nt by the geonetry of the ray-path apgrhRssoss
wave vel ocity. Th3e reflector 12 in Fig. la is shown in Fi gé ’tug f@ﬁgﬁnerent

traveltines (the S-D-R distance), depending on offset. This is because t he
data have not yet been corrected by a standard seism c data processing
procedure called normal noveout. [0004) Figure 2a illustrates the
above-stated definition of azimuth, i.e., the angle w between the North
direction and the line between the source S and receiver R Fig. 2b shows a
flat response for reflection anplitude as a function of azinmuth, which
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and fluid properties of the reservoir formation beneath the reflection
boundary. (SednoY®¥Hiexanple, Smith, G C. and Gdlow, P. M, "Wighted
stacking for rock property esti rration and detection of gas," Geophys.

Prosp. . EUr Ay, CoRRfe 2 M B e A9 Rion BYIAERARTL, o affe o

Wllianms, R ude-versus set variations 1n gas sa

Geophysi cs 54,y be&ee@a& N8 Bjrecticasdnd ginblinelbetWeen heaourctS aMd, reediderOsFigr, D.
J., "Franmewor k for AVQ gr adi ent and intercept interpretation,” Geophysics
63, 948-956 (1Anshows a Aphvespanicafarapiiestion amplitade b adupstinn pharmafly wiich d as

vell o, {7 RCt e APREAER): DIRIFBhHOFS, REA ARG et phokl

effect of azi mzimathalyi deperdpy oheh hm‘evﬁ)'rirﬁhbﬁ)nbafeath the reflection surface is
azimuthally anisotropic due to, for example, containing aligned vertical fractures.
Reflection amplitude vs. azimuth might then look something like Fig. 2c. In such a
case, the amplitude variation is called AzAVO (azimuthal AVO). Geophysicists
perform AVQ analysis to derive rock and fluid properties of the reservoir formation
beneath the reflection boundary. (See, for example, Smith, G. C. and Gidlow, P. M.,
"Weighted stacking for rock property estimation and detection of gas," Geophys.
Prosp., Eur. Assn. Geosci. Eng., 35, 993-1014 (1987); Rutherford, S. R. and
Williams, R. H., "Amplitude-versus-offset variations in gas sands," Geophysics 54,
680-688 (1989); Castagna, J. P., Swan, H. W, and Foster, D. J., "Framework for
AVO gradient and intercept interpretation,” Geophysics 63, 948-956 (1998).)
AzAVO data may be inverted to derive rock and fluid as well as fracture properties
when fractures are suspected to exist in the reservoir formation, as is disclosed in, for
example, Corrigan, D., "The effect of azimuthal anisotropy on the variation of
reflectivity with offset: Workshop on Seismic Anisotropy,” Soc. Expl. Geophys.,
41WSA, 1645 (1990), and Ruger, A, "Variation of P-wave reflectivity with offset and

azimuth in anisotropic media,” Geophysics 63, 935-947 (1998),

[0005]  AzAVO can also occur when a formation is isotropic but is bounded on
top by a dipping boundary surface. This phenomenon may be illustrated by a
numerical example. In this synthetic example, seismic lines were shot along many

azimutha) directions, as shown in Fig. 3a (angular scale in degrees), over the simple



reflectivity wwth offset: Wrkshop on Seism c Anisotropy,"” Soc. Expl.
Geophys., 41WBA, 1645 (1990), and Roger, A, 'Variation of P-wave
reflectivity with offset and azinuth in anisotropic nedia," Geophysics 63,
935-947 (1998 )r00di393%2) AzAVO can al so occur when a for mat ipgfpisSodsnodek®Pi C
but is bounded on top by a dipping boundary surface. This phenonenon may be
Illustrated by a nunerical exanple. In this synthetic exanple, seismc

| ines were shot along nany azinuthal directions, as showmn in Fig. 3a

(angul ar scal e in degrees), over the sinple WO 2006/ 055137 PCT/ US2005/ 036968
-3 earth nodel of Fig. 3b. The figure depictiys. ray-paths froma shot position
31 being detected by many different receivers at 32. Because sei sm c waves
spread out, or di verq%e, as the;i~ travel , divergence corrections are
necessary for saghimoedalpihag| Bt ilbe figurepdapiaisizay-pashy Epmes shet pasisionr3lebeing

flecti t t the reflect b _ The _.state-of-the-art
by ocessi ng, - ottt BY st dfifteist pePReR o) BesthlF sei Sl Selts srigaditngr
reflector becagisgrgk!asoeyiBSell BdferdefbK chiPédi®hs @f&n@é@s&}aﬁoﬁ%stbﬂngitrﬁlgcﬁ& are

flat. It also neg[gects t*:e anplitude correction for conpensating
azi nut h- depenateplitudesf toerepiesent sheykrwe refidstion stemgthrat thensifiectiere boundargd dThe on
to being offset (or.,, incident. angle) depgndent, also becones azinuthally
dependent (Fi gs‘.ta‘%‘&f‘.thel'?ﬁt SPIOPESFIRGt ?’Ql’%‘éert s r@l%@?‘?? nrgiﬂﬁ'iei ?E‘aén’ggs %% xed
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anplitude variation may be called "dip-induced” AzAVO to distinguish it
from t he AzAvdiatnddtedscbyeglaits othe opyplitude toorreétom dommpipensating gthe dazirputhi cal
fractures. The,di p-indyced AzAVO cantam nates seism c anplitude ngt only
when f or mat i ondeBshent seffechipn ange  ThS froulka srwaue: Bradien tohes Pt &

[ 0006] Quantifj j A i joP- ééﬁa'g t r’mﬁﬁ y
done in AVO ang}%@ﬁg&gﬁfﬁég gﬁtf’a a%gtg%ﬁﬁifptdgﬂﬁggllg%gﬁ e tf):lk}t a 503% ot %a
fact that the illmztratest that niflection amplitude lao st fixedr affigh isdadimuflr depeadém gvhen the

rocedur e e.qg.., dip-noveout__ correction,and m.gration),. e _net hod, the
gect or ut i ?re( mi %ﬂggtp%%, dlﬁéglgge’g}hxs type o émplltuge vatistion IInay )be called "d%p- nguced“

AzAVO to distinguish it from the AzAVQ induced by anisotropy due to, for example,

aligned vertical fractures. The dip-induced AzAVO contaminates seismic amplitude

not only when formations are isotropic but also when formations are anisotropic.

[0006]  Quantification and mitigation of dip-induced AzAVO is not commonly
done in AVO analysis. This is due not only to negligence but also to the fact that the
azimuth information is lost through data processing procedures (e.g., dip-moveout
correction and migration). One method, the sector time migration, has been
introduced to counter the dip effect for AzAVO inversion. This method first divides
the 3-D dataset into many subsets, each containing traces in an angular range about a
selected azimuth angle. The subsets are further processed through seismic migration
before performing AzAVO analysis. (Seismic migration is a data processing
technique that positions reflections at their true locations. The seismic migration is
utilized because of variable seismic velocities and dipping horizons.) This method,
however, can not fully solve the problem because reflection points are moved
different amounts due to the change in apparent dip from sector to sector. Results

from time sector migration method may be ambiguous.

[0007}  Another method in use is the AzAVO inversion of 3-D seismic data
without doing seismic migration. This method assumes rock formations are flat, and

therefore the divergence correction applied does not compensate the dip-induced



I ntroduced to counter the dip effect for AzAVO i nversion. This nmethod first
divides the 3-D dataset into many subsets, each containing traces in an
angul ar range about a selected azinmuth angle. The subsets are further
processed typouehssfi;s ¢ mgration before perform ng AZAQed8bs3ksss
(Seismic mgration 1s a data processing technique that positions
reflections at their true locations. The seismc mgrationis utilized
because of variable seismc velocities and dipping horizons.) This nethod,
however, can not fully solve the problem because reflection points are noved
di fferent anounts due to the change in appargot dip fromsector to sector.
Results fromtinme sector magration nethod may be anbi guous. [0007] Anot her
method in use is the AzAVO i nversion of 3-D seismic data w thout doing

sei sm ¢ i gr at A@AYOrhiThenmethod is pmierablertocthe fsoetaninverstorametifadabecausadt uses

therefore the divergen correct.ion applied,.does not.conpensate the .

i b nduced WOBBBBHESs A pERA aBEmaRBs el 15 ATWARREE Rufs i rion 1
preferable to gﬁiﬁ sERGH pbWEL I RRNAELRABuE 6K, { THESIBPersion result, however,
anplitude-offsét-azinuth information of all traces sinultaneously in the

inversion to gayralst bt ebiguats bevaese therdip-ihiced dzAMOQ ihuoteclvginated fioon theThe
I nversion result, however, my al so be anbi guous because the dip-induced
AZAVO i s not ef#thinated fromthe data. [0008] Because oil and gas
reservoirs are often not flat, a nethod to quantify and nitigate the

di p-induced Azﬁié@s]gur | BEaff Silflusd AN ebdri6ies ARAIMER NSt ht B nidthed tify and

ani sotropy may be beneficial. To rncrease the reliability of results for

both AVO and AutigaBe slwadipsndyced AV Ocdiringedesmmicasiplipsie| anakyisisgwithnpt witholt,

dip angle and azinuth angles e.beneficial to gain ipsights, angify the

degree of i npalRISOURRY ‘B@égﬁﬁem“g{c@éegjér%%w?% the f%lgﬁk“@f Pﬂ@s\glﬁ é’étbgmo sent
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enbodi ment, a ?}%m a?%?%s:’onpenlscgtl ng fo}rugcsji%!-ﬁﬁﬁd&l}%@%qgr’rééggg% and et
angles are beneficial to gain insights, quantify the degree of impact, and design

procedures to mitigate the effect. The present invention addresses these needs.

SUMMARY OF THE INVENTION

[0009] In one embodiment, a method for compensating for dip-induced errors in
Amplitude-Variation-with-Offset (AVO) attributes or in Azimuthal AVO (AzAVO)
attributes derived from a 3-D seismic data volume obtained from a seismic survey of a
dipping reservoir lying beneath isotropic overburden is described. The method
comprises (&) accounting for azimuth dependence of energy divergence in seismic
wave reflected from the dipping reservoir; and (b) accounting for azimuth
dependence of reflection angle reflected from the dipping reservoir in the 3-D seismic

data volume,

[0010] In a second embodiment, a method for compensating for dip-induced
errors in AVO attributes derived from a 3-D seismic data volume obtained from a
seismic survey of a dipping isotropic reservoir lying beneath isotropic overburden is
described. The method comprises the steps of (a) applying Azimuthal AVO
(AzAVO) inversion to the seismic data to generate four attribute data volumes 4, B,
B’ and y, corresponding to amplitude-offset-azimuth relationship of a hypothetical
flat layer with aligned vertical fractures, where 4 and B are AzAVOQ equivalents of
AVO intercept and slope attributes, respectively, B' is an AzAVO attribute related to



Amplitude-Variation-wth-Ofset (AVO attributes or in Azinuthal AVO
attributes derived froma 3-D seism c data vol une obtained froma seismc
survey of a dipping reservoir |lying beneath isotropic overburden is
descri bed. wWbheossaisbgd conprises (a) accounting for azi muphrafpaRASHEE Of

energy divergence in seismc wave reflected fromthe dipping reservoir; and
(b) accounting for azinmuth dependence of reflection angle reflected from

the di pping reservoir in the 3-D seismc¢c data volune. [0010] In a second

enbodi ment, a nethod for conpensating for dip-induced errors in AVO
attributes derived froma 3-D seismc data-vdlune obtained froma seismc
survey of a dipping isotropic reservoir lying beneath isotropic overburden

is described. The method .conprises._the ste%g of ;. ( appl yi Azi mut
the pliey (bl

(AZAVO) i nver sITB§POPY iMENY W adive dhe apipuge

achres;
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attribute AO fgsfrédigackyal dipping reservoir; (c) calculating
di p- conpensat ed AVO sl ope attribute Bo for the actual dipping reservoir
fromBo = (B+B )cosip; and (d) calculating the actual dipping reservoir's

dip azinuth Vi®0itom i a-thiyd exhodimentna methoidrigr eompensating foraliprinduend ¢ronrs
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reservoir |ying beneath isotropic overburden is described.

i's metho

%ﬁi@pi c

conpri ses the reservoir lying beneath isotropic overburden is described. This method comprises the

steps of: (a) calculating a dip angle ¢ and a dip azimuth angle y, sample-by-sample

from the 3-D seismic data volume; (b) calculating a scale factor for each sample in

normal-moveout corrected common mid-point (CMP) gathers of the 3-D seismic data

volume, the scale factor being determined to cause amplitudes of the 3-D seismic data

volume to satisfy an AzAVO equation for a hypothetical flat anisotropic layer

containing aligned fractures; (c) applying the scale factor to the 3-D seismic data

sample-by-sample; and {d} inverting the AzAVO equation on CMP gathers of the

scaled 3-D seismic data volume to generate four dip-compensated attribute data

volumes 4, B, B and y ,for the actual dipping anisotropic reservoir, where 4 and B

are AZAVO equivalents of Amplitude-Variation-with-Offset (AVO) intercept and
slope attributes, respectively, B’ is an AzAVO attribute related to anisotropy intensity

and y ; is the azimuth of the aligned fractures.

{0012} In a fourth embodiment, a method for compensating for dip induced errors
in Azimuthal Amplitude-Variation-with-Offset (AzAVO) attributes derived from a 3-

D seismic data volume obtained from a seismic survey of a dipping anisotropic

reservoir lying beneath isotropic overburden, anisotropy being substantially due to

fractures oriented substantially perpendicular to a dip azimuth of the dipping

anisotropic reservoir is described. The method comprises the steps of (a) applying

AZAVO inversion to the 3-D seismic data volume to generate four attribute data



steps of: (a) calculating a dip angle cp and a dip azimuth angle V.
sanpl e-by-sanple fromthe 3-D seism c data volune; (b) calculating a scale
factor for each sanple in nornal-noveout corrected conmon m d- point (CWP)

gat hers of WeeodsddseRi smc data volune, the scal e factor gRginngesiasgdsg ned
to cause anplitudes of the 3-D seismc data volune to satisfy an AzAVO

equation for a hypothetical flat anisotropic |layer containing aligned
fractures; (c) applying the scale factor to the 3-D seismc data

sanpl e- by-sanple; and (d) inverting the AzAVO equati on on CWP gathers of the
scal ed 3-D seism c data volune to generate feur di p-conpensated attribute
data volunmes A, B, B and Wf for the actual dipping anisotropic reservoir,
where A and B are AzAVO equival ents of Anplitude-Variation-wth-Ofset

(AVO) i nter cepvolands 4| Bp#', and riy Jutcesspondspgeiot & \ngpgthetittal i fiat dayezviiiOaligned
attribute related to anisotropy intensity and yi f is the azimuth of the

al i gned fract uvestical[fe@t@ps, whete # and thhare Hzdd Orﬁ‘mmwalamﬁ@fh’o‘éﬂﬁmtcrccmrmdrSM| ng

f di d d Vi h O fset AVO)
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reservoir is descri The rises the eps o app
AzAVO i nver si onompershed3ARAYE) simteccapart attriboteunty for gEnac‘mhle dﬁmmug &mﬁsotrbptce

cor ?e?f))oﬁg?ﬁ/go?%e%ﬁp%#@p?yg% Anason (e g i dch 2R Es ahach metit es.
shere Aand B geidy AR BLE lsoRYk HOLRESPLoRILRAPEnd NIGHDIEES.

respectl vely, ute to ani'sotropy’ I ntensi

qv,, is the esthermxtnedya:z»s pytd) estimiating dlp-gngitnyeed KeAVO shopt lattﬂbute (B@)for the
cal cul ati ng dip |l es Wat the di pping anisotropic reservoir's uppe
surface and obﬂ'&l—‘ﬂl BP’@EF?J“S@H%'&F%Q%%F Aenbisagting S fromiBri Bitws 4O Wht he

actual di ppi ng; Q04 SP%E WRlifrate dip-compensated anisotropic slope attribute B; for the actual
dipping anisotropic reservoir; and (f) iterating steps (a) to (e) with the estimated
attributes as constraints to the AzAVO inversion until a pre-determined convergence

criterion is achieved.

[0013]  In a fifth embodiment, a method for estimating a magnitude of dip-induced
error in calculated values of Amplitude-Variation-with-Offset (AVO) intercept and
slope attributes derived from seismic data from a 3-D survey of a dipping isotropic
reflector lying beneath isotropic overburden is described. The method comprises the
steps of (a) calculating a Magnitude quantity representative of the maximum amount

of amplitude variation in the dip-induced AzAVO from
Magnitude = ( B, -1 4, jtan’ ¢ sin’ 0,

where 4 and B; are representative values of the AVO intercept and slope attributes,
réspectively, ¢ is the dip angle of the dipping isotropic reflector, and §; is a reflection
angle that is characteristic of reflection events in the seismic data from the dipping
isotropic reflector’s surface assuming the dipping isotropic reflector to be flat; (b)
calculating a Baseline Amplitude quantity representative of a flat isotropic reflector’s

surface from

Baseline Amplitude =4, + B,sin’ 6, ; and



reservoir by multiplying A by cos (p; (c) adding the B and B attributes at
each spatial |location on the actual dipping anisotropic reservoir's upper
surface, and multiplying the sumby cos q'; (d) estimating di p-conpensat ed
Az AVO sl opewa fo0éssi® Bo for the actual dipping ani sotropErnesensesds: (€)
subtracting Bo from (B + B) cos rp at each location to estinmate

di p- conpensated ani sotropic slope attribute B, for the actual dipping

ani sotropic reservoir; and (f) iterating steps (a) to (e) with the estinated
attributes as constraints to the AzAVO i nversion until a pre-determ ned
convergence criterion is achieved. [0013) Lln.a fifth enbodi ment, a nethod
for estimating a nagnitude of dip-induced error in calculated val ues of

Anplitude-Variation-with-Ofset (AVO  intercept and slope attributes,
derived from séf)sptleulgting af frapfionab dip-ndueedyeredr estimaigibygdivisiing gy Magnitude

comr i ses the WEERE it BECHAPAANRHGHRR, P LGS Guanti ty repr esentati ve

of the maxi mum anount of anplitude variation in the dip-induced AzAVO from

Magni tude = (Bqoo14] AOJd agikth pmbodinidnt, Whétiod\@ranehpeasaing foedipdsdmied einoes
val ues of the AVO i n.terce_% and sl ope attributes, _respectively, 9 is the
di p angl e of tHe desgsidiedg Thomashed cpmprisgst ehtainipggsegsmicsdaia feom ac syBey Carfgl e

that is characteristic of reflecti in the seismc data f h
i ppi ng i <ot 1 ooy KBk GBIty SRR RS S
reflector to bend bemic da)for & Alspieformatich. BagRiuldbe ASRY tiates MYABEIMAY be a

representative of a flat isotropic reflector's surface from Baseline
Anpl i tude = AOcemputesi hnprergentedrrethdl 206is06&LERd ROTIaUS2008¢10 389 6Bsplay? ¢rc)

| cul at i fractjonal djp-induced i ate by dividing th
Vagni tude quartEregieny e BasbPr I SehpiFralbant ¢y, [0014) 10 a si xth

enbodi nent, a nethod for conpensating for dip-induced errors

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The present invention and its advantages may be better understood by

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

[0016] Fig. 1a illustrates the relationship between seismic raypath, shot, receiver,

offset, and reflection angle in a horizontal stratified earth;

[0017}  Fig. 1b illustrates seismic reflections from a layer boundary depicted as
waves, reflection amplitude being measured at the peak of the waveform at each

offset;
[0018] Fig. 2a illustrates the definition of azimuth of a shot-receiver line;

[0019]  Fig. 2b illustrates that reflection amplitude at a fixed offset does not

change with the azimuth for an interface between flat isotropic media;

[0020] Fig. 2¢ illustrates that reflection amplitude become azimuth-dependent

when the formation beneath the reflection surface is azimuthally anisotropic;

[0021]  Fig. 3a illustrates the geometry of azimuth shooting;



is described. The nethod conprises obtaining seismc data froma survey of a
di pping formation; and conpensating for energy divergence and a reflection
angle-in the seismc data for a dipping formation. It should be noted that

t hi s met hodyoaposlmssm7 conputer inplenmented net hod that ispexasiisdsegsa
conput er and di splays or generates a report based on the described nethod.
BRI EF DESCRI PTION OF Tl 1 E DRAW NGS [ 0015] The present invention and its
advant ages may be better understood by referring to the follow ng detailed
description and the attached drawings in which: [0016] Fig. la illustrates
the rel ati onship between seismc raypath, si®t, receiver, offset, and
reflection angle in a horizontal stratified earth; [0017] Fig. |Ib
illustrates seismc reflectjons froma |layer b und%ry epi cted as, waves,
reflection anpl®0¢2be Bégrip %‘é@'ﬁﬁeééhf‘a’f‘“’f‘%@#) pedeland an examnls of rapaths

of fset; [0018] lEh as%g f{‘BJ ustrates the definition of azinmuth of a
shot-recei ver TT1ne, 6 1 Fig. 2b illustrates that reflection anplitude at
a fixed offset does not change with the azinmuth for an interface between
flat isotropic[oeed] a; Hi®ROillustrates Zgatirtflastion atmsinideadt a fikéd offbaaris anjphithalde
beconme azi mut h- dependent. when the formati on beneath the reflection surface
i s azi nut hal | ydensndent foghe eartipowedel afikig. 38a i | | ustrates the geonetry of

azi mut h shooting; WD 2006/ 055137 PCT/ U52005/ 036968 -8 [0022] Fig. 3b

illustrates th rizcal 4 ean del . I ‘ p a
shot 11 ne. [ 00BSRHI o 6 o4 iR L i BRGie MofHah Byl KPAbiRg, RoRPRCT
of fset is azi ntiration;dependent for the earth nodel of Fig. 3b; [0024] Fig.
4a illustrates an isotropic formation overlying a dipping, isotropic
formation; . . . L .

{0025} Fig. 4b illustrates an isotropic formation overlying a dipping anisotropic

formation with fractures perpendicular to the dipping surface;

[0026]  Fig. 5 illustrates the linear relationship between reflection coefficient and

the square of the sine of the reflection angle;

[0027]  Fig. 6 illustrates the two-dimensional (2-D) relationship between seismic

raypath, shot, receiver, offset, and reflection angle for a dipping reflection surface;

[0028] Fig. 7 is a three-dimensional (3-D) perspective diagram to aid in

transforming ray-path geometry from a flat reflector to a dipping reflector;

[0029] Fig. 8 is a flow chart indicating the primary steps of one embodiment of
the present inventive method (Case 1) for compensating for a dipping isotropic

reservoir;

[0030] Fig. 9 is a flow chart indicating the primary steps of one embodiment of
the present inventive method (Case 2) for compensating for a dipping anisotropic

reservoir with oriented vertical fractures;

[0031]  Fig. 10 is a flow chart indicating the primary steps of one embodiment of
the present inventive method (Case 3) for compensating for a dipping anisotropic

reservoir with vertical fractures aligned perpendicular to the dip direction;

[0032]  Figs. 1la-c shows three parameter sections along a seismic line derived

from AzAVO inversion; and



[0025] Fig. 4b illustrates an isotropic formation overlying a dipping
anisotropic formation with fractures perpendicular to the dipping surface;
[0026]° Fig. 5 illustrates the linear relationship between reflection
coef fi ci entwengos/dskarsquare of the sine of the reflectionpapdisgsoshdded] Fi 0.
6 illustrates the two-di mensional (2-D) relationship between seismc
raypath, shot, receiver, offset, and reflection angle for a dipping
reflection surface; [0028] Fig. 7 is a three-dinensional (3-D) perspective
diagramto aid in transformng ray-path geonetry froma flat reflector to a
di pping reflector; [0029] Fig. 8 is a flow-chart indicating the primary
steps of one enbodi nent of the present inventive nethod (Case 1) for
conpensating for a dipping_isotropic, reservoir; [0030] Fig. .9 is a flow
chart indicati H¥3¢he rfgg rrg?yﬁg‘b’iﬁﬁs dhe graceditso @ niddingoftwor pribyftes dp derive

I nventive meth g : St | R J: LQRI:
reservoir wt hPOglrnlgig%fgl vséér ?%Ig%ff&??r%{?ﬂ?&?oﬁe%%@&% L&%&%l%%%g% lﬂgdgvaéh%rt

i ndi cati ng thesgismio@aia cbeps of one enbodi nent of the present inventive
nmet hod (Case 3) for conpensating for a dipping anisotropic reservoir with
vertical fractures aligned perpendicular to the dip direction; [0032] Figs.
| 1 a-c shows {#Bdk péﬁ"&nﬂ@‘&m@écm%nbe afleseibed dai sernectiomewilr iy epreferredm
AzAVO i nversi op; 2 7 5403 . - O- 3 bQ. 12
Tlustrat oo nempRifhells, ColMelas ol b el AR (e B g el i slrgon o8

i ntrinsic val ugsecifier td hepaituist @pmodinient it £ pBAicala®Nge oS BieSitiventidd) &hik s &
3-D seismc data cube, 100341 The invention may be described in connection

with its prefeirtended thbodiuseatice onlpyandds notte herrongied s limiting theescopt e ng
Sgéalo:‘ e? hgeisﬁ\r/l vtcr:ltgogl. ! @H it@@ ?tgﬁt;a'rﬁ i 8 ifieRGLd {occ%lvgl[ angﬁ)e?‘gétﬁ%Q,t m3difita oe}lrstah& ul ar
equivalents that may be included within the spirit and scope of the invention, as

defined by the appended claims,

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0035] The present invention is a method for quantifying and mitigating dip
effects in both AVO analysis and AzAVO inversion. The inventive method uses the
previously described CMP-based AzAVO-inversion method as the starting point.
Equations are derived to describe AzAVQ properties in the presence of formation dip
for three cases: (1) an isoiropic layer 18 (i.e., overburden) over a dipping, isotropic
reservolr layer 19 as illustrated in Fig. 4a, (2) an isotropic layer 14 over a dipping and
anisotrapic reservoir 15 with oriented vertical fractures 16 as illustrated in Fig. 4b,
and (3) a special sub-case of Case (2) when the fracture azimuth is perpendicular to
the dip azimuth of the fractured formation (also illustrated by Fig. 4b). As used
herein, "vertical fractures" means the fractures are perpendicular to the dipping
reflection surface above them. The fracture azimuth is defined as the angle between
(a) the line formed by the intersection of the fracture plane with a horizontal plane,
and (b) a reference direction that is typically geographic North. Dip azimuth is the
angle between the dip direction of the formation and the North. Insights from these
equations are used to quantify the impact of the dip effect and to develop simple and

data-driven methods to remove the dip effect from AzAVO inversion.



intended to be illustrative only, and is not to be construed as limting the
scope of the invention. On the contrary, it is intended to cover all
alternatives, nodifications and equivalents that may be included within the
spirit and woapsmséisthe invention, as defined by the appepdRiedsdhiRs

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS [00351 The present
invention is a nmethod for quantifying and mtigating dip effects in both
AVO anal ysis and AzAVO i nversion. The inventive nethod uses the previously
descri bed CWVP-based AzAVO-inversion nethod as the starting point. Equations
are derived to describe AzAVO properties inighe presence of formation dip
for three cases: (1) an isotropic layer 18 (i.e., overburden) over a

di pping, isotropic reservoir layer 19 as illustrated in Fig. 4a, (2) an

i sotropic | ayefased:over Nodfmagturgs anisotrapics overhirden cevery ai glplﬁﬂgm isd{ropic
oriented vertical fractugres 16 as.i)lustrated in Fig. 4b, and (3) a special
sub-case of Case (2) V\hehe%f'ﬁ’émf ﬁ‘@t){ﬂ)e azinmuth is perpendicular to the dip
azinmuth of the fractured formation (also illustrated by Fig. 4b). As used
herein, "vertigal fDha¢tatioasf fomaie the fractures are perpendicular to the

di pping reflection surface above them The fracture azinmuth is defined as

t he angle between (a) the line fornmed by the intersection of the fracture

pl ane with a hi#f36lont Vhest apek formptions yares isodopice idweyi (*Ac simelificatien jof the

typically geo hi. rin.  .Di i NS et ween .t he. di

di rection of %@P‘b‘&ﬁ%’%ﬂéﬁm&%{’%ﬂ%ﬁp@a ?%%ﬁ@?%ﬁfﬁ%‘%ﬁ?@the&ﬁfﬁ% are
used to quantifelatibiihip He6den GEfddten CobfRIcnEER) anfirefioctiay 8hAP (5) 150 r&llediith
data-driven nethods to renove the dip effect Trom AzAVO i nversi on. WO

2006/ 055137 PCHgledes0bam3Bdegees: 10 Case 1: No fractures - isotropic

over burden over a dipping isotropic reservoir (Fig. 4a) 1. Derivation of
formula (0036] When rock formations are isotropic, Shuey ("A sinplification
of the R=A4,+B,5m" 8. 8))

As is illustrated in Fig. 5, 4, and B, are the intercept and slope, respectively, of the

least-square-fit line 51 drawn through the R vs. sin’# cross-plot derived from
seismic data. They are the AVO parameters (called “attributes™) used to derive the
intrinsic lithology and fluid properties of the underlying reservoir formation (see, for
example, the 1998 article by Castagna, et al.). The relationship between reflection

coefficient R and amplitude Amp is approximately
Amp = div- R = div-[4, + B, sin® 8] (2)

where div is the divergence term that describes how much of wave energy is retained
after dispersal through wave-front expansion during wave propagation. The
magnitude of the divergence is close to, and may be approximated by, the reciprocal
of the travel distance along the raypath from shot point 8 to receiver R via reflection
point D in Fig. 1a. When the reflection surface is horizontal (i.e., not dipping), the
quantity div varies with the offset between the shot and the receiver (Fig. 1a). The

reflection amplitude is corrected for divergence prior to AVO analysis.

[0037] In common practice, divergence correction in AVO analysis is calculated
assuming rock formations are flat as illustrated in Fig. la. In reality, however, most
of reservoir formations are dipping and energy divergence becomes azimuth

dependent due to the fact that the length of the raypath S-D-R in the dipping reflector



Zoeppritz-equations,” Geophysics 50(4), 609-614 (1985)) found that there is
a linear relationship between reflection coefficient (R) and reflection
angle (B) for reflection angle |ess than 30 degrees: R=A0+B.sin20. (1) As
is illustrawedoenssiyy. 5, A and Bo are the intercept and pghaRBe0s/036968
respectively, of the Ileast-square-fit line 51 drawn through the R vs. sine
O cross-plot derived from seismc data. They are the AVO paraneters (called
"attributes") used to derive the intrinsic lithology and fluid properties
of the underlying reservoir formation (see, for exanple, the 1998 article
by Castagna, et al.). The relationship betwdén reflection coefficient R and
anplitude Anp is approximately Anp =div R =div [Aa +B0 sine B] (2) where
div is the divergence termthat describes how nmuch of wave energy is
retained af t efasdli(Eige i eperdsody khenaviath.o By &s¥Higs p ghipeing i fagnatneas a flat
propagation. T 3 I . di.ver NI o] t X

appr oxi mat ed b@?m%tﬂ%g%gg?gsreglggfﬁ&gfﬂt gcgl?g@es ‘%F@baﬁz@é Pgll‘%ra]egglﬁggdy ‘Fegg%lg%h
from shot poi nis nSt fdly @eepenedtedayéam beefekr ®icompardgy thie 1Ehgth ofkgpathds-DVRen t he
reflection surface is horizontal (i not di pping), the quantity div

varies with theigof fastet elrypah Srlﬁéi §'ﬁ%‘€ b ddech ,ﬁlﬁt’?ﬁﬂ@@tﬁoﬁ mgle 0 ilhﬁf)l/n thds

oot : . Pethindet . anatvsi
Lot o AR broB KL SE AT ST LSBT Rl B N8 {8 e
cal cul ated asaWD &hlysdcivofkofobBdippis: Rhaafidblafigsdivtrgeide’ rRetidmashinfing!fAt | N

reality, however, nost of reservoir formations are dippi n% and ener gy
di ver gence beclanes), sguatiomn(1) slegidd He me-wailten do cemhpensate tfor thatchabgs inalingrgenot t he

th SSDRint di_ppi flegt 2006/ 055137 PCT/ US2005£ 036968 - 11-
e (Fig. o) Hovenee el (B siitedmgys pEOE PRSe i agmaorhiet AR a
flat formati OghseLddsOFibdFheréthcOMPERAtd RisiMO afipRiidd fof Bothbokrtes of ehor.)Fi I st ,

energy divergence is not fully conpensated as can be seen by conparing the

| ength of raypath S-D-R in i
[0038] Based on ray-path geometry shown in Fig. 7, the angular quantities & and

#; can be approximately related by the following expression:

1

[1—sin? @cos® (y —w,)]sin’ 6, (3)
cos @

sin @ =

where ¢ is the dip angle of the reflection formation 72 (i.e., the angle by which the
formation surface deviates from horizontal), ¢ is the azimuth angle of the shot-
receiver (S-R) line, y, is dip azimuth of the dipping formation (i.e., the direction 73
of maximum dip), @ is the true reflection angle, and 8,is the mid-point angle, i.e., the
reflection angle that may be obtained by incorrectly assuming that the dipping,
subsurface reflector plane 72 is parallel to the horizontal, surface plane 71. In Fig. 7,
O is the midpoint between source S and receiver R, D is the reflection point on

reflector 72, and M, located vertically below O, is where the reflection point may be

if reflector 72 were flat.

[0039) To compensate the change in divergence correction due to the difference
between flat and dipping formation, we derived a "divergence compensating" term
divcomp based on the difference in length between ray-paths S-D-R and S-M-R (Fig.

7) to account for formation dip:

divecomp = cos gl —~ —;-tan2 @sin’ ( -, )sin* 6.} , 4



Fig. 6 to that of raypath SSD-Rin Fig. | a. Second, the reflection angle O
in Egn. (2) is calculated using the geonetry of Fig, | a when it should be
based-on Fig. 6. To nake AVO analysis work for a dipping formation (after
di ver gence wonromessen assunming flat layers), equation (1pcgh@gbedoBées
re-written to conpensate for the change in divergence and reflection angle.
(The enbodi nents of the present inventive nethod for all three cases
descri bed herein conpensate seism c anplitudes for both sources of error.)
[ 0038] Based on ray-path geonmetry shown in Fig. 7, the angular quantities O
and B; can be approximately related by thelZellow ng expression: sin 0 =1
[ 1- si n2coosZ(yi -yi 0)] si n2G (3) cos rp where rp is the dip angle of the
reflection formation 72 (i anle whi ch t he forrratlon sur.face
devi at es froma#8r ﬂ?oﬁ?%ﬁh)‘m y@nnhéu eb%‘iﬁ Y eoigickdonn divergamge. e HpRig

S-R) |ine, f rmation .e., the direction
(73 2)f ImaX| nmum fgyét}cgfspm%b%a thé@g%%q@%ﬂéxﬁgl e, Iand(:) is the mi:l poi Int

angle, i.e., the reflection angle that nmay be obtained by incorrectly
assum ng that the dAmnq,vCO%berigcgn?gfIect or plane 72 is parallel &p the
hori zontal, surface plane 71. Fi g. Ois the mdpoint between source S

and receiver R Dis the reflectlon p0| nt on reflector 72, and M | ocated

vertically bel owPOis kguivdientetd hefldeeibh aetifRitnp R rassmingb@thet fenérelldessipakion 2
were flat. [0039] To conpensate the change in di ver%ce correction due to

the differenc efactb@t (Reserviveaatieanation) gt #y llﬂﬂmﬂﬂﬂl om A Xfe agalysis. eHualeﬂdal\ﬁsﬂg ence

conpensati ng" m di vcons i e in t Q. bet

ray- paths S- DCF’? 8‘3 Ak ﬂns( ET“E“‘%"’ %a?{%“%k"é’aﬁ r?@!lﬁgﬁ B’ipp EE‘? UB&‘Hap =
cos 9[1 Z tan gpi@&ately 30 degrédd ahdiréflecfion dngle (Ao W)dgéi@@s/ 055137

PCT/ US20051036 8 -12 "and t%ge resultant anplitude, being fully corrected in

di vergence for di ‘g)pl n%
[004 ubstituting Equations (3) and (4) into equation (5), one gets

AMP =~ {4, +1B, +(B, -1 4,)tan’ p]sin* 0, — (B, — 4 4, ) tan’ @ cos® (¥ -y, )sin’ 6}
(6)

Equation (6) describes the relationship between amplitude, dip angle of the reflecting
formation, and the mid-point reflection angle &, of the reflection event. It indicates
that when an isotropic formation is not flat, reflection amplitude at the dipping

boundary becomes azimuthal dependent. This equation may be called the "dip-
induced AzAVO equation".

2. Quantification of dip-induced AzZAVO

[0841]  The dip-induced AzAVO equation provides a way to quantify the effect of
reflector dip on reflection amplitude. Multiplying both sides of Equatlon (6) by cos ¢,

the equation becomes

cas@- AMP = A, +[B, +(B, -+ 4,)tan” p]sin’ 8, — (B, — 1 4,) tan” pcos’(y —w,)sin’ 4,
= A, + B,sin® 8, +sin’(y —~y,) - (B, —1 4, )tan’ psin® 6, 6.1)

The left side of the equation can be thought of as a "scaled” amplitude of a seismic
reflection event in a CMP gather. The right side of the equation can be separated into
two parts. The first part, consisting of the first and second terms, represents reflection

coefficient at the formation boundary without dip (see Eq. (1)). The second part,



formations, is expressed by the follow ng equation: AW = divconp . [Ao + B.
sin" 0]. (5 AMP is equivalent to reflection coefficient R assum ng ot her
energy-di ssipation factors (e.g., wave attenuation) are not influential on
AVO anal ysi w0 ogy@ssizzal tests on these equations indicat i,ons
(3) and (4) are valid for dip angle up to approximtely ?ﬁ@&?@%d
reflection angle up to 30 degrees. [0040] Substituting Equations (3) and (4)
into equation (5), one gets AMPM-[ Ao+[Bo+(Bo-iflo)tan 'Vlsin'
0,-(B0-ZAo)tan'tpcos' (9/ W)snmZzO (6) Equation (6) describes the

rel ati onship between anplitude, dip angle ofi3the reflecting formation, and
the md-point reflection angle O, of the reflection event. It indicates

t.hat when an isotrqpic_formtion is naot flat, reflection anplitude at the

di ppi ng  bound&nyisHee ahike thizq termn grangEpeihe egimutin; variatemin amplivede dus tedin. ed
t he "dip- indu kS hs fadtitat RRh e di i..on of di p-induced AzAVO

[ 0041] The di p?iﬁ‘ﬂ%@é%%&%m%&g%ﬁlgﬁaé%mprovb‘!c:f;ds}&gﬁ%/{gg to quantify the effect
of reflector dip on reflection anplitude. Miltiplying both sides of

Equation (6) by cosB&QIi,,egb,glig%a;&yomg)gﬁ@@s costa AW ~ AO + [Bo + (Bo -
z AO) tan' rp] sin 2 B - (Bo --LAQ) A8) tah® to cost (V - yro) sin'' of
=A0+Bosin" 0, +sin' (yr-yr0)(B0-i AO)tan2rpsin29,. (6.1) The left side of the

equation can be thoygably0f 18siafon SSREEA- 7 tudg yof,2 igmc refl ion
event in a CWP gat her}.a 'Il!he rig ?nsige@'gf W?We)(i équ’a‘?‘i)o%ln ?Dasﬁplbé separ at é@ﬁ? nto
two parts. The first part, consisting of the first and second terns,

epresent s 1o ASip FORAELE Wil Ut L B DOURHAA My
consisting of 1{)%@:8%@ ) 8 LyaRt biihes 'R AaLHaBRE Y& AkLR T difdply

anpl i tude due

Magnitude = (B, — 1 4,)tan? psin* 9, . (6.3)

This is the maximum amount of amplitude change in dip-induced AzAVO. Its value
is determined not only by midpoint and azimuth angles, but also by the contrast in

intrinsic rock properties across the reflection boundary (i.e., 4, and B,).

[0042)  Practically speaking, the Amplitude Variation part can be thought as an
"anomaly" on reflection amplitude due to formation dip. It is observable when its
amplitude level is above the level of random noise of the seismic data. To compare
the strength between this anomaly (i.e., dip-induced AzAVOQ) and seismic noise, we
define the following quantity:

Magnitude
BaselineAmplitude

% variation = 100 x (6.4)
This quantity can be calculated for a specific reservoir setting and compare to noise
level on seismic data to evaluate if dip-induced AzAVO is detectable (i.e., greater
than noise-to-signal ratio) on seismic data. If dip-induced AzAVO is detectable,
mitigation of dip effect becomes necessary. This approach is illustrated in the

example below.

[0043]  Table 1 shows an example of applying Equation (6.4) to four different

reservoir settings. common in oil and gas exploration. Assuming noise-to-signal ratio



The follow ng defined terns facilitate further discussion: Baseline
Amplitude = Ao + Bo sin 2 B, , Anplitude Variation =sin 2 (yr - yro) (Bo -
2 A0) tan 2 {osin 2B, . (6.2) As sin 2 (yr - w0) varies between 0 and 1,
the range oloAMgskisde Variation varies between O and (B% 2 W
sin 2 0,. The magnitude of this variation is sinply I\/Bgmtt%%ﬁs:ze&}é)é}&g-%gl AO)
tan2 9 sin 2 0, . (6.3) This is the nmaxi mum anount of anplitude change in
di p-i nduced AzAVO. Its value is determ ned not only by m dpoint and azinmuth
angl es, but also by the contrast in intrinsic rock properties across the
reflection boundary (i.e., A and B.). [00424 -Practically speaking, the
Amplitude Variation part can be thought as an "anonmaly" on reflection
anplitude due to formation dip. It is observable when its anplitude |evel

i s above the |&Jess thim § aergerh mbs;%@n@idatar{éhlwtma@ bgamensurrd feampsismic datd,

strength betwe omal LR ed Az and sei.sm o se,
we define the%EOeI&P € %’&fa -mg}uge 1“5@‘%2 5 Slﬁ&@' tl\)fi’gﬁbfsteﬁjc}ea‘(cg?z
Basel i neAmpl i t94¢lgriatidhorétit@thand Moﬁ@[&v&? bEPhdtUh bR 3f0H 42 BREGHFL ﬁnﬁg,%ﬁ@ﬁ %Pi r
setting and conpare to noise level on seismc data to evaluate if

di p-i nduced Azthwdin-induesdetzA¥0eis (sefiel for theeaset and basn 2medeswirso- si gnal rati o)
on seismc data. |If dip-induced AzAVO i s detectable, mtigation of dip

ef fect becone ces This a R Q& ch | .I|| stra

bel ow. [00431 Tl & MeNind hireERRARRLch b dppndiiey Aatvd O tai o rian
different res@iupsr settings. common in oil and gas exploration. Assum ng

noi se-to-signal ratio WO 2006/ 055137 PCT/ US2005/ 036968 -14 is less than 5
percent on seismc dat a Jt hi S rat| Q_can, be rreasured trom seLsmc daI a) t he

exanpl e shows (i FositaO Dipfing p 3 T .e.,
1 sandstone 20% 15 degrees 26 degrees 0. 15 0.4 9.63
2 sandstone 25% 15degrees 26 degrees 0.03 -0.28 16.39
3 sandstone 34% 15degrees 26 degrees -0.1 -0.18 1.19
4 limestone 20% 15degrees 28 degrees  -0.111 -0.142 341

3. Method for removing dip effect in AVO analysis

[0044] It may be noted that the dip-induced AzAVO equation (Eg. 6) bas the
same form as the AzAVO equation derived by Ruger (1998):

R~ A+ Bsin® @+ B cos’ (v -y )sin’ @, )

if one replaces v, in Eq. 7 by dip azimuth angle y,. The quantity iy, in Ruger’s
equation is the azimuth of the "cause" of the anisotropy, e.g., the fracture azimuth., y
is the azimuth angle of the shot-receiver line. Parameters 4 and B are equivalent to
intercept and slope in the AVO equation, i.e., 4,and B, in Eq. (1), and B’ is related to

the intensity of the anisotropy. Equation (7) is the basic equation used in AzZAVO

inversion to derive these anisotropy parameters from seismic data.



%ariation greater than noise level) but not in cases 3 and 4. Therefore,
mtigation of the dip-induced AzAVO i s useful for the case | and case 2
reservoirs. Table 1. Maxinmum percent variation of dip-induced AzAVO i n four
shal e/ r eserw@iztos/@€fsti ngs. Case Reservoir Type Porosit Di < i nt
Angl e Ao Bo %ariation 1 sandstone 20% 15 degrees 26 degr@g@g%8®i@&@8€4 9.63
2 sandstone 25% 15 degrees 26 degrees 0.03 -0.28 16.39 3 sandstone 34% 15
degrees 26 degrees -0.1 -0.16 1.19 4 linmestone 20% 15 degrees 26 degrees
-0.111 -0.142 3.41 3. Method for renoving dip effect in AVO anal ysis (0044}
It may be noted that the dip-induced AzAVQO ggquation (Egq. 6) has the sane
formas the AzAVO equation derived by Ruger (1998): R m A+Bsin' 69

+B' cosy(V-V~)sin20, (7) if one replaces v. in Eg. 7 by dip azinmuth angle
V.. The quanti in%g@@' [ 4 az] 0 Of -t . . t he
ani sot r opy, e%m t he ac %r%gefg%gﬁr&utﬁ]hkt\s/ térlﬁlg 1?hé‘écmg{zl|8nrrsuh? %ﬁig@%g?‘ﬁ? ﬁgé

shot -recei ver followingRelatiochildps A and B are equivalent to intercept and
slope in the AVO equation, i.e., A and B" in Eq. (1), and B is related to
the intensity of the anli sotropy. Equation (7) is the basic equation used in
AzAVO i nversion toAderizveht hese ani sotropy paranmeters from seisnmic data. WO
2006/ 055137 PCT/ US2005/ 036968 -15 [0045] Equating coefficients of |ike
terms in equations (6) and (7) yields the followi ng relationships: A= co'
-Ao B= m[BO + (BO B=_AQB, t+dBg-1pl,)tan’ Gds B'= C-'ro (BO -1A0)tan 2 W W
=W

B'=—=L(B, ~14,)tan’ g,

cos@

WU =Wa‘

Further manipulation of these equations leads to the following relationships between
parameters intrinsic to the dipping isotropic formation and the parameters derived

from a traditional AzAVO inversion of the 3-D seismic data:

A, =A-cosp, (8.1)
B,=(B+B') cosp,and (8.2}
WO =Wﬂ' (8'3)

[0046] Equations (8.1)-(8.3) indicate that in the case of isotropic dipping
formations, the formation intrinsic parameters can be derived through AzAVO
inversion of the seismic data. Based on this realization, a simpie, data-driven
procedure to mitigate the dip effect for AVO analysis is readily derived. This

procedure, summarized in the flow chart of Fig. 8, may be stated as follows:

1). Apply AzAVO inversion to the 3-D seismic data to genperate
four attribute (i.e., parameter) data cubes A, B, B' and y,. (Step 81) Attribute y_ is

now the dip azimuth of the dipping isotropic formation, as indicated by Eq. (8.3).

2) Derive the dip angle at the target reflector from the seismic data

after conventional processing (e.g., CMP stacked or migration-stack data). (Step 82)



Further mani pul ati on of these equations |leads to the follow ng rel ationships
between paraneters intrinsic to the dipping isotropic formation and the
paranmeters derived froma traditional AzAVO inversion of the 3-D seismc
data: A0 = 1) BO = (B+B')cosrp, and (8.2) W 3

[ 0046] Equétoiggﬁgmgéé‘i)-(& 3) indicate that in the case of pfgﬁsgﬁ)gifogﬁgg% ppi ng
formations, the formation intrinsic paraneters can be derived through AzAVO
inversion of the seismc data. Based on this realization, a sinple,
data-driven procedure to mtigate the dip effect for AVO analysis is
readi |y derived. This procedure, sunmmarizeggin the flow chart of Fig. 8,
may be stated as follows: 1). Apply AzAVO inversion to the 3-D seism c data
to generate four attribute (i.e., parameter) data cubes A, B, B and yra .
(Step 81) Attribute V. i3 nohs stggested byZian(§.h), siuitply the ppsingof thodippmigie
formation, as indicated. by Eq 8.3). .2 rive .t i ngl e at the target
reflector frorf€thet®SH cthﬂa{xéf‘(t“@flkeepe%ﬁ%\%#meﬁ%%rE’@gté‘g? rarlj‘n%ethﬁ targglp

R L T

(i.e., cos (p)Ag)y(gﬂgggg)attri bute derived at each CWP | ocation along the
target reflection horizon to obtain the formation intrinsic (i.e.,
di p- conpensat ed) paraneter Ao . (Step 83) 4) As suggested by Eq. (8.2), add

the B and B' attributes 4t eag§suggddhtell @& (. qB.2R| Mdgthe B ahd BY efrivueds! £ Ghilon
hori zon and nultiply the sumby the cosine of dip angle at that |ocation to

get the formatCMR lopationnalpeg thartarget wilegion hasizep agd)muliiply the suntbarthe cosine
t A B dtod ' . pr. t flayid
"n the ai ppi ngP iR dRets B HB BrSEuE Febtig? frRTR sk s (Hen gl ™

1998
The resultant parameters 4, and B, can be used to determine rock property and fluid

type in the dipping reservoir by known procedures, e.g., the above-referenced 1998

paper by Castagna, et al.

[0047)  The presence of fractures in a reservoir is usually indicated by samples
from the well (e.g., core, formation images, etc.), the well's performance data, or
seismic interpretation. When fractures are not evident, the preceding simple method

can be applied to extract "formation intrinsic” parameters 4, and B, for lithology and

fluid interpretation, for flat or dipping reservoirs. This method is preferably applied
to formation with dip angle less than 20 degrees. Dip angle can be calculated from 3-
D seismic images (e.g., migrated seismic data) and used in the process. When

fractures are evident, the following method can be applied.

Case 2: With fractures - isotropic overburden over dipping anisotropic
reservoir (Fig. 4b)
1. Derivation of formula

[0048)  In this case, reflection coefficient is described by the AzAVO equation but

modified by the divergence-compensation term:

AMP = divcomp - [ A+ Bsin’ 9 + B cos” (y ~ 1,5!1.)51'1'43 a]. )]



paper by Castagna, et al. 100471 The presence of fractures in a reservoir is
usual ly indicated by sanples fromthe well (e.g., core, formation imges,
etc.), the well's performance data, or seismic interpretation. Wen
fractures aye 2bgios§urdent, the preceding sinple nethod

extract "formation intrinsic" paraneters Ao and B. for ?Eoﬁf?é@’g%g? fluid
interpretation, for flat or dipping reservoirs. This rrethod is preferably
applied to formation with dip angle less than 20 degrees. Dip angle can be
calculated from3- D seismc imges (e.g., mgrated seismc data) and used
in the process. Wen fractures are evidenfj7the follow ng nethod can be
applied. Case 2: Wth fractures - isotropic overburden over dipping
anisotropic reservoir (Fig. 4b) 1. Derivation of formula 10048) In this
case, reflecti[0dYoef Notd that angle desars tmddsebyﬁtdﬁienAn@M@t thpudippionsurfice (Fig.

nodi fied by the diver e- coppen ti = divc [A,+ Bsine 9 +
B' cos2(yr - ;‘;]a]))ﬁ‘g%ﬁgo eth% gﬁpﬁf@ gqgl%ecpggﬁr 5‘7?%2%@8 be rgyritesn49]
Note that angle 9 refers to true reflectlon angl e at the dipping surface
(Fig. 2a). To decoyptg_the ect of dip fromthe effect of fractur Eq.
(3) can be rewritteé)I él né(; 5?%@ sine 0, (10) where C=1 Eﬁﬂ)

[ 1-sin29cos2(y' -y10)]. <cos rp Substituting Eq. (10) into Eg. (9) yields
AMP=C- di vconp- hetB sin" 0,+B cos (Wyrf)sin20,j. (11) 10050] It can be seen
that Eq. (9) is now expressed in terns of the md-point angle 0, and the
quantity within the brackets has the formof the AzAVO i nversion

=

[1 - sin® peos? (¥ —,)].
cos@

Substituting Eq. (10) into Eq. (9) yields
AMP =C-divcomp - [4+ Bsin’ 8,+ B cos’ (y — Wf)sin" 6,]. (11)

[0850] It can be seen that Eq. (9) is now expressed in terms of the mid-point angle
@, and the quantity within the brackets has the form of the AzAVO-inversion

equation, i.e., Eq. (7). Also, in this equation both C and divcomp can be calculated

for every reflection event. These two quantities can be combined and defined as the

"scale factor™

1

B = e,
seft C - divcomp

(12)
Substituting Eq.(12) into Eq.(11) and moving the scale factor to left-hand side of the
equation yields

AMP - scftr =4 + Bsin® 6, + B'cos® (W —y /)sin® 6, (13)

- [0051)  This equation indicates that, by "scaling” seismic amplitude with the scale
factor scftr, the amplitude equation is in the same form as the AzAVO equation even
when the anisotropic formation has a dip. Following this insight, a simple method can

be designed to remove the dip-effect from seismic data for fracture detection.



equation, i.e., Eq. (7). Also, in this equation both C and divconp can be
calculated for every reflection event. These two quantities can be conbi ned
and defined as the "scale factor": scftr = 1 C ddivconp (12) Substituting

Eq. (12) i ntywyoBkgediokdyszand noving the scale factor to Ieft-wsgh(% EJF t he
equation yields AWPscfir=c+Bsi n20, +B' cos2(wyrf)sin20, (13) %}3 Ri s

equation indicates that, by "scaling" seismc anplitude with the scale
factor scftr, the anplitude equation is in the same formas the AzAVO
equation even when the anisotropic formation has a dip. Following this
insight, a sinple nethod can be designed ;g renove the dip-effect from
seismc data for fracture detection. W 200 %055137 PCT/ US2005/ 036968 - 18
2. Method for renoving dip effect in AzAVO anal ysis [0052] Equation (13)
provi des a sinpl e wsdettiod fon fengevirg dipeffdetpn AZASMD afidysis he case of di pping
ani sotropic formations. The procedure, sumrarized in the flow chart of Fig.
9, is as follows:..1) | cul a dip.azimyth yro and di ngle (p

sanpl e- by- sanplV852](j . &quatign uh PIPVRRs @eIp E}Yoteamﬁsﬁpettﬁfag’mreéec? ot easen
anpl i tude or egesay:).,f d 8; J45 0 T

Cal cul ate the (Ssﬁ(ﬁal ﬂxgaa'(i:]%g{rr B@?fﬁoﬁ%ﬁ&ﬁbrﬁnﬁ%ﬁ\‘}%@ﬂ% u@%@%ﬁ# %%ﬁé& é:gl%ﬁé)? s of
t he seism c dafig. fidsas fhllogst o equations (4), (10), and (12) and apply the
scale factor to scale the anplitude at every reflection sanple. (Step 92) A
CVMP gather is a set of seismc traces that have a conmon m dpoint (point O
inFig. 7). 3) Invert Eql) (13%alshlaihdipsazametd wymndadinensglet ¢ samplesly-sample
paraneters A, B, B, and y'1l, preferably using | east-square inversion.
(Step 93) Per s % Ve spasetimgdoggtion,hipf hag rglsdion rmplivds or prareyy Fom the

| east - squar e | Qy&L§k09 seismic data. (Step 91)

2) Calculate the scale factor s¢ffr in normal-moveout corrected
CMP_gathers of the seismic data according to equations (4), (10), and (12) and apply
the scale factor to scale the amplitude at every reflection sample. (Step 92) A CMP

gather is a set of seismic traces that have a common midpoint (point O in Fig. 7).

3 Invert Eq. (13) on the scaled CMP gathers to derive parameters
A, B, B, and y ,, preferably using least-square inversion. (Step 93)

Persons skilled in the art will understand how to perform least-square inversion.

{0053]  Parameters A and B can be used to determine rock and fluid properties in

the reservoir, while B' and v, indicate intensity and orientation of the fractures in the

reservoir.

[0054]  This method involves more calculations during data processing than the
method in Case 1. It is applicable when the presence of fractures is suspected or
expected. With dip angle derived from 3-D seismic images, scale factors can be
derived and applied to the CMP gathers. AzAVO-inversion of the scaled amplitude
derive the rock-property attribute A and B, and the fracture-property attributes B' and

Vi



[ 0053] Paraneters A and B can be used to determine rock and fluid properties
in the reservoir, while B and yr f indicate intensity and orientation of
the fractures in the reservoir. [0054] This nethod invol ves nore

cal cul ati onRg ata processing than the nethod in Lt _J
applicabl e 2?1“‘{"%%3& esence of fractures is suspected O%EZQ%&O?@#@%NW
dip angle derived from 3-D seismc imges, scale factors can be derived and
applied to the CW gathers. AzAVG i nversion of the scaled anplitude derive
the rock-property attribute A and B, and the fracture-property attributes B
and V f. WO 2006/ 055137 PCT/ US2005/ 036968 19 .19 Case 3: Wth fractures -
when the fracture azinuth is perpendicul ar %o the dip azimuth of the
fractured formation (Fig. 4b) 1. Derivation of fornula It is observed that
in fractured fQase:i ons With Bacnmed- wheﬁﬂ&ﬁthétgﬂedzl(mﬂhlisg pendichBfttditRe i S
usual |y perpendicular to_the direction of formation dip his is a speci al
case of Case 2. In this ‘%lptﬂ!:&!lllﬁh“f‘#ﬁfacﬂl% formatigmdiig 4i ng Eqs. (3) and
(4) into Eq. (9) and repl aci ng yr by V/ 0+90, one gets AMP = {A0 + [BO +
(BO - 4 AD) tap2 ( lBof o g‘{% 9 +[B, -(BO --2 AO)tan2 (p]cos2(+V
-4(0)sin2 0, I BStan rpsin 5 wl)sin 20,+...). (14) Here AO, BO and B,
denote the AVO i ntercept, slope, and the AzAVO ani sotropy paraneter,
respectively. As wlt ks dgervet Xhdtrin Gasterell, foﬁﬂat10(1ﬁ41)e Mﬁuﬂhﬁ‘ theaBgredr(Mertical) he
Az AVO equat i on (an alternate form of Eq[ = A+Bsi n20+B cos2(V -V
)si n20 +N ( 15)fracijresnistysaakly, pepenrdigwaciot h@ﬁlrﬁﬁ&tn tffr@awm &ipi nhinisa smcﬁbw

el activity. (gt Caen  Wlbis Sl ¥, b 567 CundBhEE ok ") ART R 10 o

(9) and replacing v, by w,+90°, one gets

AMP =

{4, +[B, + (B, — % 4,)tan’ p]sin’ 4,

cusq:
+{B, — (B, -1 4,)tan’ p]cos’(y -y, )sin’ 6,
+-}B,tan2qosin‘? Ny =y, )sin" 6, +...}. (14)

Here 4,, B, and B, denote the AVO intercept, slope, and the AzZAVO anisotropy

parameter, respectively. As with Eq. (6) in Case 1, Eq. (14) has the same form as the
AzAVO equation (an alternate form of Eq. (7)):

AMP = A+ Bsin’ 8+ B'cos’(y —y,)sin"@ +N (15)

with the further exception that fracture azimuth y, is now replaced by dip azimuth
w,. N is the difference between the measured reflectivity (i.e., amplitude after

divergence correction) and the reflectivity calculated from Equation 7. Just as in Case
1, a simple method can be found to derive rock-property attributes and fracture

attributes for this special case.
2. Method for removing dip effect in AzAVO analysis

[0055] By equating coefficients of like terms in equations (14) and (15), one

obtains the following relationships:



di vergence correction) and the reflectivity calcul ated from Equation 7. Just
as in Case 1, a sinple nethod can be found to derive rock-property
attributes - and fracture attributes for this special case. 2. Method for

removi ng digeshidsskid:n AzAVO anal ysis [00551 By equating %ﬁﬁfﬁézﬁ%s%%g%so‘c

like terms 1 n equations (14) and (15), one obtains the fo 6WII’1

rel ati onshi ps: WO 2006/ 055137 PCT/ US2005/ 036968 -20- A= :m AG B=-0

[ Bo+(Bo-i Ao)tan' rp), (16) B =s~[B, - (BO . 4 )tan' (p], Vo = V/o +6.

[ 0056] The estimated azinuth angle, qr'o, now suffers a snmall error, e, from
the true fracture or dip azimuth angle. Thibg s due to the neglected higher
order terns represented by N. Just as in Case 1, these rel ationshi ps
suggest a sinple nmethod for deriving rock and fracture properties w thout
the contam nation ofddip-ipduced anisotropy. The procedure, sunmarized in
the flow chart of Fig. 10, is as follows for one enbodinent of the present

i nventive method: 1)8 Agh}kBd €68t = Sefudire’ ® Aversion to the 3-D seismic 8% ato

generate four attrihyte,data lupes A ,B, B and yi'o . Attribute Vr is
the estimated dip %Tﬁﬁfzbﬁy@m?ﬁfgﬂ‘ﬁﬁéd, di pping formation. (Step 101)
2) Cal culate the di g,va.ngl s and the cosines of them(i.e., cos () at the

target reflection hor’ zoh and mul ti ply the A-attribute by the correspondi ng

cosine to obtain the dip-conpensated paraneter Ao. (Step 102) 3) Add the B

and B' attri bug(ﬁggpt eﬁfehes‘ﬁﬁ?attédaézihﬁﬁiaéﬂﬁfé'? £2 AR shfrg 8 lsmal B RC kL fRn@ET ZON

and multiply the sumby the cosine of the dip angle at that |ocation. (Step

103) This resulde if@ctuli® of WP Rfimuitk ReMES TR RndheBd. the neglected higher order terms
represented by N . Just as in Case 1, these relationships suggest a simple method for
deriving rock and fracture properties without the contamination of dip-induced
anisotropy. The procedure, summarized in the flow chart of Fig. 10, is as follows for

one embodiment of the present inventive method:

1} Apply least-square inversion to the 3-D seismic data to

generate four attribute data volumes A, B, B' and y',. Attribute g, is the estimated

dip azimuth of the fractured, dipping formation. (Step 101)

2) Calculate the dip angles and the cosines of them (i.e., cos ) at
the target reflection horizon and multiply the 4-attribute by the corresponding cosine
to obtain the dip-compensated parameter 4. (Step 102)

3) Add the B and B' attributes at each spatial location on the target
reflection horizon and muitiply the sum by the cosine of the dip angle at that location.
(Step 103) This result is the sum of unknowns By and B;.

4) Estimate B, through conventional AVO inversion or angle

stacks. (Step 104)

5) At each location, subtract B, from the value of (B+ B')cos¢

from step 3 to obtain an estimate of the anisotropic slope term B, that measures the

azimuthal amplitude variation caused by fracturing. (Step 105)



4) Estimate B. through conventional AVO inversion or angle stacks. (Step
104) 5) At each location, subtract Bo fromthe value of (B+B )cos( from
step 3 to obtain an estimate of the anisotropic slope termB, that neasures

the azi muthghodftRdst ude variation caused by fracturing. éE, %/gD
2006/ 055137 PCI US2005/ 036968 -21 6) lterate this procesé @?ze'%‘g@-ﬁg Wi t h

the newly estinmated attributes as constraints in the inversion until a
desired precision is reached. (Step 106) Exanple [0057] The Case | nethod
was applied to a 3-D seismc dataset to denonstrate the sinplicity and
data-driven nature of the nethod. First, AzAVO inversion was applied to
derive AzAVO attributes A, B, B and W. The results for the first three
attributes are displayed in Figs. | la-c with in-line position plotted as
t he abscissa and two-way) traltabtet ithie @ecdshe(stapdilA@t evithAtthe | hewlg Estineatesd t y
Is indicated by a gray scale shown, in Fig. 1la, which displays the
attribute A AYEPRESESCORSHRING b 4% inyesmyadl 4 fesied guecisiph i facherde (Step
respectively. 1’?)*62” butes B and B' were summed to derive the
formation-intrinsic "slope" attribute Bo, and the results are shown in Fig.
12. In this <case, the dip angle of the formations is |l ess than 5 degrees
according to déxdmglecal studies. (The dips of events may be directly
observed fromthe attribute displays in each of these sections. The
observed dip ?1565 rs tg be higher than 5 degrees. This_.is an il]lusion
because the h nt allhgj(case dcwethad weamp p 3R Femin datasd taempasirate or

conveni ence ofg.di ) HS S gﬁ]ge e S il U o)

mul tiply the Amggﬁﬁﬁl%quyg%? ?j:ﬁg%ﬂ s yg?:g{se lPﬁ[g)?ﬁtB g’ g%ESt’t ﬁgﬁ%ﬁ fifdeskichCwas _
formati on-i nt ripphiéd tABHvIAZARY QattriflesB?, BSBeande@yat TR reSiltORE MESRrsE Biged P 1 S
very close to 1.0 for such a small dip. In cases of large dip (5 <_ (0o <_

20 ), dip anglatribhesle: deplgtdin Hied 1herwithislidg posaicr pteftédas the abscissa and
two-way travel time as the ordinate. Attribute intensity is indicated by a gray scale
shown in Fig. 11a, which displays the attribute 4. Attributes B and B’ are displayed in
Figs. 11b and 1lc, respectively. Attributes B and B’ were summed to derive the
formation-intrinsic "slope" attribute By, and the results are shown in Fig. 12. In this
case, the dip angle of the formations is less than 5 degrees according to geological
studies. (The dips of events may be directly observed from the attribute displays in
each of these sections. The observed dip appears to be higher than 5 degrees. This is
an illusion because the horizontal distance has been compressed along the abscissa for
convenience of display.) This small dip angle makes it unnecessary to multiply the 4
and (B+B') attributes by cos¢ to get the formation-intrinsic attributes 4, and B, (see

equation 8) becausecosg is very close to 1.0 for such a small dip. In cases of large

dip (5" < ¢ < 20"), dip angle should be calculated for this transformation.

[0058]) It should be appreciated that the particular embodiments may be
implemented as part of a program or application operated from a processor based
system, such as a computer system. The computer system may include servers and
workstations configured to store data and applications in memory to perform the
above mentioned methods and processes. Indeed, the computer system may generate
a report, which may be displayed on a monitor coupled to the computer system, stored
in memory of the computer system, or printed from a printer coupled to the computer

system. Further, a user may interact with the computer system to perform the



[0058] It should be appreciated that the particul ar enbodi nents nay be

i npl emented as part of a programor application operated froma processor
based system such as a conputer system The conmputer system nay include
servers a tions configured to store data and a I i i n
menory toag%?%ﬁﬁﬁﬁgﬁe above nentioned net hods and proceggggﬁﬁﬁﬁﬁg@ , the
conputer system nmay generate a report, which may be di splayed on a nonitor
coupled to the conputer system stored in nenory of the conputer system or
printed froma printer coupled to the conputer system Further, a user may
interact wwth the conputer systemto perfpﬁflthe WO 2006/ 055137

PCTI US2005/ 036968 -22 enbodi nents or the Conputer system may performthe
met hod wi t hout user intervention, as can be appreciated by those skilled in
the art. Regamshodhfcntat of qlistcompupdr tystem ahay heerfommt ithel | methedbwidhome nier

whi ch are di scussed above, may be stored in conputer readable nmedia for

execution by 1@%%@899%5&335‘3?3%’%0@% by yhope, ékilug?l & S artd Seeardlss.oi lgast a

directed to g i . . P j i O r pose
of 111 ust rat gt Bt Ple SRR BRhGuRkat Richf Rpds B BBONG Ty B $0BORN BT
that many nodicptdrreabRfledia fdrafkbaitnity thd@wnephadiysdRil.s described herein

are possible. Al such nodifications and variations are intended to be

wi thin the scope of the present invention, as defined by the appended

claims. -23- [003vs The iaragpingodescoption ipeinecitd ey Pagicuarpembndimens ofrtbe s in

Anpl i tude-Vari ation-w .h- & fset (AVO) tributes or in Azinuthal AVO (AzAVO
ATTr1 but os - adPEEn R RBPS Ry BE publeybr B S 18y ol Rl i AV KT
survey of an ¢r0oskilgd &n Pk, Mhat BR0Y \iRbdifitationd ahe Rediatohs &) HRMdEbodiments

over burden, conprising: (a) accounting for azinuth dependence of energy

di ver gence i ndesetibad leeroinvaze possitlectAdbsuchonedifieatiing phd yarisidens\agt intensiad o

be within the scope of the present invention, as defined by the appended claims.



(b) accounting for azinmuth dependence of reflection angle reflected fromthe
dipping reservoir in the 3-D seismc data vol une; wherein accounting for

azi mut h dependence of energy divergence and reflection angle conprises (c)
appl ying AzAVO inversion to the 3-D seismc data volunme to generate four
attribute data volunmes A, B, B and Wa corresponding to
anplitude-offset-azinuth relationship of a hypothetical flat layer with

al igned vertical fractures, where A and B are AzAVO equi val ents of AVO
intercept and slope attributes, respectidely, B is an AzAVO attribute
related to anisotropy intensity and WA is the azinuth of the aligned
fractures; (d) calculating dip angles cp at the reservoir's upper surface
and rmultiplying cos cp by Ato obtakﬁgghﬁgconpensated AVO i nt ercept
attribute AO for the actual dipping ir; (e) calculating

di p- conpensat ed AVO sl ope attribute Bo for the actual dipping reservoir
fromBo = (B+B Icos cp; and (f) calculating the actual dipping reservoir's
di p azi mut h yXQnétheoMbomp¥hsatidg féY d&giiﬁméed SFrofs AANSRBILHAY afi ¥ onl -0 ed
errors in Anplitude-Variation-with-Ofset (AVO attributes or in Azinuthal
AVO ( Az A Ohettnibiuest ersingdzimptial A\ (AzAVD0) swtribvtet deraved framlaudn® editraic detd from

a seismgc an ani.sotro er.voi

survey. of i c di pping res r 1yl beneat h .
sotr opt LIBIEEHER (M SRR RIS ol pR Rl BN tsbora Ped SRR e o
ener gy doxgh@ésns Corhptishgd: Sm ¢ wave reflected fromthe dipping reservoir; and
-24- (b) accounting for azinmuth dependence of reflection angle reflected
fromthe di pplahg ragssemiiog r for razirmeth3d¢penddnseriof crergy \doveugamce whesaasnmic wave
accounting for.azi h dependence pof energy divergence and reflection angle
Aegfd lpeliapp §

conpri se¥ R "F P UnYl%e ¢ and dip azinmuth angle wo

sanpl e- by- Sa”@he fdcenkin foxsﬁirﬁﬁfh%e@ﬁ&c%@f&'%cti&&lnﬁ@l&fék@& Ioch e AR
factor for each sanple In nornal - eout corrected conmon
reservoir in the 3-D seismic data voluine;

wherein accounting for azimuth dependence of energy divergence and reflection angle
comprises

(c) applying AzAVO inversion to the 3-D seismic data volume to generate four
attribute data volumes A4, B, B' and w, corresponding to amplitude-offset-azimuth relationship of
a hypothetical flat layer with aligned vertical fractures, where 4 and B are AzAVO equivalents of
AVQ intercept and slope attributes, respectively, B'is an AzAVO attribute related to anisotropy
intensity and y, is the azimuth of the aligned fractures;

(d}  calculating dip angles ¢ at the reservoir’s upper surface and multiplying cos ¢ by
A to obtain dip-compensated AVO intercept attribute 4, for the actual dipping reservoir;

{(e) calculating dip-compensated AVO slope attribute By for the actual dipping
reservoir from By = (B+B')cos ¢; and

® calculating the actual dipping reservoir’s dip azimuth g from yy = y,.

2. A method for compensating for dip-induced errors in Amplitude-Variation-with-Offset
(AVOQ) attributes or in Azimuthal AVO (AzAVQ) attributes derived from a 3-D seismic data
volume obtained from a seismic survey of an anisotropic dipping reservoir lying beneath
1sotropic overburden, comprising:

(a) accounting for azimuth dependence of energy divergence in seismic wave

reflected from the dipping reservoir; and



m d- point (CWP) gathers of the seismc data, said scale factors being
determ ned to cause the seismc data anplitudes to satisfy the AzAVO
equation for a hypothetical flat anisotropic |ayer containing aligned
fractures; (e) applying said scale factors to the seismc data

sanpl e- by-sanple; and (f) inverting said AzAVO equati on on common m d- poi nt
gathers of the scaled seismc data to generate four dip-conpensated
attribute data volumes A, B, B and VI 2f for the actual dipping reservoir,
where A and B are AzAVO equi val ents of ﬁ\\'/O intercept and slope attributes,
respectively, B is an AzAVO attribute related to anisotropy intensity and
yr f is the azimuth of the aligned fractures. 3. A nethod for conpensating
for dip-indu¢gd eadoustingfoAazimutiidipedientasl @flemionnglefre@dcted Fokheadippinput es
or in Azinuthal AVO (AzAVO) attributes derived froma 3-D seism c data

Vol ure. GBEROHAR e bR seses defh voliney whersm AECRNTGNE AeF a2HBwhiependeRserd] cRBRat h

i sotropig eréé‘ﬁ@é?d&rx‘éﬁ&tioﬁ% ElLShP9ses(@) accounting for azimuth dependence of
energy divergence in selsnfc wave reflected fromthe dipping reservoir; and

(b) accounting foralaghin SipdaRengenaelipfazhtin agg1E QP andpR-vyehhprt #emfthem t he
di pping reservoir in the E-D sel sm c data vol unme; wherein the dipping

r eser voiskisic difd &diiti@pi ¢, sai d ani sotropy being substantially due to
fractures oriented substantially perpendicular to the reservoir's dip

azi mut h, and (@ccoealtilagng oscalafactonior cielp eamign de nofnabmevggutdionested poemand

ot &'t o TABPLEMEI RIS S: etk e S Gie R g gkl 2 AR hE ™ ©
cor r espaBidnigddtPadpiu@attb htisFathef Wah VICRYRIativh Fd adlypemetal Bat aisdtropicnagt ur es,

where A and B are AzAVO equi val ents of AVO intercept and slope attributes,
r espect icpalpipingmligned BeFtERVO attribute related to anisot ropy intensity and

VI," is the timted azinmuth.of the aligned fractures; ~calculating dip
angles wat (He r auEpgsL SpEBlors Qb Mi rp Rl G et 60
(f) inverting said AzAVO equation on common mid-point gathers of the scaled

seismic data to generate four dip-compensated attribute data volumes 4, B, B' and v for the

actual dipping reservoir, where 4 and B are AzAVO equivalents of AVO intercept and slope

aftributes, respectively, B’ is an AzAVO attribute related to anisotropy intensity and v, is the

azimuth of the aligned fractures.

3. A method for compensating for dip-induced errors in Amplitude-Variation-with-Offset
(AVO) attributes or in Azimuthal AVO (AzAVQ) attributes derived from a 3-D seismic data
volume obtained from a seismic survey of a dipping reservoir lying beneath isotropic
overburden, comprising:

(a) accounting for azimuth dependence of energy divergence in seismic wave
reflected from the dipping reservoir; and

(b) accounting for azimuth dependence of reflection angle reflected from the dipping
reservoir in the 3-D seismic data volume;

wherein the dipping reservoir is anisotropic, said anisotropy being substantially due to
fractures oriented substantially perpendicular to the reservoir’s dip azimuth, and accounting for

azimuth dependence of energy divergence and reflection angle comprises

() applying AzAVQ inversion to the 3-D seismic data to generate four attribute data



conpensated AzAVO i ntercept attribute AO for the actual dipping reservoir by
multiplying A by cos V, (e) adding the B and B attributes at each spati al

| ocation on the reservoir's upper surface, and nultiplying the sumby cos
V; (f) estimating di p-conpensated AzAVO sl ope attribute Bo for the actual

di pping reservoir; (g) subtracting Bo from (B + B) cos rp at each |ocation
to estimate di p-conpensated anisotropic slope attribute Bl for the actual

di pping reservoir; and (h) iterating sbsps (c) to (g) with the newy
estimted attributes as constraints to inversion until a pre-determ ned
convergence criterion is achieved. 4. A nethod for conpensating for

di p-induced errors in Anplitude-Variation-wth-Ofset (AVO attributes

deri ved vohmiesad 3BPBSedrdniyg' dadréspuidingT®o @bliottRblcdl I 1ays ewiiiatighddr vadcHf a
di pping isotropic reservoir |lying beneath isotropic overburden, conprising

t he st edmcoifres, (vdieradp hlyd ) akz Wzﬁﬁ/l@leq@!\/@eﬁfs AFANDO) iitereepts arain s]bpe tatteibded)

sei snm c data. vol une g&generate fo attri bute data vol umes B, B and WA

corres der‘dPF?f@’c Yo Bakipit £a8¥ Oostiribute re dntﬂtaHISPEP%)t RSy Adbtoa lhi»lﬁcﬁsﬂ’@?‘ie@al
flat |ayer P éjgﬁﬁg tlcal fractures, where A and B are AzAVO
equalé‘ﬁ{n%"lt PriRgayi Fﬁgﬁ ‘and slope attributes, respectively, B is an
AzAVO attri e I \

hypot het i cal l%®tert i %kﬁaﬁa?&urﬁ%@@?ﬂb?p?ﬁ % llk%gu@@g Sgﬁ% eegﬁdg%b‘tqﬁtt%%@ I ppi ng
i sot r opicompemsated Az2AB0O umpﬁepmmﬂbammgafndthemuﬂuhli dipying gesensirdyy myltuplying Hbyain a

di p-conpensated AVO intercept attribute AO for the actual dipping isotropic
reser voi® ("(c) cal cul ating a di p-conpensated AVO sl ope attri bute Bo for the

actual dipping I &15 RAE B SRCAVUrtbulel ARR & a&aﬁ §la%% Crpthe 04 v ? 01r 19
e ac di p M h Yt 8P8F om

calculatlng t ping isotropic res
yi 0 = yrsarfac, aﬁmﬁu]mipt}h(gjtheﬁmﬁlbglcm é#, wherein the AzAVO | nver si on | s

fornul ated through equation R = A+Bsin2 0 +B cos2(w -vo )sine 0
(H estimating dip-compensated AzAVO slope attribute B; for the actual dipping

reservoir;

(g) subtracting By from (B + B") cos ¢ at each location to estimate dip-compensated
anisotropic slope attribute B, for the actual dipping reservoir; and

(h)  iterating steps (c) to (g) with the newly estimated attributes as constraints to the

inversion until a pre-determined convergence criterion is achieved.

4, A method for compensating for dip-induced errors in Amplitude-Variation-with-Offset
(AVO) attributes derived from a 3-D seismic data volume obtained from a seismic survey of a
dipping isotropic reservoir lying beneath isotropic overburden, comprising the steps of:

(a)  applying Azimuthal AVO ("AzAVOQ") inversion to the 3-D seismic data volume
to generate four attribute data volumes 4, B, B’ and y, corresponding to amplitude-offset-
azimuth relationship of a hypothetical flat layer with aligned vertical fractures, where 4 and B
are AzAVO equivalents of AVO intercept and slope attributes, respectively, B’ is an AzAVO
attribute related to anisotropy intensity and y, is the azimuth of hypothetical vertical fractures;

(b) calculating dip angles ¢ at the dipping isotropic reservoir’s upper surface and
multiplying cos ¢ by 4 to obtain a dip-compensated AVO intercept attribute 4, for the actual
dipping isotropic reservoir,

(c) calculating a dip-compensated AVO slope attribute By for the actual dipping

isotropic reservoir from By = (B+B")cos ¢; and



for A, B B and yia where Ris reflectivity and O is a reflection angle for
each reflection event in the 3-D seismc data volunme. 6. The nethod of
claim4, wherein the dip angles (9 are calculated fromthe 3-D seism c data
vol ume after conventional processing. 7. A nethod for conpensating for

di p-induced errors in Azinuthal Anplitude-Variation- wth-Ofset ("AzAVO')
attributes derived froma 3-D seismc data vol une obtained froma seismc
survey of a dipping anisotropic reservagir |lying beneath isotropic

over burden, conprising the steps of: ?g) calculating a dip angle Wand a
dip azimuth angle W sanpl e-by-sanple from the 3-D seism c data volune; (b)
cal culating a scale factor for each sanple in normal -noveout corrected
common mi d- pddnt ¢cOMtigathb ectsalalippiteis@rdpicebamic’s dit ainath yydont \e= geal e
factor being determined to cause anplitudes of the 3-D seismc data vol une
to satisfy an AzAVO equation for a hypothetical flat anisotropic |ayer

cont ai nifng alTihg methddred claim ds whérein thp AV ginvéreios dafoeniflact dhirotgh ddueticar D

sei sm c data sanpl e-by-sanple; and (d) inverting the AzAVO equati on on CWVP
gathers of the scaled 3-D s&hﬂm&smfa&al&"mﬁl(uwy;}cm@éner ate four

di p-conpensated attri bute data volunes A, B, B and yi j for the actual

di ppi ng fand sitA# ' apd ¢, rvedses Ras refleviinetyeand fand r&leatien Arg/Oregeli redleditinevedt in
Anplltudg riati,o vvlth O fset (AVO intercept and slope attributes,
respect it %§$)se§.m19 at%ﬁ"ﬂ%&vo attribute related to anisotropy intensity and
Vi | is the azimuth of the aligned fractures. 8. The nmethod of claim?7,
wherein AVOeu on is R=A+Bsin2 0 +B' c Vi-Via n2 B -27- where
Ris refd ectl lgﬁd) 3R 4 whergin the APARg| eé¢f%%°6§%@ﬁﬁ4%?®é? SShseiwingatn t he

3-D sei wh@ﬁécoﬁ@hml 1%%8@, thod for conpensating for dip induced
errors in Azimuthal Anpli ude Variation- with-Offset (AzAVO attributes

derived froma 3-D seismc¢ data vol une obtained from a
7. A method for compensating for dip-induced errors in Azimuthal Amplitude-Variation-

with-Offset (“AzAVQ”) attributes derived from a 3-D seismic data volume obtained from a
seismic survey of a dipping anisotropic reservoir lying beneath isotropic overburden, comprising
the steps of:

(a) calculating a dip angle ¢ and a dip azimuth angle y, sample-by-sample from
the 3-D seismic data volume;

{(b) calculating a scale factor for each sample in normal-moveout corrected
common mid-point (CMP) gathers of the 3-D seismic data volume, the scale factor being
determined to cause amplitudes of the 3-D seismic data volume to satisfy an AzAVO equation

for a hypothetical flat anisotropic layer containing aligned fractures;

(c) applying the scale factor to the 3-D seismic data sample-by-sample; and

(d) inverting the AzAVO equation on CMP gathers of the scaled 3-D seismic data
volume to generate four dip-compensated attribute data volumes 4, B, B' and v , for the actual
dipping anisotropic reservoir, where 4 and B are AzAVO equivalents of Amplitude-Variation-
with-Offset (AVO) intercept and slope attributes, respectively, B'is an AzAVO attribute related

to anisotropy intensity and y, is the azimuth of the aligned fractures.

8. The method of claim 7, wherein the AzZAVO equation is

R=A+Bsin’§+B'cos’ (v —~y, )sin’ 0



seismc survey of a dipping anisotropic reservoir |ying beneath isotropic
over burden, anisotropy being substantially due to fractures oriented
substantially perpendicular to a dip azimuth of the dipping anisotropic
reservoir, the nmethod conprising the steps of. (a) applying AzAVO i nversion
to the 3-D seism c data volune to generate four attribute data vol unes A,

B, B, and yro' corresponding to a hypothetical flat |layer with aligned
vertical fractures, where A and B are AVO equi val ents of AVO i ntercept and
slope attributes, respectively, B is“an AzAVO attribute related to
anisotropy intensity and W' is the estimated azinuth of the aligned
vertical fractures; (b) calculating dip angles 9 at the dipping anisotropic
r eser voiwhes Rijyreflectivith aaé ¢ iandlcotidraanglafyr dagh-refieqien eate dn Ax/AVD seistrir dapt
attribute Ao for the actual dipping anisotropic reservoir by nmultiplying A
by cos (B"™MC%) adding the B and B' attributes at each spatial |ocation on
the actual dipping anisotropic reservoir's upper surface, and multiplying
the sumby caos (P; ., (d) estimatin i p- conpensat ed AzAVO s| ope attribute BO
for theSact udt maihepifpigcomprnsgt Fglpr wdugedgrrors menzinpthal Amplydeyanistonr (B +
B) cos (12 I t i | R- ; L olo] | ppe
attri butv‘gthgél)f oﬁ%zﬁmc%%&%i %%f"ﬁgﬁfg‘ﬁ? gdot@ r%%ig@?ggg%sgq@?k ;b(r?]’yﬂ%?) ﬁ?@e?at i ng
st eps (ayisme sue)eywftahlipfieg egsatropteedsartdir lying epeath itmopicravierimsienpartidogropyAz AVO

0! S SRS RS SO SSIER L 2 SR e T
equat i ORlifpTAYHRNoftopiBT&cRRH2{hE mofldd dhiprisiBg thf ¥psof; B, B and yia where Ris
reflectivity, O is a reflection angle for each reflection event in the -28-
3-D seisnmic @8ta volapplyingyAzAVE inephiaced thwi 3-D geismic dadd Wdhand hegatiefatefoance
cquat i o PR IS TR, 525" THeh i HPoBRnE| e B heHtal it oBs ¥4 YBFmt cd
using C%@%E&t iiré%:ntuell‘(les, Qrirl%[é 15 gl?(? B\é?er A%{/%néquivalents of AVO intercept and slope attributes,
respectively, B’ is an AzAVO attribute related to anisotropy intensity and ' is the estimated
azimuth of the aligned vertical fractures;
{(b) calculating dip angles ¢ at the dipping anisotropic reservoir’s upper surface
and obtaining dip-compensated AzAVO intercept attribute 4, for the actual dipping anisotropic
reservoir by multiplying 4 by cos ¢;
{c) adding the B and B’ attributes at each spatial location on the actual dipping
anisotropic reservoir’s upper surface, and multiplying the sum by cos ¢;
(d) estimating dip-compensated AzAVO slope attribute By for the actual dipping
anisotropic reservoir;
(e} subtracting By from (B + B') cos ¢ at each location to estimate dip-
compensated anisotropic slope attribute B; for the actual dipping anisotropic reservoir; and

(f) iterating steps (a) to (e) with the estimated attributes as constraints to the

AzAVO inversion until a pre-determined convergence criterion is achieved.

10. The method of claim 9, wherein the AzAVQ inversion is formulated through

equation
R=A+Bsin’ @+ B'cos*(y -y, )sin? §+ N

for 4, B, B' and y, where R is reflectivity, & is a reflection angle for each reflection event in the



wth-Ofset inversion. 12. The nethod of claim9, wherein Bo is estinmated
using angle stacks. 13. A nethod for estimating a magnitude of dip-induced
error in calculated values of Anplitude-Variation-with-Ofset (AVO
intercept and slope attributes derived fromseismc data froma 3-D survey
of a dipping isotropic reflector |ying beneath isotropic overburden, the

nmet hod conprising: (a) calculating a Magnitude quantity representative of

t he maxi num anount of anplitude vari @tz'g(_)n i n di p-induced Azi nut hal AVO
(AzAVO) from Magnitude = (Bo -1 Ao )tan2 rp sinZ 9 where Ao and BO are
representative values of the AVO intercept and sl ope attri butes,
respectively, rpis the dip angle of the dipping isotropic reflector, and
B, is a?3rREtienicidam wighe yi;lideplased whinnqtirel NV &tthe didferaneé beoken me¥®mpdngent N t he
seismic data fromthe dipping isotropic reflector’'s surface assum ng the

di ppi ng of and e pilve celtblatet dront de lpescéding equatipn withawlMatermg a Basel i ne Anpl i t ude
quantity representative of a flat reflector's surface from Baseline
Amplitude = Ao + B. sinZ 0,; and (c) calculating a fractional dip-induced
error edtli naflee methaid\of dlairg 9% Wherbbghi it exienatefiusntg dopvintionkleABplstati¢-Neridigat i t ude
quantit%f %ﬁ The met hod of claim 13, further conprising conpensating the
AVO at t PTBCY S ESHY- i nduced error if the ratio of the fractional

di p-induced error estimate to the seismc data's representative noise-to

signal rgtio s greater than re-determ ned. val ue. 15. The nmethod of claim
14, V\:hEI’IZi n E[hﬁm%p’é’ (‘j’gf’lé‘f"ﬂian‘é(gerg‘&leqﬁés ?%‘nmﬁgﬂ?%ng-a‘é £ 8 ES'A net hod for
conpensating for dip-induced errors conprising: obtaining seismc data from
a survey  of di ppi.ng format.ion; and conpensating.for energy diyergence and
azi nut h ldepe &if do Or 2 SHENRHEE 19 HWg’é}Pr{leeoﬁe ﬁ’P_t’H‘é“C%Qefir’é%ilB gulate ~a%e0ppi ng
for mat i Qiyp WAL @bt oATRENOAELTA VIGY inBREHBAd AopE LERMREs @I ed RBmARIsHL Bata
dependence of the reflection angle

from a 3-D survey of a dipping isotropic reflector lying beneath isotropic overburden, the

method comprising:

(a) calculating a Magnitude quantity representative of the maximum amount of

amplitude variation in dip-induced Azimuthal AVO (AzAVO) from
Magnitude = (B, =+ 4, )tan’ psin’ 6,

where 4, and By are representative values of the AVO intercept and slope attributes, respectively,
¢ is the dip angle of the dipping isotropic reflector, and 8; is a reflection angle that is
characteristic of reflection events in the seismic data from the dipping isotropic reflector’s

surface assuming the dipping isotropic reflector to be flat;

(b) calculating a Baseline Amplitude quantity representative of a flat reflector’s surface from
Baseline Amplitude = 4, + B, sin’ §,; and

(c) calculating a fractional dip-induced error estimate by dividing the Magnitude

quantity by the Baseline Amplitude quantity.

14.  The method of claim 13, further comprising compensating the AVO attributes for dip-
induced error if the ratio of the fractional dip-induced error estimate to the seismic data’s

representative noise-to signal ratio is greater than a pre-determined value.

15.  The method of claim 14, wherein the pre-determined value is unity.



conprises applying Azinuthal Anplitude-Variation-with-Ofset (AzAVO
inversion to the seismc data to generate a plurality of attribute data

vol unes that correspond to anplitude-offset-azimuth relationship of a

hypot hetical flat layer with aligned vertical fractures; calculating a dip
angl e at an upper surface of a dipping formation and multiplying the cosine
of the dip angle by the first attribute data volune to obtain a

di p- conpensat ed Anplitude- Vari ati on-\fvizgh- Ofset (AVO intercept attribute
for the dipping formation; cal culating™a di p-conpensated AVO sl ope attribute
for the dipping formation; and calculating a dip azinmuth wo for the di pping
formation. 17. The nmethod of claim 16 wherein the plurality of attribute

dat a vollénes Acoetpod Sesomaerisatisg foatliprintuded edatsaomptising: A that is an AzAVO
equi valent of AV Ointercept attributes; a second attribute data volune B
is an AzAVO eb@gining smipfatafronsy seeyafadippiagomatiamand attribute data

volune B' is an AzAVO attri bute related to ani,sotr,o i.ntensij.ty: nd ., a
fourth atir: boreieae O pigrey o ereEndti A 25 Pull HEBHOGEY of Reftelivn gl s
fract ur sismkSlatalidea a%h@cfoﬁﬁatﬁ,h,ai m 17, wherein the AzAVO i nversion is
formul ated through equation R = A+Bsin2 0 +B cos2(wwa)sin2 B for A B, B

and. whevlerdi canpeagdtmgtiovérteygyadiderferics ahd éheraginhels temendarng lof tHearefl@tion angle
reflection event in the seismc data, and the dip azinuth wo is equal to
the fourPHPHI%ri bute data volunme wa. 19. A nethod for conpensating for

di p-i nduced ! LShnQi- . 10RE al ni Ng. seisn Y a

di ppi ng- 1 or meph gnE AAEACARR LB B EDARL EASRO) L LA S M Rlfe T
dependeniat tofgeiratet iphcilitoof atnighute daa vblames tiastore:sptaidac hmplitdeioffétagimuth
formati og\; .wherein co ens‘aﬁziﬁng for energy dj vetrrggence and the azinuth
dependedgiatiggshipipd a hypgthetical tat [aysg with abigmsdivercallld@yest i ng a dip angle rp and

a dip azi mit hyanghe Y, L9fic SPE uGfer BuRh A hibp s (SATRIRSuna! HATHANE de! ST ©
cosine of the dip angle by the first attribute data volume to obtain a dip-compensated Amplitude-

Variation-with-Offset (AVO) intercept attribute for the dipping formation;
calculating a dip-compensated AVO slope attribute for the dipping formation; and

calculating a dip azimuth y, for the dipping formation.

17.  The method of claim 16 wherein the plurality of attribute data volumes comprises:
a first attribute data volume A that is an AzAVO equivalent of AVO intercept attributes;
a second attribute data volume B is an AzAVO equivalent of AVO slope attributes;
a third attribute data volume B’ is an AzAVQ attribute related to anisotropy intensity; and

a fourth attribute data volume y, is the azimuth of hypothetical vertical fractures.

18.  The method of ¢laim 17, wherein the AZAVQ inversion is formulated through equation
R=A+Bsin’ 6 +B'cos’(y -y, )sin’ 0

for 4, B, B' and y, where R is reflectivity and 8 is the reflection angle for each reflection event in

the seismic data, and the dip azimuth yy is equal to the fourth attribute data volume y,, .

19. A method for compensating for dip-induced errors comprising:

obtaining seismic data from a survey of a dipping formation; and



calculating at | east one scale factor for each of the plurality of sanples
in normal - noveout corrected common m d-point (CVMP) gathers of the seismc
data, the at |east one scale factor being determ ned to cause the seisnc
data anplitudes to satisfy a Azinuthal Anmplitude- Variation-wth-Ofset
(AzAVO) equation for a hypothetical flat anisotropic |ayer containing
aligned fractures; applying the at | east one scale factor to the seismc
data for each of the plurality of sa hes; and inverting the AzAVO equati on
on the CWP gathers of the scaled seisnm'c data to generate a plurality of
attribute data volunes. 20. The nethod of claim 19 wherein the plurality of
attribute data volunmes conprises: a first attribute data volune A that is an
Az AVO equi vaIcempem;fxtin‘glﬂoir efarge dVargeadel and-aginiuth défehdaice CAYD}fldctibe agepin the

attri butes; ﬂ attr bute data volume B is an AzAVO equi val ent of AVO
sl ope atSF‘F‘i“l’fLﬁ "ré PRMEJORIRAPhut e data volune B is an AzAVO attribute

related Lo ASA ALILEAPT &Y enB RO’ IneiAd Lo, SRGERLUTE LTS

the azimuth o C %1% iy 20,
wher ei n réfieetidz MR agaiseon is R=A+Bsi n20+B‘ cosZ(yr yuf)S| n20 where Ris
reflectivity and B is reflection angle for each reflection event in the

sei snm ¢ dat acalcﬂ@tjngéa digt dngte ¢ end el ensathi mgld gy fdf Fnchmdfmqﬂutabirymfrsamples
conprising: obtaining seismc data froma survey of a dipping formation; and
-31- corfﬁ@h%latsﬁlﬁglofdﬂa energy divergence and a2| nmut h dependence of a

reflection an .n th sei sm [ formati on, wherei
conpensat i ng %Bﬁa b%"‘fﬁ Oy @‘?ﬁf‘cg‘ otfof Y&C 2 ﬁ%t Wé‘ﬁ%ngéﬁ’&@eéfmt"ﬁgna
refl ecti@ReaRtAofected Mﬁ%lﬁ%l@&?bﬁé%gth&@dWEé"?e'lsmlc data, the at least one scale

Anpl i tude-Variation-wth-Ofse a? inversion to the seismc data to
gener at dacioreingadatermingdd tatcauselshe eelsdmp atagimphibyles basatishr & dzipoienl tgnplitude-

hypot het\}anallon-wnh-()ffset (AzAVOQ) equation for a hypothetical flat anisotropic layer containing
aligned fractures;
applying the at least one scale factor to the seismic data for each of the plurality of
samples; and

inverting the AzAVO equation on the CMP gathers of the scaled seismic data to generate

a plurality of aftribute data volumes.

20.  The method of claim 19 wherein the plurality of attribute data volumes comprises:

a first attribute data volume 4 that is an AzAVO equivalent of Amplitude-Variation-with-
Offset (AVO) intercept attributes;

a second attribute data volume B is an AzAVO equivalent of AVO slope attributes;
a third attribute data volume B’ is an AzAVO attribute related to anisotropy intensity; and

a fourth attribute data volume yyis the azimuth of the aligned vertical fractures.

21.  The method of claim 20, wherein the AzZAVO equation is
R=A+ Bsin® 8+ B'cos’(y —y ,)sin’ §

where R is reflectivity and 8 is reflection angie for each reflection event in the seismic data.

22. A method for compensating for dip-induced errors comprising:

obtaining seismic data from a survey of a dipping formation; and



flat layer with aligned vertical fractures, wherein the plurality of
attribute data volunmes conprises a first attribute data volune A that is an
AzAVO equi val ent of Anplitude-Variation- with-Ofset (AVO intercept
attributes, a second attribute data volunme B is an AzAVO equival ent of AVO
slope attributes, a third attribute data volume B is an AzAVO attri bute
related to anisotropy intensity, and a fourth attribute data volune y/a is
an azimuth of the aligned vertical fgsﬁures; (b) calculating a dip angle
(p at an upper surface of the dipping formati on and obtai ni ng

di p- conpensat ed AzAVO i ntercept attribute AO for the dipping formation by
multiplying A by cos rp; (c) adding the B and B attributes at each spati al
| ocati on on témepanpging feuercagyedivérgtive andiapipiutiydépendmice oha refledtionubrtgleingthag t he

sum by cas V; estimating di p- conpensated AzAVO sl ope attribute Bo for
t he di pﬁ?‘ﬂalcfdtgga%‘i?alﬂ??m@;?m%ﬁ‘ﬁ?’r acting Bo from (B + B) cos Wat each

| ocatio : i - diep- j I oD i r the
di ppi ng f SIS finfl  CRRIALAL. aRTALERR S 0Es Bf b B foPind O,
est i nat edmptidesi but es as constraints to the AzAVO inversion until a
pre-determ ned convergence criterion is achieved. 23. The nethod of claim

22, wherein {(iepREANGD Aziethg] drnpliudeol aiftianadth-RFfsegAzgal iversiseAo-BBe n'
B+B Cosgéi}fl{lfcy& ?{) I%:c %éncr%?e’:?]fp%?lﬁz 8?’aﬂ%ut9'&%t€)<{oﬁlr¥%§flﬁ c%ﬂe?go{r:lﬁgé S;h?pi{}_hgt%fcsal 01is

reflection angle rea ion eve sei's
r epl acedlawildyer ywich atigndd ivertichie fidithiesr eheeinb eisvphimalady nifasittiene iataoollinand a

val ue cal cul ated, from the preceding equation with ng Nterm_ -32- 24

met hod FOPPESHRLHEANRYICrdsa WP dfitcd 28 /7on'O eavisilen q{gﬁmﬂi}v‘éﬁ-}{m@f@@i smi ¢
G2, SRS oL AL LS 06 oM AT [BEOGAR0 ,
for a dieppivaigntfdr ANO slope whgbwés) acthimdeasidtiiendptd opluereBlyis ali veAdy&€hatirilang t he
azi muth rqutgg ?odaenri]s%?rog{/ il}tet]n%ity, and a fourth attribute data volume i, is an azimuth of the aligned
vertical fractures;
(b) calculating a dip angle ¢ at an upper surface of the dipping formation and obtaining
dip-compensated AzAVO intercept attribute 4, for the dipping formation by multiplying 4 by
oS ©;
(c) adding the B and B’ attributes at each spatial location on the upper surface of the
dipping formation, and multiplying the sum by cos ¢;
(d) estimating dip-compensated AzAVO slope attribute By for the dipping formation;
(e) subtracting By from (B + B') cos ¢ at each location to estimate dip-compensated
anisotropic slope attribute B, for the dipping formation; and

(f) iterating the above steps (a) to (¢) with the estimated attributes as constraints to the

AzAVO inversion until a pre-determined convergence criterion is achieved.

23, The method of claim 22, wherein the AzZAVO inversion is formulated through equation
R=A+Bsin> @+ B'cos’(y —y,)sin> 8+ N

for 4, B, B' and v, where R is reflectivity, 8 is reflection angle for each reflection event in the

seismic data, y, is replaced with y, and N is the difference between a measurement of R and a

value calculated from the preceding equation with no N term.



reflection angle conprises calculating a magni tude quantity representative
of the maxi num anount of anplitude variation in dip-induced Azi nut hal
Amplitude-Variation-with-Ofset (AzAVO from Magnitude = (BO -1 AO)tan2 ro
sin" B; where AO and Bo are representative val ues of
Amplitude-Variation-with-Ofset (AVO intercept and slope attributes,
respectively, c is a dip angle of a dipping reflector, and B; is the
reflection angle characteristic of refhection events in the seismc data
fromthe surface of the reflector asslimng the reflector to be flat;

cal cul ating a baseline anplitude quantity representative of a flat reflector
from Baseline Anmplitude =Ao +Bo sine B, ;and calculating a fractional

di p-i nddded érmethod&iricompenshbyngiiov dghrinduceth erromgoimprisieg:quantity by the

basel i ne anpljtude quantity. 25. The nethod of claim 24, further conprising
conpensat i ngOPREURFSISHNE A3th forsa fusyeyt g dinpirafosnatims 87d i f the ratio of the
fractional dip-induced.error estimte to th r%orgsen%fti?\;{? ﬁOi sei tohsignal
ratio of the YBPURTEESSY T8y FEsease ARt APeadtnsr of AL GHPTRTEISE thphe
met hod Qéislcaiata fbr a WL BridiRnet hod i s conputer-inplemented. 27. The

met hod of claim2, wherein the nethod is conmputer-inplenmented. 28. The

met hod of cl aihere®y colnpemsiating Her ratigpddivergemmeparidethd rpimente ntepehden@9 of The

met hod of.cl.aim4, wherein the nethod is conmputer-inplemented. -33- 30. The
met hod &¥IEHOR el CQRPRSISET n the method is computer-inpl emented. 31. The

met hod of cl aj : ' j X ﬁgﬁ:m :

net hod of cl g%l%&l%?gm@m%a%?ﬁ&%qﬁ%%né{] %@@@gﬁ@%@ érnl-ll np erren(?xgl& ° f §§§h{gq‘§e
met hod ohrigticaiinndipeinduded rAedimu thhleAmpli tadel Viagatbmapith-©f fsetn(pzarviitfedn 34. The
met hod of claim 19, wherein the nethod is conputer-inplenented. 35. The

met hod of cl ai m 2¥agnftedest ABt-hedpetfedin’ § conputer-inpl emented. 36. The
nmet hod of claim 24, wherein the nethod is conputer-inplenented.
where 4p and By are representative values of Amplitude-Variation-with-Offset (AVQ) intercept

and slope attributes, respectively, ¢ is a dip angle of a dipping reflector, and &, is the reflection
angle characteristic of reflection events in the seismic data from the surface of the reflector

assuming the reflector to be flat;
calculating a baseline amplitude quantity representative of a flat reflector from
Baseline Amplitude = A, + B, sin’ 8,; and

calculating a fractional dip-induced error estimate by dividing the magnitude quantity by

the baseline amplitude quantity.

25.  The method of claim 24, further comprising compensating the AVO attributes for dip-
induced error if the ratio of the fractional dip-induced error estimate to the representative noise-

to signal ratio of the seismic data is greater than a pre-determined value.

26. The method of claim 1, wherein the method is computer-implemented.

27.  The method of claim 2, wherein the method is computer-implemented.
28.  The method of claim 3, wherein the method is computer-implemented.

29.  The method of claim 4, wherein the method is computer-implemented.



30.

31

32.

33.

34.

35.

36.

-33.

The method of claim 7, wherein the method is computer-implemented.

The method of claim 9, wherein the method is computer-implemented.

The method of claim 13, wherein the method is computer-implemented.

The method of claim 16, wherein the method is computer-implemented.

The method of claim 19, wherein the method is computer-implemented.

The method of claim 22, wherein the method is computer-implemented.

The method of claim 24, wherein the method is computer-implemented.



