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[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. la, which shows a seismic ray-path
beginning at source (seismic shot point) S, 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 seismic 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
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the seismc wave to travel down to D from S and then

back up to R(Fig. la). The traveltinme isrelated to
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i SW@lﬂlﬁlﬁk,OHeH J MAmpBfude-versus-offset variations in gas sands," Geophysics 54,
680-688 (1989); Castagna, J. P., Swan, H. W., and Foster, D. J., "Framework for
AVOQO 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
numetrical example. In this synthetic example, seismic lines were shot along many

azimuthal directions, as shown in Fig. 3a (angular scale in degrees), over the simple
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d 1?1trgc11)u\éeec(1) E['g 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
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dipping reservoir lying beneath isotropic overburden is described. The method
comprises (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.

[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 AzAVO equivalents of
AVO intercept and slope attributes, respectively, B' is an AzAVO attribute related to
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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 v, 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



3-D seismc data volune obtained froma seismc survey
of a di pping anisotropic reservoir |ying beneath

WO 2@b08BT over burden is described. This met hoRPICT/US2005/036968

conprises the steps of: (a) calculating a dip angle f
and a dip azimuth angle y0 sanpl e-by-sanple fromthe
3-D seismc data volune; (b) calculating a scale
factor for each sanple in normal - noveout corrected
conmon mi d-poi nt (CMP) gathers-6f- the 3-D seismic data
vol une, the scale factor being determ ned to cause
a i tudes of,, the 3-D seism ¢ d Vol 0 | sfy. :
ARSI B8 Por A HIBBTRER a et ERehOn kg i aligned
I [N l 4 - [

t BrelddBt and
UL UL, 0 1 RS l¢ AEAVDRS At s e
aratiripdies, rggactively, Bhs afiz AX/OVEOqatatbiutnretatedChMPagsdtivpy Snehsity and

the scaled 3-D seismc data volunme to 9ener at e Lour . )
di e 'cisniperrstimagd Azt theatlignss  VeriesT Aracpires; (b) gglgulating dip

yf for the actyual. di pping ani sotr.opic reservoir r.e .
A PR PP Bl S GO IARpF L diartsce and obfHifing dip-
Vabheh@RedM AT 5RErcbAVEHribidé €4 L 98 tBE Chchila) P(ﬁp;t)ing anisotropic
attributes, respectively, B is an AzAVO attribute _
r ebseredr by nanligpingepdy icas enes) egdingtheyp and B attiilautes at each spatial

azi mut h of .the, al i,gned fractures,. [ 00 n four . 1o
oGt e 26 EL BREE QBB ol hpt b8 ol dyutitying
enh®@semivy &%l gylNadtinfiiilel dipdemy@dshiat i 0 VOt Stofel dtisi®lite B, for the

(AzAVO) attributes derived froma 3- D seismc data
véichirk dinping pEEPODImTesceits i) sublipciieg Bf framgiBypifdlycos ¢ at each

a t [ opi rv.oj ' [ I
STRF OB, o iRE P08, BB A51d SRe g for e s
f rddgping esisotrbpintreskrsoibs tad (f) atdratingestpen i) ctol @) with the estimated
dip azimuth of the dippjn ni sot,ropi g, reservoir, i
deBEDISEdS OTRYRY Ffbﬁlec%%f%}’ SIBECTFIRR ug‘illswr%fiet@a)meds convergence
a%?ﬂtéﬂd&s%élﬁé@di. nversion to the 3-D seisnmc data

VO

B

ume to generate four attribute datavolunes A B,
', and y0 ' corresponding to a hypothetical flat o
| d9813]wi t M affiftheerbodingeritcamethod derastimating @ magnitededf@ip-induced

are AzAVO, equi val.ent s.qf O, 1 pt er.cept . S .
e a Rl S SeAme VRS Gt PREQ) dntercet and
-1 el seefitributedniesiObd Gy kélbBltSddiy fidfda BUD 'suivieytdiar dipping isotropic
estimated azimuth of the aligned vertical fractures;

( Byfleciorciyi

lying bengathiigotropic 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, =+ 4, )tan’ ¢ sin’ 6,

where 4y and B, are representative values of the AVO intercept and slope attributes,
respectively, ¢ 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
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reservoir by multiplying A by cos f; (c) adding the B

and B' attributes at each spatial |ocation on the

actual dipping anisotropic reservoir's upper surface,

and multiplying the sum by cos % (d) estimating

di p- conpensat ed AzAVO sl ope attribute B o for the

actual dipping anisotropic reservoir; (e) subtracting

+ B f i .

20 R LihoBy idln BRED OB P10 BRI, Mot

acqlmahtyda}pqhe Bgs@jmesmhplmudeqmmefr voir; and (f)

iterating steps (a) to (e) with the estinated

o DPLAer T Aohih CEbRGR L A BeLRT £ oUppanEH el by pgaduced error
[qglcﬁ]scrlitgéda frhé thet@p® QdniRRes oBtaiBi86lsthRS dfatfeditd RErvey of a

a magni t ude of dkg i nduced error in cal cul ated val ues
of dippipg ifompsionaaridacdmpensiting. fof truesey (inv@enrnert ¢ egftectipr angle in

PR S Sbi¢ GROER R RL pafiPT B b B Ol AR Rt o e

i S&ﬁﬁ;ﬁﬁéﬁuﬁ’ﬂ@rﬁ@ﬁtéﬁi&ﬁeﬂlﬁd desiCis bedutedhen Meicb@guter and displays or
conprises the steps of éa) cal cul atl ng a Magnitude

queererates ateparbbaset anithedeseribadensthed- rum amount of
anplitude variation in the dip-induced AzAVO from
Magni tude =(BO -j- AO) tan2 f sin2 1 where A o and Bo
are representative values of the AVO intercept and

sl ope attributes, respectively, f is the dip angle of

the dipping is RlEElEES@RIIEEI@N,OEﬂ‘dH&DMMNG

reflection angle that is characteristic of reflectlon

ev, in he sel ata fr. he d| | 0
7 aPPLE) or 10° dufat ol iy B af R n B 2 Pl ABidErstood by
r Qfef&ﬁﬁg)fo the fdiRwWihgdetailéddeseaptoul aﬁhﬂlth@a’caacﬁe@ laivigss in which:
Ampl i tude quantity representatlve of a flat isotropic
reflector's surface fr
[0016] Fig. la 1llustrates 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;
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w0 b@obysT t ude quantity by the Baseline Anpli t BCBEUS2005/036968

quantity. [0014] In a sixth enbodi nent, a nmethod for
conpensating for dip-induced errors is described. The
nmet hod conpri ses obtaining seismc data froma survey
of a dipping formation; and conpensati ng for energy
di vergence and a reflection angBe in the seisnmic data
for a dipping formation. It should be noted that this

nﬁg 022 4 b ﬁbgb%lﬁ?ﬁfmé’st Bk o H%h@ﬂ%hﬁqnm hed ah r@{ﬁmgﬁi of raypaths

a conputer an I spl ays or generates
I efbanigd a dms Boe;on the descri bed net hod. BRI EF
DESCRI PTI ON OF THE DRAW NGS [ 0015] The present

{ be,.bett tpod .
o0 EHler 1 Fitg e o EsEHE TR ML F A aCe AR OB, dnapmothal
the aﬁdeﬁpﬂa@qlederaawrﬁg&emmghwh [0016] Fig. la
|Ilustrates the rel ationshi p between seismc raypath,

shot, receiver, offset, and reflection angille ina . . ]
hdPP24int aFigs theatliusiraigs @ariseiropio famatipn pverlping a dipping, isotropic
|H%H§%{%tes seismc reflections froma | ayer boundary

eplc >as waves, reflection anplitude being nmeasured
at the peak of the waveform at each offset; [0018]
Fi[@023a i Figudbridluesatehen d@frbp]iictfbnnatidn awirlyingha dipping anisotropic

shot - r ecei i ne; 9 b l||US rates that
PPE@FW&WﬂhﬁﬁwPFﬁé@kﬁP&ﬁhm gheé & not change
vvlth the azimuth for an interface betvveen flat

| SQbEPI CFfﬁe@ Rustt AP0k et rePiohdHip Sefvrks Seflddibn coefficient and
reflection anp|itude become azinuth-dependent when the

f dhersquasrofishe sige lof thearefleqtiosenglen surface is
azinuthal |y ani sotropic; [0021] Fig. 3a illustrates

TPOSEETELY (o ST ST ARAQER) iy s s

ofraypatipnahbisregbiveg offsst)ahd teflacion angle for a dipping reﬂectlon 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. 11la-c shows three parameter sections along a seismic line derived

from AzAVO inversion; and



[0023] Fig. 3c illustrates that reflection anplitude
at a fixed offset is azinuthal dependent for the earth
woreeelosa87 Fi g. 3b; [0024] Fig. 4a illustrates BEI/US2005/036968

i sotropic formati on overlying a dipping, isotropic
formation; [0025] Fig. 4b illustrates an isotropic
formati on overlying a dipping anisotropic formation
with fractures perpendi cular to the dipping surface;
[0026] Fig. 5 illustrates the Fmear rel ati onshi p
betvveen refl ection coefficient and the square of the

f tflgg Ej 1ﬁﬁ§’dr L% /139 ?oce{ilg 23& aﬁﬂﬁl ttﬁl,butes to derive
|I u rate e |rrens ona atlons
bdbmamnsmrﬁmccvaﬂlwﬁ dait the ASHOslope ettlebwte ng alohf seeismantne in a 3-D
reflectl on ab/agl e for a dipping reflection surface;
[ C6P8YC @A CUBE i s 3 t hree- di mensi onal (3-D) perspective
di agramto aid in transformng ray-path geonetry from
a fobad] refrhectRentich ansy PRI NsdrRfelieed Aonnd@MIROIwilt dts Hreferred
is a flow chart indicating the primary steps of one
e rdsaiiidiveents.of Howevesr éa dhet emvtemat \ike r%ﬂwag(@gléeduiescrlptwn is
[ SosSRTRSTR ki OkmBodthBRy B9 o BALEAR fsd 6 IRY Anlention, this is

stigpadalf tocsillestatlic romhyt, and IStlhﬁ tpbe 36ﬂi§trued1 HSE‘thuMg the scope of the
nmet hod (Case 2) for conpensating for (f ng
an‘ing‘iﬂﬂpépl(%n Fb@s“@PVWF itip frersied d cayer rat‘iegh"lt“’es modifications and

&;‘ﬁh}dfeﬁﬁ t}{ap ﬁ’cludleg n‘gh% {hle 11‘Pth§}{dt sdopdi G¥efhk Nvention, as
primary one e of the present

md&'mtdbpthﬂplpenﬁe(d@mmsB) for corrpensat| ng for a

di ppi ng ani sotropic reservoir with vertical fractures

a égnﬁﬁg&vﬂ%ﬁf DrstgfeRN OF Th PREFERED AN BUDIMENTS

STTOTo - c I oo paran Ol SCLULUT UTTO  Al'Ully @

seismc |ine derived from AzAVO i nversi on; and[ 0033]

Fi 033]2 | ITheSiresthe Snidh€oR 9 Ge ehetiddoforagldntifyiigvand mitigating dip
attributes to derive formation intrinsic values for
t heffentlydn H8pA VAL eraliiis andbAzANShivarsie shiecinyeripyej ethod uses the

3- Ig%ewously described CMP-based AzAVO-inversion method as the starting point.

Equations are derived to describe AzAVO properties in the presence of formation dip
for three cases: (1) an isotropic layer 18 (i.e., overburden) over a dipping, isotropic
reservoir layer 19 as illustrated in Fig. 4a, (2) an isotropic layer 14 over a dipping and
anisotropic 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.



seism c data cube. [0034] The invention may be
described in connection with its preferred
wepwodsirtent s. However, to the extent that the POI/USA0F1036968
detail ed description is specific to a particular
enbodi nent or a particular use of the invention, this
is intended to be illustrative only, and is not to be
construed as limting the scope of the invention. On
the contrary, it is intended tolGover al
alternatives, nodifications and equival ents that nmay
b 'n luded t e s a P . .
OSB! Lo N AL® B bbic AOREARE ek ' gippi,froopi
DESCRI PTI ON rekerVbix HRERERRED ENBODINENTS [ 0035] The
present invention is a nethod for quantifying and
mtiga di fects in both AVO anal ysis and AzAVO
i nver s&iﬁ‘ig’aﬁiﬁgoﬁw@?ﬁ% ve nethod uses the previously
descri bed CWVP-based AzAVO- i nversion nethod as the

St[@636)Ng MMt rodkdEtinlaB6E afceisdebpieShtd, descsidplification of the
AzAVO properties in the presence of formation di

f
t r%ogppra;tagp@lgathns)” qeonses 5%); G0yl @88 feund thatpthere is a linear
1(5 gg S?l %et%y?e 59ﬂe%'t1 : cgggcfeﬁf g;)ozﬁ{dcreflg&ﬁ)%v g‘ie @3&8{ reflection

an isotro

14ngkaéssahdt ppiegeaand ani sotropic reservoir 15 with
oriented vertical fractures 16 as illustrated in Fig.
4b, and (3) a special sub-case of Case (2) when the
fract ur®=adj mb Bin € .per pendi cul ar to the dip azinuth )
of the fractured forrmtl on (also illustrated by F| g
4b As used herein, "vertical fractures" mneans

cisilesraiedingdigpendi 8wl 4 are thenicarspprisioas. ré%HeF%YFIY: of the
surface above them The fracture azinuth is defined
t Heastrpayiase-Histlimse Al (diywi Harqugh ethe off g sy § n@oss-plot derived from

i nt I%Lﬁceaaego nggey érg% d W33 g&%m%lce camcg h%tglm%; i‘a&td , derive the

Iane a re erenc |rec ron ISt
geiﬁ@ihalp hitholdgy tahd flidprapentivg bf the utriderlyang Ir@ebem\ieemamdle(see, for
dip direction of the faormation aph iHe Nor t h
u

natoe(se,
{ amplredes SQURATSHS DY esag o 81-udht FGHeBIR FEen fellection
of .ok fiRidH: B £ldf LR @Rakly™P! € and

Amp = div- R = div-[4, + B, sin” 8] )

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 S 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



data-driven nmethods to renove the dip effect from

AzAVO i nversion.Case 1. No fractures - isotropic
Wo@®sls§18ENn over a di pping isotropic reservoi rPCFUR005/036968

4a) 1. Derivation of forrmula [0036] Wen rock

formations are isotropic, Shuey ("A sinplification of

the Zoeppritz-equations,” Geophysics 50(4), 609-614

(1985)) found that there is a Ijnear relationshi p

bet ween reflection coefficientXIR) and reflection

angle (q) for reflection angle I ess than 30 degrees: R

AQ. & i n St Kat aF :

o0t F e epah Sk s BT ERuhd o Ultpir (AR as o

I mﬁtaﬁsquarm-rﬁlmtrdﬁuned il tvetr qmmmutlm iodgin. (Be Hrstseneggyndigergence

d d f dat
A‘b%g%}ﬁﬁﬁég’té‘%ﬁ%%éﬁaﬁ g SRETTH BT DGR e Py S DR in

6N h A SaypatthQUIDAR Y F0¢ 1h! QecbnB! @B eEfdcEONn Qﬁgl% @Qn Eqn () is
un erlying reservoir formation (see for exa

198igulatedi wing thy cCawttagnbligeda ahey it sipreld rhs| bas rggﬁlg ﬁ1gp6 To make

33% )%fq?]l&?lfé :Vge;)%g:ﬁrgr a_c? g]?lg}fg !ﬁ():rlmgﬁ%bn [(R%%n glé{&ngence ggr?e[cﬁgg)ajssﬁmmg flat

W'll@re@s) dégtatisn (heshiMeseaeReetdntioBotnpahsattefod thd eifanBOW divergence
of wave ener%ﬁ/ is retained after dispersal
&

t nn@ ifteciien engle o (T hesipbodimsnts @ therryessat éwsnwa@lsthpé dor all three
e 8P o el I HE LR S oSl T Sety s ARftsBibror,)

di stance al ong the raypath from shot point S to

r Q(ft(llﬂ&}er Baseidac%rr efipatt gamqyi siowd ih Figi g thd angtWre;manﬁt'@S 0 and
reflection surfa not di ppin

 Rec e P e S e A ROl inb PGt Bt ween t he

shot and the receiver (Fig. la). The reflection

anpl it ude s correct ed for di verﬁ;ence prior to AVO

anal ysisn® § [l nsigomens (pragoise, f.di ver gence 3)
correction i n“®AY0 anal ysis is cal cul ated assuning rock
formations are flat as illustrated in Fig. la. In

r &ekd Yis I?Hé/va}f)eénglémisfhe reflection formation 72 (i.e., the angle by which the
formation surface deviates from horizontal), w 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.¢., 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:

divcomp = cos @[l — —tan psin®(y —y,)sin* 6] , 4



of reservoir formations are di pping and energy
di vergence becones azi nuth dependent due to the fact
wa b@b/054187 | engt h of the raypath S-D-R in the dP@pPUSIY05/036968
reflectorcase (Fig. 6) depends on the azinmuth. By
treating a dipping formation as a flat formation,
error is introduced in two quantities in Egn. (2).
First, energy divergence is not fully conpensated as
can be seen by conparing the IFddgth of raypath S-D-R
in Fig. 6 to that of raypath SD-Rin Fig. la. Second,
t r ef.l | q a StR9
%gd gglfgngﬁl 41 Q@%hﬁldg H%ngn ﬁid%}( ge)r(])gﬂﬁlétegbgﬁ giégéégé}'lcls‘ 29 dipping
FﬁgmnﬁumEQSmqkemé&ﬁydnﬂ%yswmgwqu&uﬂmr a di ppi ng
formation (after divergence correction assum ng fl at
| ayers), equation (1) shoul,d be re-witten to
conpensab® T giveemia lhangsih Wldi ver gence and reflection O
angle. (The enbodinents of the present inventive

me d. for.all three cases scribed her.ein ensa

cellBiis' St B TTEFETb Ar D et S Aot gy Piuaggsipaton
B&&&Qrsqe gl a¥ave %&Qnﬁi@ﬂ?bﬁeﬁoﬁ hEWenfidl dnl AVO/anally3&. Numerical tests
angul ar quantities q and can be approxi mately
¢ eiathest gpatips mdlqatmhngE@uq@p@% Q)oand &) e vglidqridip angle up to
sin 2t f is the
G S o R s sl BB e
angl e by which the fornatlon surface devi ates from
hqod4)nt aBxbstiyuting Equatieas @pdhl @h glte eqdatioh€s), one gets
shotreceiver (S-R) Ii ne yO is dip azimuth of the

dlplngformat|on% e direction 73 of npaxi
di ¥ sS4 i Bo i orez‘fﬂé&nl @ﬂlSIHn@I“e(BoahdA&)tgnt%%os W -v,)sin’6,)
m d-point angle, i.e., the reflection angle that may (6)

be obtained by incorrectly assum ng that the di ppi ng,

subsurface ref! ect or fl ane 72 is par aI lel to
hdquatien &), desqsttrea dls jsfagionstin betpiserpggpl lﬁsldedhpsanglﬁ@f the reflecting

mgdﬁgag{]otrno ?n%ﬁf oﬁo%r feiﬂe%t nd ’ %09 b El'ﬁ%’erlgct ?1 Ja}gﬁt It indicates
v [ e h o)

1 ] PO eSSBS
chmng@ry rbedomes gemm&haiodafpendelnbn Thie eqoatidne ndhiyf e Beliﬁdethe "dip-

induced AzAVO equation".
2. Quantification of dip-induced AzAVO

[0041] The dip-induced AzAVO equation provides a way to quantify the effect of
reflector dip on reflection amplitude. Multiplying both sides of Equation (6) by cos ¢,

the equation becomes

cos@- AMP ~ A, +[B, + (B, =1 4,)tan’ p]sin® 9, — (B, -+ 4, ) tan® pcos® (y —,)sin’ 6,
= A, + B, sin* 6, +sin’(y —y,) - (B, —+ 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,



between flat and di pping formation, we derived a

"di vergence conpensating"” termdivconp based on the
waledobesasre in | ength between ray-paths S-D R BCHUS0M/#36968

(Fig. 7) to account for formation dip: divconp = cos

f[l - -tan 2 f sin 2 (y - yQ sin 2 Q1] , (4)and the

resul tant anplitude, being fully corrected in

di vergence for dipping formations, is expressed by the

fol | owi ng equation: AVP =di vcory¥ TA0 +BO sin2 q]. (5)

AWVP is equivalent to reflection coefficient R assum ng

Otcgﬁglst 9%/ t‘ﬂirﬁstéﬂ?@t uQﬁhffe@@ﬁéJa(ﬁm(lﬁlagvarlaW@H ?n amplitude due to dip.

attenu on) are not ntluential on AVO anal ysis.

NlTﬂEIfoldxailJlng defisedonrih Esiditase fatheodiscussinc at e t hat

Equations (3) and (4) are valid for dip angle up to

appr oxi mately 20 s and yeflection angle up to 30
degr ee§asf16@4@7pl§ﬁg§ %u*tgtrﬁ’;n E‘guati ons (3) and (4)

into equation (5), one gets AWP { +

(6 Eqdabbhe R b4 Yo ﬁéq ?%ﬁ%ﬁ. & 3' fean T 62

aggl Imt;deo di prgplgl et Iognt ge r;fl eg}ttl tn%ef or mat 1|9§n and

ev%sggin PSRar e ESET l  e o b  B Phn v
) o) IS4 P By s o

nay be call ed the "di pi nduced AzAVO equati on". 2.

Quanti f | atlo of dip |nduced AVO [ 0041] The

di p-in qi;éﬂt)t 'des a way to quantify 63)
t he effect of refI ect or d| p on reflection anplitude.

M"h’}l% R % BxRALA AR of)é\'\h'i;lﬂHgé bl?eﬁhg(:@ﬁ dgxyanQ&dezA‘Vé Its value

equa I'on becomes cos
2 i} slerrmRin€ll not OHY by tradn;ibmi ands#iruth ﬁlf)gl@l, bu12alsp bxz\oha- Bontrast in

sin 2 gt +sm 2 A0
( @_ntﬂnm% rock propex%es across tge reflectio géo%rrlldary (i-e., A ang By).

[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 AzAVO) and seismic noise, we

define the following quantity:

% variation = 100 x —Lagnitude (6.4)

BaselineAmplitude

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 left side of the equation can be thought of as a
"scal ed" anplitude of a seismc reflection event in a
w@k@ogstiber . The right side of the equation caPChES2005/036968

separated into two parts. The first part, consisting

of the first and second terns, represents reflection
coefficient at the formati on boundary w thout dip (see
Eg. (1)). The second part,consisting of the third

term quantifies the azinuthal- Mariation in anplitude

due to dip. The following defined terns facilitate

f i ian:..Basek Y | ismic dat
oft IRl ool B sp SRR Ffyialib b e ARgPel Boff seismic dat)

t ale 2xdmdé shaw©that( @ip2)dudsd SAZAVO(1p signifidanvanicases 1 and 2 (ie.,
between 0 and 1, the ran of litude Variation .. .

© Shvieehemeiiatn tsnee 86D PRap! Mhgse s Shestorepaitisation of
mRQnih YRRl ALAINO YRusbAl FQiné Sast 1R X addBORESYERs. = ( BO

- A0)"tan 2t sin 2 OlL. (6.3) This is the maxi num

amount of anplitude change in dip-induced AZAVO Its _

vdlable 1. sMiesimavam peactnhvariasionyoftsip-tidiped AzANKY irafaumshale/reservoir
angl.es, but also by the contrast in intrinsic rock
pfg%‘gg%i es across the reflection boundary (i.e., A0

and5 0) . [0042] Practically speaking, the Anplitude

Var Cadel ORespaoitTyean Hoesity hidip Ginde agidmoint Arglaomedioy” onBo  %variation

ref | écti orsaagspphé t ude20duel&dsorkesr ned degmesdi p.0.16t i s-04 9.63

obsegvabl esag%ghei ts iﬁ"gpl E%@f@esl e%é%ﬂegrﬁgs ab®pé theg-lzz’evel116-1399
f dom §769588e of G sH BHPE daF BRI cg +- -

IR e o A e G R

AzAVO) and seism c noise, we define the follow ng

quant i tWeth8d farebiiap dibdfect fn AW O. anfabyst)

Basel i neAnpl i tude This quantity can be cal cul ated for

B0 o Gomene e Do i ircaduaTREN Bol Fabfod Raagoms e
' Ssaﬂsgﬂﬁﬁi Abhe Abiaveo eq&&i%ﬁ]{d@gyédwmger £99ig@- Si gnal

rati o) on seismc data. | I p-1 nduceg AzAVO i s
detectable, mtigation of dip effect becones
necessar ¥.4 ¥Biss’ #ppBoalliyi-gy j Jsinigt,rated in the @)

LELBAYAAAYAY |

if one replaces y, in Eq. 7 by dip azimuth angle y,. The quantity y, in Ruger’s
equation is the azimuth of the "cause" of the anisotropy, e.g., the fracture azimuth.
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 AzAVO

inversion to derive these anisotropy parameters from seismic data.



exanpl e bel ow. [0043] Table 1 shows an exanpl e of
applying Equation (6.4) to four different reservoir

W@ aobi0sJ37 common in oil and gas expl orati on. PSHUNINE036968
noi se-to-signal ratiois less than 5 percent on seismc
data (this ratio can be neasured from seismc data),
t he exanpl e shows that dip-induced AzAVO i s
significant in cases 1 and 2 (i.e., %ariation greater
than noise level) but not in cakes 3 and 4. Therefore,
mtigation of the dip-induced AzAVO i s useful for the
case 1 and case 2 reservoirs. Table 1. Maxi num percent
vdpo4d i onEgtfiatigpedefithionssl ofAAike¢Cerms fin pquativals (o) esdr (7diyields the
S I ngs. se.Reservoir Type Porosity Dip Angle
Nﬁﬁ@%wﬂgfﬂﬁgwghﬁé-o ovariation 1 sandstone 20% 15
degrees 26 degrees 0.1 5 -0.4 9.63 2 sandstone 25% 15
degreesy26.idegrees 0.03 -0.28 16.39 3 sandstone 34% 15
degrees 26 8egrees -0.1 -0.1 6 1.19 4 |inestone 20% 15
degrees 26 degrees -0.1 11 -0.142 3.41 3. Method for
renovi ng _diipr gf t_i fﬁﬁ? alysis [0044] It may be
noted t aﬁ“fkg’gfglihgﬁced g@ANC)equation (Eq. 6) has
the same formas the AzAVO equati on derived by Ruger
(1998): ,R A #B siin » cos2(y - ya) sin2q, (7) if one
replacé%—y§¢K§’Edf%g%E;$dip azimuth angle yQ The
quantity ya in Ruger' s equation is the azimuth of the
"cause" of the anisotropy, e.g., the fracture azi nuth,
y is the aZiqiuth angle of the shot-receiver Iine.
Paraneters A and B are equivalent to intercept and
SIQPGer MahipBIAYR BURL bQihtiohs Feads 8 ehel followlnd reftiohships between
and B' 1s related to thé intensity of the anisotropy.
Eqagnicters (iflfrinsts tohide shipgiing depimpicoformeten iand Ah\y@ameters derived

orEhf b oRer SOAYP aiian R LRCEPRRTERRENG: 1 i

ternms in equations (6) and (7) yields the foll ow ng

rel ati opshipgose, (8.1)
B,=(B+B')-cosp,and (8.2)
Wo =W, (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 simple, 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 generate
four attribute (i.e., parameter) data cubes A, B, B' and y,. (Step 81) Attribute v, 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)



A""1" . A~ cos 0" Further manipul ation of these
equations |eads to the follow ng rel ati onshi ps between
w@00a0et18Ts intrinsic to the di pping isotropi CPCT/US2005/036968

formati on and the paraneters derived froma

tradi tional AzAVO inversion of the 3-D seism c data:
A0 = A-cos f , (8.1 BO=(B+B') -cos f , and (8.2)
[0046] Equations (8.1)-(8.3) indicate that in the case
of isotropic dipping formationsl®the formation
intrinsic paraneters can be derived through AzAVO

I nversion ofsythe &eﬁ%gk%edj% gﬁl ggﬁ?gluﬁfb& BleScosine of the dip angle

realization, "a sinp at a- procedure to
mi(i.é.gatoept)hby dhp Ahkftabutef derivA¥CitaemhyE€MP ilecatioadilbyg the target
derived. This procedure, sunmarized in the flow chart
ofrefiicgion gorigery thebtainthe dormatiog | iplsipgic (1§., diRpgAmPeRsasa) parameter
in erﬁ}ons%o the 3-D seismic data to generate four

atfor i BUtR ).e., paranmeter) data cubes A B, B and ya

. (Step 81) Attribute ya is now the dip azinmuth of the

di ppi ng i sotgo0pi C i g ordli L gt

(8 3) 22) Dedive A e ﬁé‘gﬁ’é@?'é%@?ﬁg@:ﬂg%% 4. gurbutes at cach
f riiviP tlbeationi adongethel srgetakflestiondrovison aadhaiuliyply des sim gy the cosine

(e.q., stacked .or mgratipon-stack data). (Ste

o3 3 Agele b Bt ooy ¥ {8 Dt BNy PHENESE e (Siep 84
of the dip angle (i.e., cos ) by the A-attribute .
ddievenliant paphetapl aedib sun deongl orristamirsgiock property and fluid
refl ection_harizon to obtain the formation intrinsic

(1R, 10 UP GUBRIRB SFEROBAY AP SR SRANES. o § S phgyy of5eRged 1998

syggsss EGet 4 8.2), add the B and B' attributes at
R A

ocation along the target reflection horizon
and multiply the sum by the cosine of dip angle at
t H8847] oc alhe wresenageel friviufes ringt feasivoints upuAlly wdicaise thyr samples

BQ. . t ep.8 The resul t.ant. paranget.er, n
a3 FRUGR r i T kO R YAy P BerfbinbRR das, or
seismic interpretation. When fractures are not evident, the preceding simple method

can be applied to extract "formation intrinsic" parameters A, 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 amisotropic
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 = a’ivcomp-[A+Bsin2¢9+B’cosz(l//—wf)sin“° a]. C)



type in the dipping reservoir by known procedures,

e.g., the above-referenced 1998 paper by Castagna, et
W@PR006f080047] The presence of fractures in a resPCWUB005/636968

usual ly indicated by sanples fromthe well (e.g.,

core, formation images, etc.), the well's performance

data, or seismc interpretation. Wen fractures are

not evident, the preceding sinple nmethod can be

applied to extract "formation-ilftrinsic" parameters A0

and BO for lithology and fluid interpretation, for

fl r dippi rese | [ ] :

o0 ¢ BRPaERY Pleh g bRy Bt Ay ESIgEA uHace (i

degy. €Es deddupleangt et af dipefran ieudfieb et fiactumeS-EqD(Hens be cewritten

i mages (e.g., mgrated seismc data) and used in the

process. y%en fractures are evident, the follow ng

met hod séar? 6& appldied. Case 2 : Wth fractures - (10)

i sotropi c overburden over dipping ani sotropic

reservoir (Fig. 4b) 1. Derivation of formula [0048] In

t W¥TCase, reflection coefficient is described by the

AzAVO equation but nodified by the

divergence-qonpensgtion term AMP = divconp -[A +B sin

2Q+tB  cBs2fy=[F sip” gices Ayt w,)](9) [ 0049] Note t hat

angle q re¥€fs to true reflection angle at the dipping

surface (Fig. 2a). To decouple the effect of dip from

t f : ) (3) can be rewitten sin

2%‘3‘8%{‘&% ﬁe-z(l,ﬁfl??o?ﬁﬁsﬁa’?"dé =[1-sin 2 f cos 2 (y -

y0)]. cos f Substituting Eq. (10) into Egq. (9) yields

AVP =C disrco0pdiveorty qi2BaintB €Bsalyy Wi, )sision] 2QJ . an

(11) [0050] It can be seen that Eq. (9) is now

expressed in terns of the m d-point angle

[0050] It can be seen that Eq. (9) is now expressed in terms of the mid-point angle

0, 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":

(12)

sefir = C -divcomp
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® (y —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.



gt and the quantity within the brackets has the form
of the AzAVG- i nversion equation, i.e., Eq. (7). Al so,
WO pooslsE3EqUati on both C and di vconp can be caPCUiUsi0es036968
for every reflection event. These two quantities can
be conbi ned and defined as the "scale factor": scfir
="" . (12) C divconp Substituting Eq.(12) into Eq. (I |
) and noving the scale factor to left-hand side of the
equation yields AWP -scftr - yfl§sm 2 g, (13) [0051]
This equation indicates that, by "scaling" seismc
anpl it . 10 t e anplitude
o0l e ] B RGFAREOLeE R e o L1
even when the anisotropic formation has a dip.
Fq0032) ngEqmitioni(h3) ghvidesna simpbé wayts miiigatathe bép- -effect for the case
de ned to renpve the dip:effect fromseism.c
£ of pDig a0 R EaTTGHODS. B RERISHBE: SERDOTHY lalﬁ ¢ flow chart of

efﬁlgcgt id &k fORAVO anal ysis [0052] Equation (13) provides
mple way to mtigate the dip-effect for the case

of di pping anisotropic formations. The procedure,

sunmari zed il t heCdl¢wdate chipraginofth R gand dig gnglg of ssimplady-sample
1) Calculate dip_ azimuth yO and di p .angle_f

sa(npt at pyery; apasedime l@atlolatthaé\hé$ y‘efkﬁa%amnwdr: &% Soergy) from the

t t ud f h
ke Y Bl TR (S ep oT) 2} Cal cul a0 the

scal e factor scftr in normal -noveout corrected
CVP_gat her s 2f t Henlsdatenthe sdat afa@tonccﬁi iy nbimakguemepoh sorrected

(4 (10), and apply the sc c t
S davie'@efersiine beiatiSete pbRydte T eBbfoRe WPl ahf g ypmd apply
9%he SR RREDSEALE %@aﬁ?ﬁm@é atsﬁi'e%n}e‘ﬂetct'i&? Snpl) %te%% A CMP
a common mdpoint (point Oin Fig. 7). I nvert .
( I3)heois ¢ feeokseainaid AN thaltawe 8 comnm@rmxd@ommnﬁt(brrs ig. 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 y ,indicate intensity and orientation of the fractures in the

Teservoir.

[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

Yy



A, B, B, and yf , preferably using |east-square
inversion. (Step 93) Persons skilled in the art w |
wapaenstiand how to perform | east-square i nver SPONUS2005/036968
[0053] Paraneters A and B can be used to determ ne
rock and fluid properties in the reservoir, while B
and yf indicate intensity and orientation of the
fractures in the reservoir. [0054] This nethod
i nvol ves nore cal cul ations duriHy- data processing than
the method in Case 1. It is applicable when the
ce of [ S
dl(’gg g%gl o dﬁt@?&&{tﬁf‘es Sw%Hx t}%,%cf :?CQuIOJ az?éﬂﬁﬁsi;&jqrgw&lgular to the
factors can dip adinuthest thﬂﬂaam?hal mmananr(mm) gat hers.
AzAVG- i nversion of the scal ed anplitude derive the
rockp opert, { ri bute A and B, and the
f rlact ul: TWF‘Bé%P ff’ %ibutes B andCase 3 : Wth
fractures - when the fracture azinuth is perpendicul ar
t 0 t he 1disRbadive itat of frhdierefl fa@tafons tHeQrzMRith OF thdAlned (vertical)
t%@fl@ Derivation of formula It is observed that in
fr ¢scid uSeelapsroerdienia tathardirertion ctfrf@maﬂtnogrdeﬁ This is a special
(vertigcal) fractures js usuall erpendi cul the ..
i eGist 3t T Ghiattrasiona b - i 28§ SREoEsEg B (Budotl into Eq
Case 2. In this situati y0+90°. Substltutlng
Ed?) ar(dg)eplgﬁgg(w), it 1RG °‘%%§et%md repl aci ng yf by
y0+90°, one gets = { + BQ+(BO - Atan 2 ]Jsin 2 q, +[ Bl
- (BO - Un2 f]cos 2((y )i 2n2qi ,+ Blt an2f
si n22(yAM mﬁ o) By +(By —3 42 iep id¥18° 6, | BO and B
denote the AVO intercept, sI ope, and the AzAVO
ani sotropy parameter, respectively. As with Eq. (6) in
Case 1, Eq. H[Be) (Bas ithetasamcosowm ok, SHE Gaz AVO
equation (an alternate formof Eqgq. (7)): AW
=A+Bsi n2q+B' cos?2' ()/ yj sin 2g +N (15) with the
further exceptBdantmet’ A vacyutsn'dgirnuih ya i s now (14)
repl aced by dip azinmuth

Here 4,, B, and B, denote the AVO intercept, slope, and the AzAVO 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’> 0+ B'cos’ (v —y,)sin’ 0 +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 AzZAVO analysis

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

obtains the following relationships:



y0. Nis the difference between the neasured

reflectivity (i.e., anplitude after divergence
w@eoosestidBon) and the reflectivity cal cul ated fPONUS2005/036968

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

renmoving dip effect in AzAVO anal ysis [ 0055] By

equating coefficients of |ike t&ns in equations (14)

and (15), one obtains the follow ng

relati o/r11$=h_i_,gs/i y' 0=y0 +e . [0056] The estimted azi nuth

angl e, Yy o2 dow suffers a small error, e, fromthe

true frpet rgpr. Q3 p-lazimsf hjangl e. This is due to the

negl ect ed ﬁVgﬁgr(g¥dé$%gergz]represented by N . Just (16)

as in QBse 4./ B hady rehdtanondhi ps suggest a sinple

nmet hod fpr deriving rock and fracture properties

wi t hout” t R¢’scofit ani nat i on of di p-i nduced ani sotropy.

The procedure, summarized in the flow chart of Fig.

Ilg[\(/)gé asT,0 le%t?ﬁ?te%ﬁ&i g )a} %l‘g,g {D'J‘BB!;V sﬁffefsrhesﬁﬁlféﬁ&:, & from the

ntive et squar e | nversi on

t Qe dldnel c?rnai% Hah@hlRgRENELie dhOW thRtdekidetdehigRdrarder terms
volumes A, B, Bland y'o . Attribute y'ois the
estpreined bif BV adistias o Ghset hahdse aclationstips diiggsishg simple method for

formation. (Step.101) 2 lcul.ate the dip angles and .

¢ per sk 3pC Pt ot ity B b Baifich of Wp-induced
r efnis®&bhPNTHE bR BurdNGintirideB iy tHeBow ahdrt dDBige 10)is bhi€llows for
correspondi ng cosine to obtain the dip-conpensated

pamarsstbedinagnt of theapeseopinvaytivaderthers B and B
attributes at each spatial |ocation on the target

reflection hprizo d [ tiply: : by. .t hencosi
of the dip aHgle PP e }:‘g‘{ei 6‘%‘%(‘@#2% %’83?%#’2&% data 10
r egerdbitel Buf BEriBwedet voikie B, B8 adddy'Bi Attdibutes tyl'/mii the estimated
BO t hrough conventional AVO inversion or angle stacks.

( Stip pzitdd) 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 A-attribute by the corresponding cosine

to obtain the dip-compensated parameter 4o. (Step 102)

3) Add the B and B' attributes at each spatial location on the target
reflection horizon and multiply 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')cosg

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

azimuthal amplitude variation caused by fracturing. (Step 105)



5) At each location, subtract BO fromthe value of (B

+B') cos f fromstep 3 to obtain an estinmate of the
W@niosos318pi ¢ sl ope term- 1 that neasures the BZI/DB100E036968

anpl i tude variation caused by fracturing. (Step 105)6)

Iterate this process (step 1-5) with the newy

estimated attributes as constraints in the inversion

until a desired precision is reached. (Step 106)

Exanpl e [0057] The Case 1 nethodll was applied to a 3-D

seism c dataset to denonstrate the sinplicity and

dat a-driven gatur d I Ky, “ﬁaﬁ :

i nversi on was app eir% P@ﬁf%?%é\%g g&tze VJJSstaZttrll ?J{%esne&,lly B?Stlmated
B'attéibdtey Qs .conbtenirite Sulthes irfversidohentfliar ddsired peecision s teatled. (Step
are displayed in Figs. 1lla-c with in-line position

pll(%i ed as the abscissa and two-way travel tine as the
ordinate. Attribute intensity is indicated by a gray
sq@jagllggom in Fig. 1la, which displays the attribute

A. Attributes B and B are displayed in Figs, | i b

and | ie, respectively. Attributes B and B' were

sUseEd t oTHerGase 1tmethpd waatapphied ot & Pridiseismd¢ dpfaset to demonstrate

ﬂ]ﬁge; iS%Iﬁé]EC}t%?&ngagag%-%ﬁge [ gg‘tg.llfet ?%ﬁ’lreemec’[ﬁg . ]Eji&t,.': .AQAV%)ZinVEIQion was

ang e formations’i's less

t hapli&l RESBRSARLYVOY lirfteitdsod BOBOGACH| . StHedeSSts fof AR first three
di ps of events may be directly observed fromthe

atattribbiet areddisplgadsini Figedth-cotith melae weitiongiisttedldzahe abscissa and
observed di p appears to, be hi&her than 5 .degr.ees, This

| SWAraY 1Tl GHnh 8t RS EARRE- MDA {UFnSHY 48 Aifticatphly a gray scale

b i f Ok ; .
e
mHAigd. pllyp b 1AcaredpdcBv&8Y) Adtribnieb R esd b3/ wefe swnmed to erive the

formation-intrinsic,attribujes and, BO (see eguat i .
ey oBisaatEl Plore” Jurbug Hocand Be o arc SH0 & Bhni In tis
diRse, e @S 88:10%0f Ry BRmEliPns(1R leds tharf 5 2 grees a@&cﬂdﬁ‘lgg:b &eological
shoul'd be calculated for this transformation. [0058] | )
| tstushiesu| (Thisedipppf esintst waly badireetheohsarvei digmarihe attribute displays in

enbadi pent s be.i npl enent.ed_as r a. progr ..
B Careins Btrhs Dl Teed U5t aBlulhl be Bupf PaRYRAME. Thisis
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) because cosg 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



system such as a conputer system The conputer system
may i nclude servers and workstations configured to

W@ @eesat a and applications in nmenory to perfRPCHUS1965/036968

above nentioned net hods and processes. |ndeed, the
conput er system may generate a report, which may be
di spl ayed on a nonitor coupled to the conputer system
stored in nenory of the conputer system or printed
froma printer coupled to the c¥hputer system
Further a user may interact with the conputer system
t he TN
per or m %‘ﬁge & tﬂﬁbgg{\f#ﬁ Beg{eﬁﬁayc er v%eﬂn?t |l%n%eﬁﬁl{edﬁ%ﬁhout uset
bénteprhaon, aatsexinkm etpbca:mtai(bj' thse slillédén dretart. Regardless at least a

ik e DaRHRR TSR BisoUabioned, Sty CLmey b sored in

| RofiR for BRethuioh BY tHRRPutR Iy f¥mt he
cgﬁb ter&§¥%§gﬁg§@%oég§g#hg ?g}egoﬁﬁg'descr?btlon is

directed to particular enbodi nents of the present
i 0esR]i onTh@rfOIegemgudq@glsetlQﬁ isj dqusrtﬂdrtﬁ pagicilar embogdiggents of the

SRR A B G ST R 1m0 bagh B o

deserdkied hefiri 4t ahst PARE inddficafbhs st Farmibrsi toathé @Athbodiments
and variations are intended to be within the scope

of

t Iflesgribed dietein aveprssie. 4Adl eh m%lef gfiophand W&%@@a are intended to
cI|

SR R Bpt e e Blbrctny e Q0GR o HIRRHARR! Bhims
Cffset (AVO attributes or in A2|nuthal AVO ( AzAVO)
attributes derived froma 3-D seism c data vol une
obtained froma seismc survey of a dipping reservoir
| yi ng beneath isotropic overburden, conprising: (a)
accounting for azinuth dependence of energy divergence
in seismc wave reflected fromthe di pping reservoir;
and (b) accounting for azinuth dependence of
reflection angle reflected fromthe di pping reservoir
in the 3-D seismc data volune. 2. The nethod of claim
1, wherein said dipping reservoir is isotropic, and



accounting for azinuth dependence of energy divergence
and reflection angle conprises: (a) applying AzAVO

WO pooesien to the 3-D seisnmic data vol une to gROIEDS1085/036968

four attribute data volunes A, B, B' and ya
corresponding to anplitude-offset-azinmuth relationship
of a hypothetical flat layer with aligned verti cal
fractures, where A and B are AzAVO equi val ents of AVO
i ntercept and slope attributes23respectively, B"' is
an AzAVO attribute related to anisotropy intensity and
ya is the azinmuth of the aligned fractures; (b)
calculating dip angles f atC gHéMi'Seservm r's upper
surface and multiplying cos f by Ato obtain
llgméensat ed AVO intercept attribute Ao for the
ac us ipping reservoir; (c) calculating
di p-conpensated AVO slope attribute BO for the actual
dilppi ng\ metleqdy fiirrcomensasiog (foe-Bircimduged eners (i) Amplitude-Variation-

;@wﬁpb%ét Q\I@eatﬁ‘fbhk@lor dh &Binﬁﬂheﬂ%‘@()v(%er\ﬁO}jéﬁlb%i’és Metifled from

of romyo emet%fl claiml @fr’h&
d|a|o°>pPrF§Iané%@fr‘t@/MPlr‘m}es°bé%P TOTB 3 SELSTIAR BHIXBY: Pﬂ@gfr%%ervou lying
aBemHinisdepso deabardeh, @marBingti ver gence and reflection

angle ¢ nprlses al cul ati,n
azi mut KangPEH g%rﬁci 321591?}5 ?}%Pg &Fo???%@gysgvgﬁeege in seismic
datave vefl acreel; fron Yheodipping a¢senygiraarscal e factor for each

sanpl e ébf he n %Eé&#ﬂtl?g \f&o &glmﬁﬂlr dé ggﬁ&%cg %?g%c g})ﬁi ?%'e Neflected from

(CvP) ata, sai ctors
béhndippisg seservoedintthe  ausssindateenlime dat a anpl i t udes
to satisfy the AzAVO equation for a hypothetical flat

ani sotropic er_ cont aj ni ali fractures, .

2ol y1 HgesReiiolcH EorachopBiel +HE Sapioh e 1 Hotopic, and
s aggduatiby - fangiuthadepdrdndenuf reneryy slaieticehzA\ddd reflection angle
%uatl .0on_on comon ni d-poi nt gathers of the

Omprls(a) applying AzAVO inversion to the 3-D seismic data volume to generate
four attribute data volumes A4, B, B' and y, corresponding to amplimde-offset-azimqth
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 the aligned
fractures;

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

(c) calculating dip-compensated AVO slope attribute B, for the actual
dipping reservoir from By = (B+B")cos @; and

(@ calculating the actual dipping reservoir’s dip azimuth yy from yy = .

3. The method of claim 1, wherein the dipping reservoir is anisotropic, and
accounting for azimuth dependence of energy divergence and reflection angle

comprises:



scal ed seismc data to generate four dip-conpensated
attribute data volunes A, B, B and yf for the actual
wale@pisy3T eservoir, where A and B are AzAVO eqRCT/HEDNH/636968

of AVO intercept and slope attributes, respectively,

B' is an AzAVO attribute related to ani sotropy

intensity and yf is the azinmuth of the aligned

fractures. 4. The nmethod of claim 1, wherein the

di ppi ng reservoir is anisot rom%4 sai d ani sotropy

bei ng substantially due to fractures oriented

subst ag& aI ! XICBF&KHBE %%H# or aZI tﬁilglglg{e %Igé% ézzz, s le-by-sample

azi mut and accou

erf%xﬂl’he%iéﬁﬁ&&&ﬁ%ﬁﬁ‘ﬂ’e refl ection angle conprises: (a)
applying AzAVO inversion to the 3-D seismc data to

gener at(®) f owalcatafing lauscale dester foo beqhesgmale iB,noBnal-maveopy corrected

OB BSPSE, P L MBS B 4 S s s

ec&é‘téfﬁ'l&@ﬂt@ cAise A dithR rdﬁ@%n;ﬂﬂﬂdé%'t@ R&isH¥ thel RUARE) equation for a
respectively, B is an AzAVO attribute related to

artivpotheten) flrhanispstopic layet containingaligned dweiumst ed azi mut h

of the i gned. f.r r

at the rjeser § l¥mg%51ld sgerﬁe fa(:P#r ?oal!h(e‘ lée @ﬁ%cn&téj sﬁnﬁﬁgdféadple and
di p- Clor(ﬂ)ansahﬁéi'uﬂg éél@ Am‘g@) Cfe[phtlm bn chmh&)nAmd pmntt g’zﬁhers of the
actua di ng reservoir by multiplying A by ¢ ,
( csyas asﬂﬁr@wt ot GFa 9 GesTHe T i semégnsategéi&&lhu@&m ‘éﬂlumes 4, B, B

ty o%r‘%ﬂe %&alr §i Qebers it re%ﬁfl@%eare MVO equivalents of
S P Hetstoyt ol

V yl ng est| nat i
d
'(:f?g gﬁﬁ%‘f&%’?&&g slAéég‘%(@gﬂt&p %sﬁe&ﬁe%gf Ilsﬁcgl %9%}/?:“ rlbute related to

Blahiso@8py inkénspahd |yDjCBtthMIﬁlﬁth&ﬁTth¢Tﬂﬁ@ed ifipciargens at ed
ani sotropic slope attribute Bi for the actual dipping
reservoir; and (f) iterating steps (a) to (e) vvlth t he

new y estlmatedatrlbutes as consfraints to.t
i fver si i BAtHR & ko de pENRRIRGAS CHRS GRIEBIL Y pRiFgtEpic, sad

| S B8ng Jubdis ﬁl%@l&f&ﬂf@%% e NAbdtHiiall dicular t
di pr)l%ﬁn E%:/e n%rlrlor sﬂ{ﬁnp T (P rade Varlﬁatl onV\if &1 perpendictiar o
the reservoir’s dip azimuth, and accountlng for azimuth dependence of energy

divergence and reflection angle comprises:
(a) applying AzAVO inversion to the 3-D seismic data to generate four

attribute data volumes A, B, B’, and ' corresponding to a hypothetical flat layer

with aligned vertical fractures, where A and B are AzAVO equivalents of AVO
intercept and slope attributes, respectively, B’ is an AzAVO attribute related to

anisotropy intensity and ' is the estimated azimuth of the aligned fractures;

(b) calculating dip angles ¢ at the reservoir’s upper surface and
obtaining dip-compensated AzAVO intercept attribute 4, for the actual dipping
reservoir by multiplying 4 by cos ¢;

() adding the B and B’ attributes at each spatial location on the reservoir’s
upper surface, and multiplying the sum by cos ¢;

(d) estimating dip-compensated AzAVO slope attribute By for the actual

dipping reservoir;



Ofset (AVO attributes derived froma 3-D seismc
data vol une obtained froma seismc survey of a

wWa@le@piosy37 sot ropi ¢ reservoir |ying beneath i soPCDPE05/036968

over burden, conprising the steps of: (a) applying

Azi nut hal AVO ("AzAVO') inversion to the 3-D seismc
data volunme to generate four attribute data vol unes A,
B, B and ya corresponding to a I|tude of fset-azi muth
rel ati onship of a hypothetical-Z3at |layer with aligned
vertical fractures, where A and B are Az AVO

. | . .
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hypot heti cal vertical t | cul at di )
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di p- conpensat e pt attribute A ofor the
actual dipping isotropic reservoir; (c) calculating a
di p- conpensat ed AVO sl ope attribute Bo for the actual
disppi NQ\ inse@lidd forCcongreasatioigr fof ripviddosed Brédscia Amphtde-Variation-
(d). calculatlng t he act yal &@ﬁfln% i sot.r Qpi

 esr Oaeh QN s syiomisdAtgfglupms qhiined from a
ﬁlngeh Mirve ey twilﬂ &r &gﬁ ggm Qsé&%ﬁr@ir&nbén%atﬁ%&%;ﬁé %@Ierburden

throu I n2q+B" cos2(y- “ya) sin2qfor A
Bcoﬁprlsmgﬂymstvmewfe Ris reflectivity and g is a
reflection angle for each reflection event in the 3-D

oL o RS FATEL AT LN g £ s

dafadh WAHERo 8éicRhte GORERbLRNRKA PIOFRS H BIB' £hd ¥, m&ap@dmg to
for conpensating for dip-induced errors in Azinuth

Arpiplitusigectfsotazinmitiorelationshiopf 8 @quthmwt)lamrtvwﬂb@hg@éd vertical
det‘r'alc u?éjs fv(ll?e Y anla %eérg nAQA% %ql\ﬁ%lléﬁ@ of AVO intercept and slope

attributes, respectively, B’ is an AzAVO attribute related to anisotropy intensity and

w, 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

(d) calculating the actual dipping isotropic reservoir’s dip azimuth yy from

Vo= Va-

6. The method of claim 5, wherein the AzAVO inversion is formulated through

equation

R=A+Bsin’ @+ B cos’ (v —v,)sin’ 0



obtained froma seismc survey of a dipping
ani sotropic reservoir |ying beneath isotropic

W@®slsF18EN, conprising the steps of: (a) cal ceCHUB2905/636968

dip angle y and a dip azinuth angle y0 sanpl e- bysanpl e
fromthe 3-D seismc data volune; (b) calculating a
scal e factor for each sanple in nornmal - noveout
corrected common md-point (CWP) gathers of the 3-D
seismc data vol une, the scal e #actor being deter ni ned
to cause anplitudes of the 3-D seism c data volune to

S%IJ ﬁf B, B O %ﬂé@tkqg.rgﬁéctxﬁlitgyarﬂ thed iCRlpeldidH a gle for each
ani sot ropi ¢ I'ayér containing alilgne ractures; (cri
apgilectiog evdie is drll3eDfsasinie dita volume3- D sei smi ¢ dat a

sanpl e- bysanple; and (d) inverting the AzAVO equati on

on, CWMP_gathers._of the _scaled 3-D.seismc datg vol

0 gendiauBeE b et SofpERCATERRARAFL A LS et Fom the 3-D
VQLYRESIAa vBlunk afRPgbtkniiial pRReRRigual di ppi ng

ani sotropic reservoir, where A and B are AzAVO

equi val ents of Anplitude-Variation- wth-Ofset (AVO )
i B er cepmethell §ir spmpansating feedip-indussd eriopeiny Azpnuthal SAmplitude-

an, AzAVO att Ricbut e , . | [, it '
o RV RO R AL SV S BORRLITR Gt B0 volume
mebhackdofronl ai sishic Waevesi of khéippind\ddisettopic tasetveir Ry beneath
+Bsi n2Q+B' cos2(y - ya) sin2 gwhere Ris reflectivity
anspopic qverhusden. spmakighe theotens&&nh refl ection event in

the 3-D seismc data volunme. 10. A nethod for

conpensating f LB rrors, | Lt e
o 8o Pt OB %, U AT Bk, sty
d%ﬁﬂnﬁq&‘h&ﬁ%@ PR ldsiiveldad;a vol une obtained from a
selsmc survey of a dipping anisotropic reservoir

| yi ng beneath isotropic overburden, anisotropy, being
subst arfb) al | y daleulpting raasealy dacter ifereadh 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.

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

R = A+ Bsin’ 0+ B'cos’ (v -y, )sin’ 0



substantially perpendicular to a dip azimth of the
di ppi ng ani sotropic reservoir, the nethod conprising

wo b@edsaps of: (a) applying AzAVO i nversi on t oP€TiESBo£N036968
seism c data volune to generate four attribute data
volunes A, B, B', and yO ' corresponding to a
hypot hetical flat |ayer with aligned verti cal
fractures, where A and B are AzAVO equi val ents of AVO
i ntercept and slope attributes,2/respectively, B is an
AzAVO attribute related to anisotropy intensity and y
¢ PR R s PPtk by wle ol ARRCIe BRIt in the 3-D
aReis@id dypa columser voi r' s upper surface and obt ai ni ng
di p- conpensated AzAVO i ntercept attribute A Q for the

oo A R R S REE T3S Ol B b B e
SRBLiaAbn WREAOFHRR (AZANTG) AGhkAs HriRBE FbndRi S0 E@hie data volume

reservoir's upper surface, and nultiplying the sum by
c obtained( fipmes tseisati¢ riyriypolt o rdippisa taatsoxepigCes¢rypis lying beneath

attribute Bo for the actual .di ppi [.SOf r.opi .
"SL00: 2Bl 2, P cbutl LR ATE IR, pagyes ovined
eaghstdPeaY ipeibehdicelat tdratdep dripnanpems aligsing ahotdpdPrdservoir, the
slope attribute Bi for the actual dipping anisotropic

r easshedogomprising the yteps afati ng steps (a) to (e) with the
estimated attributes as constraints to the AzAVO

i nversicpn unti f,aiRp eAQ&V? ([)vaeﬁ%ncﬂﬁvﬁef 99h CRishlid tdﬁfa' P8lume to

is achieved. 11. e net ho claim 10, wherein the

AzAéaterfoer giribite datd oslmtleatded, Bhanligh' equapbodinRozrhyiBthetical
sin 2 q +B'cos2 (y - ya) sin 2 gq +Nfor A B, B and
y dlaniryere withi digned iveuical frastures, Whera 4 efid &care okelaYigleguivalents of
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ggﬁ%ﬁfrg}%&ggtéﬁ%ﬂw g%bf}gﬂ@ SRR azfhutR ok :fhlig{l@& V&tical fractures;

fromth cedi ng equation wt

(b) calculating dip angles ¢ at the dipping anisotropic reservoir’s upper
surface and obtaining dip-compensated AzAVO intercept attribute 4y 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 ¢;

@ estimating dip-compensated AzAVO slope attribute By for the

actual dipping anisotropic reservoir;

(e) subtracting B, from (B + B) cos ¢ at each location to estimate dip-
compensated anisotropic slope atiribute B; for the actual dipping anisotropic

reservoir; and

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

to the AzA VO inversion until a pre-determined convergence criterion is achieved.



no Nterm 12. The nmethod of claim 10, wherein Bo is
esti mated usi ng conventi onal
wa\apbiosse- Vari ati on-wi th- O fset i nversion. 13PCT82005/036968
met hod of claim 10, wherein Bo is estimted using
angl e stacks. 14. A nethod for estinmating a magnitude
of di p-induced error in calculated val ues of
Ampl i tude-Variation-with-Offset_ (AVO intercept and
sl ope attributes derived froms&tsnic data froma 3-D
survey of a dipping isotropic reflector |ying beneath
qt 1 Opie QMBSPHE BB 16NEhFBHMRRI ACAWI In%bREbn 16 Fdrmulated through
ca culating a Magnitude quantity representative of the
meequatiom anount of anplitude variation in dip-induced
Azi mut hal AVO (AzAVO) from Magnitude =(B0O - j -A0)

tan2f sin2 Ao, Bo, are reprgegsentative val ues
of the AVO |4§t‘e$é’§rﬁ‘ a‘ﬁﬁ%sqoéfo 'éi”ta?g’é ?é’g\s
respectlvely, is the dip angle of the dipping

EEOB E Jll%;f !lg e%ﬁe ? Rﬁg??fﬂt’c 1{71 % {S%.f {eﬁ%t Ogrﬁ{lgwhﬁ e'égﬁ" I‘eﬂectlon

aracteristic o N events in
d%tv@ntflﬁ@lﬁﬁ 3e @i Bt VSiahE0p) 16 rémhdedoliet 1g' sut NVas ehe dlfference
assum ng the dipping isotropic reflector to be flat;
( Detwahauheadsungnent Bﬁﬂedndmeval-\lmdaiktuﬂajed fromrthe pyeceding equation with
represent ative of a flat reflector's surface from
il558 Anpl i tude AQ+BO sin 2 OL; and(c) cal cul ating
a fractional dip-induced error estimte by dividing
the Maghjet wdgnsHaltt tlayn PY0,t %ex%ﬁﬁ ehj ne e@ﬁ?ﬁhﬂeﬂudﬁng conventional
quantity. 15. The nethod of claim 14, further
c ohmplitwideny acietipend - OffsetituetshO attri butes for
di p i nduced error if the ratio of the fractional
di ced
(e r‘ e Sglln{}e 61&1? %ﬁ ﬁg ?lgliéﬁ g,qél?erélgrlf e{s‘f’g{a%a]u%ln aa[nglesstt%cks
pre-deternm ned val ue.
14. 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, 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, —+ A4, )tan’ p sin’ 6,

where 4y and By are representative values of the AVO intercept and slope attributes,
respectively, ¢ is the dip angle of the dipping isotropic reflector, and 6; 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® 8, ; and



16. The nmethod of claim 15, wherein the pre-determ ned

value is unity. 17. A conputer inplenented nmethod for
w@ovpesHat i ng for dip-induced errors in Anpli t RCEUS2005/036968

Variation-with-Ofset (AVO attributes or in Azinuthal

AVO (AzAVO) attributes derived froma 3-D seismc data

vol unme obtained froma seismc survey of a dipping

reservoir |lying beneath isotropic overburden,

conprising: (a) accounting for-2%inuth dependence of

energy divergence in seisnic wave reflected fromthe

di ppi n eserv al b BT

dependg(n);e of 8&1 ﬁl?? orﬁy gﬁ%@gwjﬂdgg?c{e I?%értﬁmt'%é;by dividing the

di Mpgnimde qaatmpby thmBﬁslehnaAﬁiphmdsrqluantdat a volune. 18.

The method of claim17, wherein said dippi ng reservoi r
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am& Hiﬂj&dﬁ@eﬁvé?rdﬂ"i‘fQH§ b bPthe MPacBokhlSBpSAdced @k@r estimate to the
volune to generate four attribute data volunmes A, B, B
" saischiy alatedy repsqsenidting noisedonsignalutgiootst gretter sham a ipre-determined
re!ﬁ?tl onship of a hypothetical flat layer with aligned

Y%al fractures, where A and B are AzAVO
equi val ents of AVO intercept and slope attributes,
r epect TheahythoBof tlain@ns AZKevEh aiet prelddteemimidatabd i§ onity.
ani sotropy intensity and ya is the azi mut h of the

ned, fract ures C n f at
r e er vt oDt %ﬁé’?‘p?&}%!f tﬁﬂ‘?#ﬂl ‘g) eﬁﬁﬁﬁ‘% fg)s dip- %l‘du(f&la errors in
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f oefttrfbnﬁasz?lgltl{)@d fr&k%% f)gse{s‘?rﬁgaéfﬁ”v lun{ecc)b(geﬁ &HB L Rfkmic urvey of a
-conpensat ed pe attribute BO for t e act uaf

d| pPing rfrse@@rr\)mng bren@mh ggtrem Brrgurden, Wr(sa)g
cal cul afh ng atcb@urﬁ UR a6tirPiRh 198 érﬁl%ﬁée\/@f enérgflidveagdndbltifl seismic

ofromﬁ %%f?" he. method .o laim 17, erein the
di ppvetstiee oBithe b egerineed and

(b) accounting for azimuth dependence of reflection angle reflected from

the dipping reservoir in the 3-D seismic data volume.

18.  The method of claim 17, wherein said dipping reservoir is isotropic, and
accounting for azimuth dependence of energy divergence and reflection angle

comprises:
(a) applying AzAVO inversion to the 3-D seismic data volume to generate

four attribute data volumes 4, 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 AVO intercept and slope attributes, respectively, B’ is an
AzAVO attribute related to anisotropy intensity and y, is the azimuth of the aligned
fractures;

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

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

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



accounting for azinuth dependence of energy divergence
and reflection angle conprises: (a) calculating dip

wan@besf13and di p azimuth angl e y0 sanpl e- by- sap@i/esSinoome6s

the seismc data volume; (b) calculating a scale

factor for each sanple in normal -noveout corrected

comon m d-point (CWP) gathers of the seismc data,

said scale factors being determi_ned to cause the

seismic data anmplitudes to satrsPy the AzAVO equati on

for a hypothetical flat anisotropic |ayer containing

al igned fractures; (c) applying said scale factors to

the seism c data sanpl e-by-sanple; and (d) inverting

sal¥ AzRvOnesduet pbalaom hrmimmein the plippig gesthveirs isodnitotrepic, and
scal ed sei sm c dat 0 nerate four dip-conpensated .

ot REPUITE G0 a- o peRThEE o ety FPigbiihand o dgtion angle
di gRhsikes-eservoir, where A and B are AzAVO equi val ents

of AVO intercept and slope attributes, respectively,

B' is afa)AzAwlcweting dipt angle b anddlip @zianits anglepy, sample-by-sample
intensity and c?/f Is the azinmuth of the aligned

f r Gemiheseismig dathewlyme:hod of claim 17, wherein the

di ppi n g@ges eE%{?l!lal’é‘[llI{ Sa &Qief’%E‘{o? %rce’acﬁ' &'n%)rl? (Eaﬂn cgr%){a?%oveout corrected

bei ng subst an due ractures

sudsiiraoi i mid-yoipe (QRIPYi Qithas dfotht heishs elaw)i daid sdalp factors being
azimuth, and accounting for azjmth dependence of

endiiginIeRd/Or G Be sriamiceate ampaidanig satisly M Ay O egyation for a
PR pBtHAG A ZAY Bhis BV S 198 $&t§iﬁ%g%ﬁﬁ&eﬁz¥a§glr9 .data to

gerierate four attributé data vo SB and 0 '
cor r esp@hdi ngpplying shidpobledhctomlto tHeakisinay data viatrtple-by-sample; and
aligned yertical.fractuyr where A and B are K AzAVO
cqui val Ghit s B ORI Atk SFETS! CaHOR 08 SETIReY PYPat Sathers of the
I ZRRALERIIY datd to IgEncdite ABMVEpARohipeidted diRlbatedath Qolumes 4, B, B’
ani sotropy intensity and yo0 is'the estinmated azi nuth
of andhy ,&b1 Grettfal dippingessservoir, edkeul and Myaci AzANG! egiivalents of
at the reservoir's upper surface and

AVO intercept and slope attributes, respectively, B’ is an AzAVO attribute related to

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

20.  The method of claim 17, 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:

(a) applying AzAVO inversion to the 3-D seismic data to generate four
attribute data volumes 4, B, B', and ' corresponding to a hypothetical flat layer
with aligned vertical fractures, where 4 and B are AzZAVO equivalents of AVO
intercept and slope attributes, respectively, B’ is an AzAVO attribute related to
anisotropy intensity and /' is the estimated azimuth of the aligned fractures;

(b)  calculating dip angles ¢ at the reservoir’s upper surface  and

obtaining dip-compensated AzAVO intercept attribute 4, for the actual dipping
reservoir by multiplying 4 by cos ¢;



obt ai ni ng di p- conpensated AzAVO intercept attribute Ao
for the actual dipping reservoir by nultiplying A by

weoweHs5187) adding the B and B attributes at eBCIUS2005/036968

spatial location on the reservoir's upper surface, and
mul tiplying the sumby cos f; (d) estimating

di p- conpensat ed AzAVO sl ope attribute Bo for the
actual dipping reservoir; (e) syubtracting Bo from (B +
Bl) cos f at each location to estinmate di pconpensated
ani sotropic slope attribute B] for the actual  dipp

reservdel; aaddingfthe Brandt iaHgbwesess saghngratial logatiap Olnﬁilﬁn %@ervoir’s

new y estimated af ] traints to the

i W@grsﬁ %‘ceﬁrnatnlg uiﬁfg&ier{%géfmﬁﬁggp@onver gence criterion

i s achi(gyed. es@matinAdipetdinpenkated QaAPD shipertribate By for the actual
di p-induced errors conprising: obtaining seismc data

f reopiBg 8§eVEY of a di pping formati on; and conpensati ng

for energy dj c ' i in-
rof | cctrby AngrARARCE; B0 A7 1) Rot BRRHERAGABn Ry estimate dip
f ayorrRieheited Adsotrbhie sheteruviibafe Bylfai the Actbahdippieg reservoir; and

Goponddbe crertig FEpFaeli n(Angit B8 prvSe e \arpiputes os
AZi s ats t5R! iiﬁx‘ér'ﬁ@ﬂ Vgl BpreQRtefth inBd bhveeerceAtéhn is achieved.

inversion to the seismc data to generate a plurality
ofattr) | SR SRR e driprising:

an%all'i t u’é%ﬁ?@g% @%ﬁz{?én%aﬁ&% EOFg{‘pl 1onsﬁi p of an?pnsmg

hypot hetical flat layer with aligned vertical,

f r act uretgaininglseisinit datg frandi piresygife dipping fappdengndf ace
of a dipping formation and nultiplying the cosine of

LES a? In pccPan | gaélgépftgﬂ gg%riggs M?géﬁt“%"lﬂ glg& iy dX]?énldE%etoq a reflection

Vagrohd inGRe Wisic Ghfasiet a (YR fothaioaept attribute for
t he "di pping formation; cal culating a di p-conpensated

AVO sl ope attribute for the dipping fornation; .
22, he method of claim 21 wherein compensating for energy divergence and the

azimuth dependence of the reflection angle comprises:

applying Azimuthal Amplitude-Variation-with-Offset (AzAVO) inversion to
the seismic data to generate a plurality of attribute data volumes that correspond to
amplitude-offset-azimuth relationship of a hypothetical flat layer with aligned vertical
fractures;

calculating a dip angle at an upper surface of a dipping formation and
multiplying the 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.



and cal culating a dip azinuth yofor the dipping
formati on. 23. The nethod of claim 22 wherein the

w@bkweabitsy of attribute data vol unes conpri sesPCHUS1005036968

attribute data volunme A that is an AzAVO equi val ent of

AVO intercept attributes; a second attribute data

volunme B is an AzAVO equi val ent of AVO sl ope

attributes; a third attribute _d?%g volune B is an

AzAVO attribute related to anisotropy intensity; and a
fourth attribute data volune ya is the azinmuth of

hy2fot heThec alethodr vf cddimf 2cwhares. thedplumliey oétatwidutsf data volumes
claim?23, wherein the AzAVO inversion is fornmul at ed

t HfBWIH®equat i on R=A+Bsi n2Q+B' cos2(y - ya)sin2q for A

B, B and ya where Ris reflectivity and q is the

ref | ecty aRy andhee Hota vohehe Hafdtas bi QR AGK® Bluivaleithe AVO intercept
seism c data, and the dip azimuth yO is equal to the

f oaffrithitest t ri bute data vol ume ya . 25. The method of
claim2 1 wherein conpensatlng for energy divergence

and the, a2l i RuAERCEAG \efufl B Cad HALPO! AivAIGL ©f AVO slope

conpri ses: cal cu Ing a p ang |p azi mut
anglribuydd; f or each of a plurality of sanples fromthe
sei sm c data; calculating at | east one scale factor

for each of, t rall of,sa N 0 | -.,moveout .

corr ect%g“@o?'mg%‘%’nﬂﬂt p(ﬂ cm? ?Né? §H’8§‘Ha %lateg%o anisotropy
seintdik#y.daia, the at |east one scale factor being
determned to cause the seisnic data anplitudes to

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

24.  The method of claim 23, wherein the AzAVO inversion is formulated through

equation
R = A+Bsin’ 0+ B cos’ (v -y, ) sin’ 0

for 4, B, B' and y, where R is reflectivity and 6 is the reflection angle for each
reflection event in the seismic data, and the dip azimuth y, is equal to the fourth

attribute data volume y, .

25.  The method of claim 21 wherein compensating for energy divergence and the

azimuth dependence of the reflection angle comprises:

calculating a dip angle ¢ and a dip azimuth angle y, for each of a plurality of

samples from the seismic data;

calculating at least one scale factor for each of the plurality of samples in
normal-moveout corrected common mid-point (CMP) gathers of the seismic data, the
at least one scale factor being determined to cause the seismic data amplitudes to
satisfy a Azimuthal Amplitude-Variation-with-Offset (AzAVO) equation for a
hypothetical flat anisotropic layer containing aligned fractures;



satisfy a Azinmuthal Anplitude-Variation-wth-Ofset
(AzAVO) equation for a hypothetical flat anisotropic
wO agpe05518nt ai ni ng al i gned fractures; appl yi ng tPEeI/a82005/036968
| east one scale factor to the seismc data for each of
the plurality of sanples; and inverting the AzAVO
equation on the CVP gathers of the scaled seismc data
to generate a plurality of attripute data vol unes 26.
The nethod of claim 25 wherein the plurality of
attribute data volunes conprises: a first attribute
dat a vaipplyng\ thhat léast ane seabe/dactoiu o sheeprismpic data for each of the

Argzll iagud(g- Valii ation-with-Ofset (AVO intercept
at RIPPH PSARSeBWYhd attribute data volunme B is an
AzAVO equi val ent of AVO sl ope attributes; a third

att ri buheerflal #he/ALAN® Euatibs oRthe’CIP atlicry oDtheascaled seismic data
related to anisotropy intensity, and a fourth

at torgeherate ﬂdziu@h@)bﬁﬁ?élbyk data ¥h&mes i nut h of the aligned
vertical fractures. 27. The nethod of claim 26,

wher ei h v t b Sei + ; B HRE2 (¥ta- vol
V1% S o A O 251y e FRRLR, O IBRRR2 Gt volumes
r e¢dmgeiseoan angle for each reflection event in the

seismc data. 28. The nethod of claim2 1 wherein

conpensat.i ng .for_ ener di vergence and e azi h oo
depend&w%‘éﬁcﬂmﬁw@ f‘ag? %B’ﬂ%ﬁ tgﬁtg1seanc I’ & ]%w{[gét of Amplitude
apVEMétﬁﬁrvﬁ%h@ifﬁﬁ{A‘@O?iﬂtéré@ﬁ at¥abutad;i on-wi t h- O f set

(AzAVO) inversion to the seismc data to generate a
plurality of attribute data volunmes that corge pon(}‘&e

a hypothéedoad] atiribate dafpevolipe i &3 AR et V@ requivglent of AVO slope
fr%%iibl{l{e%s, wherein the plurality of

a third attribute data volume B’ is an AzAVO attribute related to anisotropy

intensity; and

a fourth attribute data volume y;y is the azimuth of the aligned vertical
fractures.

27.  The method of claim 26, wherein the AZAVO equation is
R= A+ Bsin® 6+ B'cos’(y -y ,)sin’ 0

where R is reflectivity and 8 is reflection angle for each reflection event in the seismic

data.

28.  The method of claim 21 wherein compensating for energy divergence and the

azimuth dependence of the reflection angle comprises:

(2) applying Azimuthal Amplitude-Variation-with-Offset (AzAVO) inversion
to the seismic data to generate a plurality of attribute data volumes that correspond to
a hypothetical flat layer with aligned vertical fractures, wherein the plurality of

attribute data volumes comprises a first attribute data volume A that is an AzAVO



attribute data volunmes conprises a first attribute

data volune A that is an AzAVCequi val ent of Anplitude-
wy/a006m5318N- wi t h- OF f set (AVO) intercept attri buP@BEUSE05/036968

second attribute data volunme B is an AzAVO equi val ent

of AVO slope attributes, a third attribute data vol une

B' is an AzAVO attribute related to ani sotropy

intensity, and a fourth attribug data volunme ya is an

azimuth of the aligned vertical tractures; (b)

calculating a dip angle f at an upper surface of the

di qapivalpnt of rahplimdaiVdriabinawith1Qffsdt PA ¥ONpeiesape ditdbusesOa second

intercept attribute. A Xor e di ppi.n ion h .
ARG VR ol 1 ACSY CLAIHEEEE &7 hatope Ambutes, @ third
atafn;rib{itét & FbIBRCH i3 RAUAAVD ABAbLRRIBRI tH AnldBREPy intensity, and a
surtace of the dipping formation, and nultiplying the

s ufiowittly attuilsute datadplusss yaiaeh agindith of berplignedt veatioak Rectures;

sl ope attribute Bo for the dipping formation; (e)
subtractin dr B+ B cat | .
csti mat) rGEaHpE ALt ele ol af Al A ans b A Briyion and
f ogbtdikiag diippbmgersatedRZANT irdardertiattribite Ua fomne dippirpioneation by
steps (a) to (e) with the estimated attri butes as

consltiphyiirg 4 bygos e AzAVO i nversion until a
pre-determ ned convergence criterion is achieved. 29.

The rret@g gdc?[%% ?ﬁeﬂlﬁ Thd B aRA& &0 eﬁ&kﬁspﬁﬁﬁ\{é’cz{tfbﬁgﬁﬂh@ ghpj(auif surface

formul a ough equation R =A +B'sin g +B' cos
- ofahe dippirg formatidnpandmulplyidig tadumbywioewe R i s

reflectivity, g is reflection angle for each

reflecti,on event in the seismgc a a_| .
W th ydamsiReEnte (ot yEh A Mok sl B2 dpe cibping
of foftn@sh;a val ue cal cul ated fromthe preceding

equation with no Nterm 30. The nethod of claim 21,

wher ei n conpensating for ener di vergence and the )
azi nut Hed éggﬁﬁéwge?tofﬁoﬁhél} reffkeps d’nataP@%elocatlon to estimate dip-
Co égéﬁé{ﬂig&{@ﬁé ﬂgpeaaﬂ?ﬁgﬁ' E,%?thg;dﬁ%?ﬁé formation; and

repr ative o maxi nm anoun

(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.

29.  The method of claim 28, wherein the AzAVO inversion is formulated through

equation
R=A+Bsin® @+ B'cos*(w —w,)sin* 8+ N

for 4, B, B’ and w, where R is reflectivity, 6 is reflection angle for each reflection

event in the seismic data, y, is replaced with y, and & is the difference between a

measurement of R and a value calculated from the preceding equation with no N term.

30.  The method of claim 21, wherein compensating for energy divergence and the

azimuth dependence of the reflection angle comprises:



anplitude variation in dip-induced Azi nut hal
Anpl i tude-Variation-with-Ofset (AzAVO) from Magnitude

WE2(B0551BA 0) tan2f sin2 1 where Aoand Bo are PCT/US2005/036968

representative val ues of Anplitude-

Variation-with-Ofset (AVO intercept and sl ope

attributes, respectively, f is a dip angle of a

di pping reflector, and gq is thesgeflection angle
characteristic of reflection events in the seismc

data fromthe surface of the reflector assum ng the

ref | ect@lculdingea ﬁna@mtuqumtm repeesentptive of hlee mapinumy@mount of

SN RS oo, N AR A g-yoome

f r @AANORfrofl P- i nduced error estimate by dividing the
magni t ude quantity by the baseline anplitude quantity.
31. The nethod of claim 30, furt her conpri sing
conpensat i ng MdgwitkdeG éBot-r{;Emt@s ¢fsér’ Gdi p-i nduced error
if the ratio of the fractional dip-induced error

estimate to the represent ative noi S gnal rat
of Whete dyand Bo aregpigserdatiiecziuss of AaHp W&ri’ard%twrvﬁth@%fset (AVO)

Valln{“é?ceg% and élo %‘é’lﬁlﬁés, :ﬁ%@%“gg}%g ?qu Qﬁyén’r‘%lé 8fa dlpplng reflector, and

conpen atlng p- 1 ors 1Sl ng

obd;és thie reflention r:mgle dharactbristio af reflectioy eroéntmmlﬂhp peismic data from the
formati o ensat n di ver gence and

ST oD aresi Soornae e e g Babe 1 th

seismc data for a dipping formation. 33. The nethod

of cl ai ;aAdatipe] BisSlirkOIRSRed dld&ﬁtnfy%;f)@é&ﬁa&ﬁ/edif‘dﬁﬁﬁﬂ@ﬁor from
and the azimuth dependence of 'the reflection angle

conpri ses: appl yi ng Azi mut hal
Anpl i t ude- VaBaselinodmplitude CF s e1B, 6162 Au@ndi nver si on to

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

quantity by the baseline amplitude quantity.

31.  The method of claim 30, 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.

32. A computer implemented method for compensating for dip-induced errors

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

compensating for energy divergence and azimuth dependence of a reflection

angle in the seismic data for a dipping formation.

33.  The method of claim 32 wherein compensating for energy divergence and the

azimuth dependence of the reflection angle comprises:



the seismc data to generate a plurality of attribute
data vol unes that correspond to
wa@epbisuae- of f set-azinuth relationship of a  PCT/US2005/036968
hypot hetical flat layer with aligned vertical
fractures; calculating a dip angle at an upper surface
of a dipping formation and nmultiplying the cosine of
the dip angle by the first attrjgute data volunme to
obtai n a di p- conpensat ed
Anpl i tude-Variation-w th-O fset (AVO), intercept ) )
at t ri buapplyfing AzheuthalppmpdiniderVeaiatior-witaDéigetatizdg/ @) inversion to

di p- canpensat ed AVO sl ope trd t L PRl

B SOPRA OG5 oG LR §f Bl S P Sesona o
di RRI{I6Id-SffsERhiiaTtth 2datiohlp G4 hggothétical Aanadad wittealigned vertical
the plurality of attribute data vol unes conprises: a

f ifrastureg;t ri bute data volume A that is an AzAVO
equi val ent of AVO intercept attributes; a second

attrib ; aof; i i o NG d
sl ope ;(%arcﬁ?%h?eés(;&g%% 3§aa?tr]u| bﬁ:égr gétjgf\%ﬁim%'f 'S 1o an
anméilzipyahgtherdobint @frthd dipexhgledbyathesfost atpybute tien yiotyme to obtain a
and a fourth attrjbute_data vo is..an azi mut h,o

P RPTgREed ch P BN er et Sah- OBl FAY Oho EHB e mbite for the
cl ai magsei n the AzZAVO inversion is fornul ated
thric))]{}g%%%quat&?’on R =A+Bsi n2g+B' cos2(y- yJsin 2qfor A,

B, B and ya where Ris reflectivity and q is the .
r ef | ectdabmulatinglaedipspmpantatedet Y @lonsratibatn for thetdipping formation;

seismc data, and the dip azinuth yo is equal to the
f h

calculating a dip azimuth y, for the dipping formation.

34, The method of claim 33 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 AzAVO attribute related to anisotropy

intensity; and

a fourth attribute data volume w, is an azimuth of the aligned vertical
fractures.

35.  The method of claim 34, wherein the AzAVO inversion is formulated through

equation

R=A+Bsin’0+B'cos’(w —w, )sin’ 0



attribute data volunme ya . 36. The nethod of claim 32
wherei n conpensating for energy divergence and the

w@2ioansdi3dependence of the reflection angl e cop@r/US®8s/036968

calculating a dip angle f and a dip azinmuth angle y0

for each of a plurality of sanples fromthe seismc

data; calculating at | east one scale factor for each

of the plurality of sanples in 4wrml-noveout

corrected conmon m d- poi nt ( gat hers of the

seismc data, the at |east one scale factor being
defoerniBad and wauskert ieisswillsetivitydandal dsmshd raﬂ#@éon gngle for each

sat a Azi nut hal i tudes atl on- i
RIS By e reisni by BRL RGP Rt 3 ERE g the fourth
I aax@muféqagamdpﬁxﬁg#,,al igned fractures; applying the at
| east one scale factor to the seismc data for each of
the plurality of sanples; and inverting the AzA
q3ﬁat i Grhegnethpd ofwirim 3 tesein compenssting &y egéqggrﬂl\ﬁera%&cs and the

r %g;g data volumes. 37.
ﬂﬁﬁ}ﬁ dgéﬁ%d?n&léﬂﬁé lfg&t er e%ier‘%c pFu’r ality of
attrl bute data vol unes conprises: a first attribute
dat a vQlaleuiatifg tahtip ahgle arndaANPaeienitly ahglaty  ofor each of a plurality of
Amplitude- Variation-with-Ofset (AVO i ntercept
at gamipheg s the seisooadatat t ri bute data volune B is an
AzAVO equi vaI ent of AVO slope attributes; a third

U IR AT ol ARV RE B MGl & Shoes in

V Ol d#RI-Mhbvécut E&Qecﬁéd BathioR il peird(CHIPY Gatherst dfalt seismic data, the
fractures. 38. The nethod of claim 32 wherein

coripleast an¢ seale drcter beigy detepmingd Heecayprythensgismic data amplitudes to
satisfy a Azimuthal Amplitude-Variation-with-Offset (AzAVO) equation for a

hypothetical flat anisotropic layer containihg 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 attribute data volumes.

37. The method of claim 36 wherein the plurality of attribute data volumes

comprises:

a first attribute data volume A4 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



azi mut h dependence of the reflection angle conprises:
(a) applying Azinmuthal Anplitude-Variation-with-Ofset

W@ 200603137 nversion to the seismc data to genePEL/ESH05/036968

plurality of attribute data volunmes that correspond to
a hypothetical flat layer with aligned vertical
fractures, wherein the plurality of attribute data
vol unes conprises a first attriqgue data volune A that
is an AzAVO equi val ent of
Anpl i tude-Variation-with-Ofset (AVO i ntercept
attri bat &wirthaagabwedlata tvofuse d/rdatthe \asimud ef ithe gligned vertical
Azﬁ(_A equi val ent of AVO slope attributes, a third
"t e data volume B' is an AzAVO attribute rel ated
to anisotropy intensity, and a fourth attribute data
vagume The mhé&hed ofzlhimiBD wiferdih eompeémgaiing foeeherggldivergence and the

fractures; (b) c IcuI ting a angle f at an upper
s eimh %en@ﬁ’éced? § f “31{% €%bt ai ni ng

di p- conpensat ed AzAVO intercept attribute Aofor the
di ppi th L%ﬂfgﬁgqﬂglﬁﬁthgpMﬂ}@hﬂd@gmﬁtﬁﬁ-vﬁﬂiio&set( zAVO) inversion

addi ng attributes at each spatia
| dodlie seisnon datago Lgpqmate auplfizabity of attribatedlaggpyelymes that correspond to

L5 FoRAR s T AL AL SRR B, g o, o

f OfibliR HitPRbRshes QoMplis@Na flr&) atiblter @d lvﬁ@urfé D thaomaaBA\zAVO
+ B1) cos f at each [ocation to estimat

d.qquxmbeh ohvenplindesYenaine wih-§Eeh{A V0D utﬁércspt pEiibytegea second
azggt%kﬂgt%(ci%%a We 1%1‘(1){] ﬁ 1@%% AEAVU gg@%l&gc (%thﬁV@)b %be hfiBes, a third

e esti mat ed

CCHﬁtSfbﬁﬁl dut vélamelB iAZAMRA VO eftsibae related |to anisotropy intensity, and a
pre-determ ned convergence criterjon chi ev
o8 by

9.
THeurepifafnte fata Valupmeds: 1s 4R aFguth Ve fgfna%‘fe?;s
formul ated through equati onR A +Bsmi 2 q +B cos2(y-

ya)sm 169ht Bip Bigle 87 aX dappiauadd dfSthe dipping formation and
refl ecf(%lg%y, g%i% rpef geec?l on aﬁw for each PpIe

r edbitaning dip-compensated AzZAVO intercept attrlbute Ay for the dipping formation by
multiplying 4 by cos ¢;

(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;

(¢) 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.

39.  The method of claim 38, wherein the AzAVO inversion is formulated through

equation



event in the seismc data, ya is replaced wwth y0O and
JV is the difference between a neasurenent of R and a

wo 20060531381 cul ated from the precedi ng equati on RET/IISI905/036968
JV term 40. The nethod of claim 32, wherein
conpensating for energy divergence and the azinmuth
dependence of the reflection angle conpri ses:
cal cul ating a nagni tude quantitiyrepresentative of the
maxi mum anount of anplitude variation in dip-induced
Azi mut hal Anplitude-Variation-with-Ofset (AzAVO from
Magni t ude = RBQ + BAY? @ alcds’ @i A, Ysimh@reV Aoand Bo are
representative val ues of
Anpl i tude-Variation-with-Ofset (AVO intercept and
slfopd, & tA'iabdiyeswheresh és tafleetivity, O is seflectiop anglgl for egchareflection

di pping reflector, and. q is the. reflection angl.e

C PR SFiTRIRatf BOPPRRFETEh e Al Pis (BE AL rrence between a
data fromthe,surface of, the ref|gct ]

- appasptegrent 6 R 8 p SERe Bate bR, BE vie R B e i o V term.
guantity representative of a flat reflector from

Bage! i MenoAfpthbd bflelaith32;HBhersinrtompansating fiek angtgyuliedrpeige and the
a fractional dip-jnduced error estipmate by dividing

t resimeriepenfencaaiiihe taflepjon MElLTRISEE anpl i t ude

quantity.

calculating a magnitude quantity representative of the maximum amount of

amplitude variation in dip-induced Azimuthal Amplitude-Variation-with-Offset
(AzAVO) from

Magnitude = ( By —1 4, )tan’ ¢ sin’ 6,

where 4, and By are representative values of Amplitude-Variation-with-Offset (AVO)
intercept and slope attributes, respectively, ¢ is a dip angle of a dipping reflector, and
6; 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 =4, + B, sin* 6, ; and

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

quantity by the baseline amplitude quantity.



