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A method for deriving reservoir lithology and i .
fluid content for a target location (400) from pre- - WELLBORE uzAsuneMEnTs | | 20 O30 SEISHIC AEFLECTION
stack seismic reflection data (110). The method uses AT CALIBRATION LOCATION CALIBRATION LOCATIONS
inversion (200) of pre-stack seismic reflection data . .
for both the target location and a calibration location ! {
(110) having known subsurface lithology and fluid . 100
content to derive the subsurface lithology and fluid PRE-PROCESSING
content at the target location (400). The inversion :
process (200) is pmferabg a mcoelas;ic inversion l ‘ ]
to account for the effects of friction on seismic wave
propagion. The s of e iveionprces e oo wwcomnermo | [ movrmenicr | [ L
a set of subsurface elastic parameters for both the AT CALIBRATION LOCATION SEISMIC DATA
target and calibration locations. Relative magnitudes - — -
of these subsurface elastic pararneters are compared 148 142 144
(300), together with the known subsurface lithology 150
and fluid content at the calibration location (146), to PTRANSFORMATION |
derive the subsurface lithology and fluid content at
the target location (400). ‘
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the subsurface formations to be determned with a great deal of accuracy.
However, to date, efforts to devel op techniques for deriving the geol ogic
properties of the subsurface formations have net with only linmted success.
WD 96/ 07935 '

PCT/ US95/ 10594 Obvi ously, know edge of these subsurface geol ogic
properties would be highly ) val-uabl e i n deci di ng whether or not to
drill a well at a particular |ocation. It s well known by
persons skilled in the art of seisnic prospecting that the presence

of hydrocarbon accunul ations in a subsurface formation can have a 5
significant effect on the velocity of propagation of conpressional waves
(P-waves) through that formation. This effect is the basis of the
so-called "bright spot™ phenonenon in which an anomal ously -high
reflection anplitude on a seismc section is an indication of the
presence of hydrocarbon accunul ati ons, particularly natural gas, 'in
the formation. Unfortunately, the bright spot phenonenon is |0
susceptible to error because nmany seisnm c anplitude anomalies are not

caused by hydr ocar bon accumul ati ons, or they are caused by

hydr ocar bon accumnul ati ons - which are low in total saturation and often
non-commercial. For this reason, wells drilled on such bright spots
often encounter either no reservoir sands at all (and, therefore, no

hydrocarbons), or if the sands are present, no hydrocarbons or only 15 _
| ow saturations of hydrocarbons. Thus, there is a need for a technique that
can be used to discrimnate between reservoir sands ‘and other

l'ithol ogies (e.g., coal or shal e) and between | ow saturation and ful'
saturation of hydrocarbons. One techni que which may be usef ul
for this purpose is anplitude variation with offset ("AVO') anal ysis.
I n AVO anal ysi s, neasurenents of P-wave - o -

FOR THE PURPOSES OF INFORMATION ONLY
CodumdwﬁmﬁfySmmm&ePCTmﬁaﬁmtpagesofpmpmmpubhshmgmwmmﬂ
applications under the PCT.
AT  Amtha GB  United Kingdom MR  Mauritania
AU Ausnlia .GE.  Georgia - - " MW Malswi
BB Barbados. - -GN.  Guinea NE  Niger
BE Belgium GR  Greeee NL  Netherlands
BF Burkina Fsso HU .= Hungay NO Norway
BG  Buigaria IE Treland NZ  New Zealand .
BJ Beain I Taly PL Poland
BR _ Brazil »r Japan PT Portugal
BY Belarus _ Kenya RO  Romania
CA  Canada KG  Kymgystan RU  Russian Federation
CF Central African Republic KP  Democratic People's Republic sD Sudan
CG Congo of Korea SE Sweden
. CH  Switzetland KR . Republic of Korea s Slovenia
CI - Cie d'lvoire KZ  Kazakhstan SK Slovakia
CM  Cameroon LI Liechtenstein SN Senegal
CN  Chima LK  SriLanka T Chad
cs Czechotlovakia LU Luxembourg TG  Togo
CZ  Czech Republic LV  Lavia _ TI  Tajikistn
DE Germany MC Monaco T Trinidad and Tobago
DK  Denmark MD  Republic of Moldova VA  Ukmnine
ES Spain . MG - Madagascer US United States of America
FI Finland. . ML Mali vz Uzbekistan
FR France MN Mongolia VN Viet Nam
GA  Gabon :




20 reflection anplitudes with di fferent angl es-of incidence are used to
at t enpt %?6107.935 determ ne conpressional wave (P-wave) vel perikes/ e’ Wave

(S-wave) velocity, density, and 'Poisson' s ratio for each subsurface
| ayer suspected of -containing nat ural gas. Know edge of these
subsurface el astic properties can be used to ---- predi ct whet her or
not natural gas accunul ations are present. See e.g., Ostrander, 25 W
J., "Plane-wave reflection coefficients for gas sands at nonnornal angles
of . i nci dence, " Geophysgg DER CREEHRY 4, for a

di scussi on of AVO WW : ' S hod for using
AVO anal ysis to distingytstt IN OF Sk ) ol i t ude anomal i es
and non-g%ls-rel ated anpf _ FESION SEIS DATA .

2 WD 96/ 07935 ' _ ' :

PCT/ US95/ 10594 However, Ostrander admits that distinguishing between
| ow gas saturation and full ‘ ' mvery difficult.

AVO t echni ques have been the: - prior patents. For

“exanple, U.S. Patent ‘No. 4,858,200 ("CGoins") discloses a nethod for
determining 5 the presence of hydrocarbons in subsurface geol ogi cal

“formations by co V-t - S flection
y comiistinvéiftion relates ZRAGRR{ES Eheecféel&’ o?@.ﬁ??%oﬁegﬁ#%

data. The S-wave reflection data’s _ st mat ed e data
using vang at e phrticulafly2 660h niettitd fof déﬁﬂng fésepvolcllithology aBd WNE colitbt W th-
source-receiver offset. Two related patents, U S. Patent Nos.

. 4,858, 201 (" fionnpresstackl inversiondf4eiSinic &2, ("Fitch et al.") describe two
different 10 nethods which can be used for obtaining S-wave data from

comon dept h poi nt gat hered P-wave traces.
BACKGRDJJND_QILTHEMNJIQN
15 - In the oil and gas industry, seismic prospecting techniques are commonly

used to aid in the search for and evaluation of subterranean hydrocarbon deposits.
Generaily, a selsmxc energy source is used to generate a seismic signal which
propagates inte the earth and is at least partially reflected by subsurface seismic
reflectors (i.e;, ihterfaees between undergrour_id formations haViﬁg different elastic
20 prbperﬁesj; The reflections are recorded by seismic detectofe located at or near
the sili'faee of the eerth, m a body of watér, or at known depths. in boreholes, and
the resulting seismic data .m'ay be processed to yield information relating to the
geologic structure and properties of the subsurface formations.
 The geal of all seismic data processing is to extract from the data as much
25 iﬁformatioﬁ as:'pt:;ssibleE regarding the subsurface formations. Data processing
techniques have bee'n:developed which typically permit the geologic structure of
the subsurface femiatiohs to be determined with a great deal of accuracy.
However, te :da;l:te,' effoﬁs to develop techniques for deriving the geologic

propefties of 'the subsurface formaﬁon_s have met with only limited success.



U S. Patent 4,817,060 ("Smith") discloses a process for directly detecting
the presencé of hydrocarbons fromseismc data. First, the P-V\ﬁé‘e and

S waveaVO96/0793% of | ectivities are extracted from the dat aPOHUSHWOX%- by-trace
basis. The P-wave 15 reflectivity is then determ ned as a function of the
S-wave reflectivity and the result is subtracted fromthe extracted

P- wave reUb@ﬁJ(ﬂ):%l‘{lih%o&Ed bt ﬁ@s@su%kﬁ?f&efgéﬁfogﬁ pgnp%iféé‘ﬂftbﬁg %‘%TE%!?' cat| ve of

t he presence

rocar bons. 7

(" Mast er syishie th ASASing WHREES of A6t RFEIIER Welltat A'Hfarticular loélitidR! ayi ng seism ¢
data to enphasi ze potential hydrocarbon bearing strata. These 20 met hods

“"treat neasur ed]tdis welltkiowvh By persdrsaeskilleddiitiee siebfiseismicprospectdgsthat the vect or,

- estimate a background vector which represents uninteresting geol ogic
behavi or, presence ofthydtdearbohaccnmulatienssin acsabsurace formationtcan baved quantifies-

»

departures fromthis uni nteresting behavior. The end
producs s significanteeffect on ther velovitp ofpropagation ofcompressional paves P-waves) 25  of
the P-wave and S-wave reflectivities for the target |ocation. Although sone

of throughethat fosmation c dbisceffesbisdhe basiyyof the sowcalledithrightspoti t y of also
determ ning the . ...density reflectivity (see e. %a the patents to Smth
and Mast epBenomeagn i ¥hich ananemalously high seflegtion paplitidg ofet $640IE or .

fully dqi : e N - :
\S,\:)C SE,S 87 ggqgt/ion?é_ art insd?cati_on of the presence of hydrocarbon accumulations, particularly

g |C-sr{: HS%S/E é(?)'gf%g gB%'t indhe, fqip]apgnéﬁﬁltf&%&m&e?ﬁ% %@B%?%WM’& 'ili :I 3 Ir ajt |n ons is
Pvo- dtfonsispiieic s Gicatl, iy Rionfe ampli B Mol e WBPLasdbby ° )

Synmes, W

15

20

25

nydroBAtbofrabéaflitfons; or they are'CduS&d by hdroEirbbR Rectimitidlons ™ ent i-al_
which are low in total. saturation and often non-commercial. For this reason, wells
drilled on such bright spots often encounter either no reservoir sands at all (amd,
therefore, no hydroeai'bons), or if the sands are present, no hydrocarbons or only -
low saturations of hydmcarbone. Thus, there is a need for a technique that can be
used to discriminate between reservoir sands and other _lit_hologies (e.g.,coalor —
shale) and between low sa_turatinn-and full saturation,. of hydrocarbons. |
One technique whicli may be us_efnl for thxspurpose is amplitude variation
with offset ("AVO") analysis. In AVO analysis, measurements of P-wave
reflection amplitudes with different angles of incidence are used to attempt to
determine compressional wave (P-wave) velo_city, shear wave (S-wave) velocity,
density, and Poisson‘e ratio for each subsurface laye_r snspected. of containing
natural gas. Knowledge .of these subsurfaee 'elastie propefties can be used to
'predict whether or not natural gas accumulations arepresent See e.g., Ostrander,
W. J., "Plane-wave reflection coefficients for gas's.ands _at'_nonnormal angles of
incidence," Geophysics, v.. 49, pp. 1637-1648, 1984,1 _for a discussinn of AVO
analysis. Ostrander proposes a method for using _AVO analysis__to disti'nguish |
between gas-related amplitude anomalies and non-gas-related amplitude anomalies.

2



5 senbl ance optin zation," Geophysi cs, v. 56, -pp. 654-663, 1991, and

Martinez, . D. and McMechan, G A, "t-p seismc da

vi scoel asVOISEWS, - part 1 nodel I i ng, " Geophysi cal r(’)lggpggé |9‘r'1g, V.
39, pp. 141-156, 1991. As will be well known to persons
skilled in the art, seismc inversion is a process for deriving a

model of t he ERswever,SOStHRasY Adies tha OdispusdRing Eﬁéapw%m shftiratiGi #nd fall St ,

the process attenpts to extract information regarding the elastic
properties okatufationan befvepediffiauit.t he data. This information is then used
to construct a mathenmatical or physical nodel of the earth's

subsurface, and s;ﬁnVﬁetechmques havwecbeenmihe subjech of a pambern b pritrpatents.n Fohe
nodel. |f the synthetic seisnograns do not conpare favorably to the
dat a, appr oprexampleal.SsPatenttNo 64,858;3% ('1Goins{d disclbses a meghod for determipinghet i ¢
sei snograns are generated for conparison with the data. This process
repeats uft i [the presengaof évd@cgr@pmwﬁmferﬂspmw formationscby,gemaparative

approxi mate the actual data. The nodel is t ccepted as_acgcurat €.
Pre-stack i nASesYIRERt of Prwaws.and; S-ave reflection ﬁ‘ﬁt he Suavemtlechion ﬁat{an%

par anetors  SHUPBENATES A BIVAYS dad HnipacaraRORs e 4 ﬁﬁ@ﬁaﬁﬁ'%ﬁ

PRTEToe s Wl “W@ﬁ%@@% odiah

suveurce, |14 291 Pl d 99005 i 1. dsr f#acgty’

|| thol 0018 afiginbdsWhicfi O B@hsécff&?‘olifaﬁuﬁé s%v%edawﬁsmd&&ﬁmn depth point
gathered P-wave traces.

U.S. Patent 4,817,060 ("Smith") discloses a process for directly detecting
the presence of hydrocarbons from seismic data. First, the P-wave and S-wave
reflectivities are extracted from the data on a trace-by-trace basis. The P-wave

15 reflectivity is then detérmined as a function of the S-wave reflectivity and the
result is subtracted from the extracted P-wave reflectivity to define a fluid factor
which is indicative of the presence of hydrocarbons.

- U.S. -Paﬂent-5;001;677 ("Masters") discloses methods for processing and
displaying seismic data to emphasize potential hydrocarbon bearing strata. These

20 methods treatmeasured attributes from the seismic data as components of a vector,
estimate a background vector which represents uninteresting geologic behavior,
and then form at least one new attribute which quantifies departures from this
uninteresting behavior.

- The end products of thesé prior art AVO processes usually are predictions

25  of the P-wave and S-wave reflectivities for the target location. Although some of
these prior processes have recognized the desirability of also determining the
density reflectivity (see e.g., the patents to Smith and Masters cited above), none
has disclosed a method for successfully doing so.

3
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The.pre?@r?f’“?ﬁention is a nmethod for deriving the litho 2 uid

content at a subsurface target |ocation from pre-stack seismc reflection
data 5 obtai ned at both the subsurface target |ocation and a subsurface
cal i bration | ocaroftier techniqud WHidomby BuRséful MUiRGimiRAThg betivEerr @itfefit - | N one
enbodi nent the invention conprises the steps of (a) creating nodels
of the subsitholepies i fisid saneativns isopréistaRk inversion basedionOdither D) sel ecting a
set of elastic paraneters representative of the |ithol ogy and fluid
cont ent at ohdrdimensiomal D) orawoklimensional 21D model of the gartt’ o subsogfacen 10

i nversion of the pre-stack seismc reflection data to determ ne the

sel ect ed s8ee efg., Symes, &Y aW.iand (Caraazone Js J at" Vielarlity dfiversiph by alifferentidl poi nt s

in the nodels of the subsurface . target and calibration locations; (d) )
conparihg sanblancecoptinggations’e Geepiysics, vl 36 PPc654-663, 199 annd Mastinez; t he
subsurface_target and calibyatign locations; and (e) using the _~ results -
of the conBarD-sa@ﬁMﬁMeﬁh?@,-é]m FiP Seismie dlata for yiseoelpstic media —part ke 15

At the - modeligeL PARIRIRIOOSEE: brid: PRe 141456 M Areters are
Dreferabl v ool ol Kbl Wiown o perlbR BB Wit IR,
o vave vl Blchl o Bnlink s ROV NE ARV byl BRI |, L,
consi ot Sncyeth; iRt PHRFRORSO AL b CRchRRbmion TYBg el |1V Y ¢
e b BT e tita. T I e e o process
used in thgomters matlieneitical st plfysiealah6del of theearth's subsurface, and synithetic
seismograms are generated based on the model.  If the synthetic seismograms do
not cdmpare favorably to the data, appropriate adjustments are made to the model,
15 and new synthetic seismograms are generated for comparison with the data. This
- process repeats until the synthetic seismograms gener#ted.from the model
“approximate the actual data. The model is then accepted as accurate.
Pre-stack inversion processes typically attempt to estimate both the
background P-wave velocity model and the contrast in-various elastic parameters
20  (P-wave velocity, S-wave velocity, and density) and, therefore, are non-linear.
Thus, these techniques are extremely complex, and, to date, they have been
unsuccessful in deriving subsurface lithologies and fluid contents.
Accordingly, there is a need for a method which can be-used to derive
subsurface lithologies and fluid content from pre-stack seismic data. |

25



vi scoel astic inversion so that the effeets of .frictional attenuation on
seismc {(ﬁ propagatlon can be taken into account. %"2 %%cabl e,
i nversionin e p T domain is preferred because of i o tional

advant ages. Conparison of the - el astic paraneters resulting fromthe

i nversion preferably is done by nmeans of ratios of elastic paraneters
so that the conparison is | NSENEVIARY NTYON

5 seism c data scaling. er features and _
advant ages of the invention will be apparent to persons skilled in
the art based on the teachings set forth herein. The
present inventi on Thelpresent invention isradnethod 6ot deyivirgf te titgogyand ftuido! | owi ng
detail ed description and the attached draw ngs in which: Fi g.
l:is a flow Gﬂ@lﬁm &mnbﬁgfm target locationcfromipre-stack seismit eflectibmdma  of

the inventi on: Fig. 2 is a flowchart showing the various .

steps usedl i ﬁbfallf@dpﬁ‘ évpmheeubsu ace tasgesdocation apd atshbsusfage calthration logatidmse of
Steps.of |t he Baving kpawaliholagy b fluid contsse.ls Ane sabesiaeet the duesmea ment of
L, oot Bomagtes e s o) e el s e s ® "
‘inversion phyge;8hs; By sdd¥BR %' sf'of elastic parameters representative of the lithology
and fluid content at the subsurface calibration location; (c) performing an
10  inversion of the pre-stack seismic reﬂectioxi data to determine the selected set of
| elastic parameters at each of a plurality of points in the models of the subsurface
target and calibration locations; (d) comparing relative magnitudes of the elastic
parameters for the subsurface target and calibration locations; and (e) using the
results of the comparison and the known lithology and fluid content at the
15 subsurface calibration location to derive the lithology and fluid content at the
subsurface target location. The elastic parameters are preferably selected from the
group conSisting of the elastic reflection factors (as hereinafter defined) for P-wave
velocity, S-wave velocity, dehsity, P-wave impedance, S-wave impedance, and
ration of P-wave velocity to S-wave velocity. The invention 'typically also
20 includes a pre-processing phase designed to improve the quality and consistency of
the pre-stack seismic data. However, this pre-processing phase may be omitted if
- the seismic data, as acquired, is suitable for pre-stack inversion.
The inversion process used in the preserit invention is preferably a
viscoelastic inversion so that the effects of frictional attenuation on seismic wave
25 propagatic’)n can be taken into account. Where applicable, inversion in the p-t
domain is preferred because of its computational advantages. Comparison of the
elastic parameters re.sulting from the inversion preferably is done by means of

ratios of elastic parameters so that the comparison is independent of the original

5



e plot of P-wave velocity
,gem,e;_‘_“ apel time for line 1
Sy &‘_L“._;_., '! i ggl e
trace plot of P-\wew V- Versus - wave two-wvay -
normal i ncidence traveltine for line 2 of the éxarrpl e,

Fig. 9 shovgisnibldatakscalith. MMhdse anH GtHe? fidrites aid vi E?Sf ﬁ'ﬁ

reflectivity ver bR
of the

reflectivity versus P-wave two-way norna |dence raveptl me for
~line 1 of twill bxapparent36 perRons skilled inthé hntba@edsaf@eft@&hﬂ{ s 3t fohl- 7

6 Fig. 10 shows a bl ack and V\/mte V\nggletrace pl ot

of the densherginc ef | ectivity - versus P-wave. two-way. normal incidence
traveltine for line 2 of the exanple scal ed : with the sanme factor as .
Fig. 8;. : Fig. 11 shows the P-wave velocity reflectivity (solid

-+

i ne) and density 5
hori zon Sfor sel ected m&

ref | ecti VI t dashed |i ne) val ues al ong the target

The present invention will be better understood by referring to the
following detailed description and the attached dréwings in which:

Fig. 1 is a flow chart showing an overview of the preferred embodiment of

10 - the invention; - o - : '
~ Fig. 2 is a flow chart showing the various steps used in the pfeferred
embodiment of the pre-processing phase of the invention;

Fig. 3 is a flow chart showing the various steps of the p-t transformation
used in the preferred embodiment of the invention;

15 Figs. 4, 5, and 6 are flow charts showing the vanous steps used in the
preferred embodiment of the pre-stack inversion phase of the invention;

Fig. 7 shows a color plot of P-wave velocity reflectivity versus P-wave.
two-way normal mcldence traveltime for lme 1 of the exathple scaled so that the
maximum P-wave velocity reflectivity value on the target reflection is

20  approximately 32,760; |

Fig. 8 shows a color plot of P-wave velocity reflectivity versus P-wave
two-way normal incidence _traveltime.for line 2 of the example scaled so that the
maximum P-wave velocity reflectivity value on the target reflection is

' approximately 32,760;
25 Fig. 9 shows a color plot of the density reflectivity versus P-wave two-way

- normal incidence traveltime for line 1 of the example scaled with the same factor

as Fig. 7;
This Sheet Has Been Reﬂlaced




Fig. 12 shows the“ PrreveceepeigeeN df 'ectivity {solid Iine) and density
reflectiy ed | igepLAgHEpies aljong the target horizo lL.ect ed
m dpoi nt W(Ws/(f-)g%f ' = 2 10 Fig. 1?%%%?1 i 0

val ues of density reflectivity to P-wave reflectivity for t he target
hori zons for line 1 (solid line) and line 2 (dashed Iine); and

Fig. 14 shows ratFig. t@ishews atolde phot of thecdensity tefiettivitvérsuePavavel | ectivity
for the target horizons for line 1 (solid line), line 2 (dashed
line), and |twoeway fomal dncidence traveltime fof lihd12 of Xiasedaenples scatedowitly th dpoi nt
| ocations thought to have consistent fluid 15 type. Wi | e
t he i nvent i ovdmgifagtopas Higs& i bed in connection with its preferred

enbodi ments, it wll be understood that the invention is not to be unduly
| imit ed t hekigt &1 shows the R-wave welocity reflectivity (solid tine)anddessitya| |
alternatiyves, .nodi.fications, and equi val ents which nay_be_ included
within tHfe Sgfestviy aéweﬁyeebvﬁvwlm@ﬁ 8et hogizonfor selected midpobyt t he
appended Cl%h&ﬁkmsonlmwl- DETAI LED DRESCRI PTI ON OF THE PREFRRED

EVMBODI MENTS ** The follow ng description nakes use of a |large

BT oo YT R G e
COnP! €S et kel S P ol 9 55 B B e nlpo 01 © ¢

7 locations on line 2; -

10 Fig. 13 shows ratio values of density reflectivity to P-wave reflectivity for

the tafget horizons for line 1 (solid ling) and line 2 (dashed line); and
- Fig. 14 shows ratio values of density reflectivity to P-wave reﬂectivity for

the target horizons for line l. (solid line), line 2 (dashed line), and line 3 (dotted
line) of the example using only midpoint locations thought to have consistent fluid

15  type. | |

- While the invention will be described in connection with its preferred

embodiments, it will be understood that the invention is not to be unduly limited
thereto. On the contrary, it is intended to cover all alternatives, modifications,
and equivalents which may be included within the spirit and scope of the

20  invention, as defined by the appended claims. -

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The following description makes use of a large number of mathematical
25  symbols, most of which are defined as they occur throughout the text. _
Additionally, for purposes of completeness, a symbols table containing definitions

of symbols used herein is presented following the detailed description-.

This Sheet Has Been Re;ilaced
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WO 96/ 07935

PCT/ US95/ 10594 o s
The pr e Pention is a nethod for deriving the Iithol®SgV an ui d
content of subterranean formations. The method uses pre-stack inversion to

5 anal yze angl e-dependent (also referred to as offset-dependent) seisnmc

anpl i tude information in prefsme&[ei smc reflection data. The
i nversion outputs are used to generate up to six sections (plots of
anpl i tude val ues- versus horizontal |ocation - and P-wave verti cal

arrival tine) showing band-limted elastic reflection factors

correspondi ng t OTH pesent iitventior i 2 method for devivimy thedithelogy ynd fhidrr] ) ,
density (Rlerr]), 10 P-wave inpedance (Rferr]), S-wave inpedance
(Rlerr]), aottehtidf subtérrdneam formations:i The method uses p}'evmok ine¢rsiontty (R{err]).
These elastic reflection factors will be defined belowin anal ogy to

the norsal dmalyzeangleslependent (alsbireferted o as offsetlependent) spismicamplitide e

interface case) famliar to those skilled in _the art. The results of t he
i nver si on fipformation in pre-stask-seisgiic seflectiondata; The ipversipn eumsg@? ®ion)

are then conpared with the results the inversiq onge or nore
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be used as cati1on he 1 nversion process used

in the presﬁmr%y%etﬁéh&@ndl%n&d&ftéfa&liﬂtbfﬁcnoncoefﬁdiémﬁ%i-ﬂﬁslﬁglenverSl on. A

vi scoel astic 1 nversion enpl oys wave equati on nodel s
interface case) familiar to those skilled in the art. The results of the inversion for

-

the location of interest (i.e., the target location) are then compared with the results
15 of the inversion for one or more calibration locations having known su_bsurface
lithology and fluid content to produce both predictions of the lithdlbgy- and fluid
content at the target location and estimates of the reliability of these predictions.
Preferably, the calibration location is located in the geheral vicinity of the
target location. However, any location having known subsurface lithology and
20 fluid content and a geologic structure and lithologic properties similar to the
anticipated geologic structure and lithologic properties of the target location may
be used as a calibration location.
_ The inversion process used in the present invention 1s pfeferably a
viscoelastic inversion. A viscoelastic inversion employs wave equation models
25 and inversion procedures which (i) account for variations_ in P-wave velqcity,
S-wave velocity, and density and (if) allow for frictional energy losses from
propagating P-v}aves and S-waves via P-wave and S-wave quality factors. The
inclusion of P-wave and S-wave quality factors in describing wave prop_agation




25 and inversion procedures which (i) account f-or variations in P-wave
vel oci ty,wo 967935 S- Wave velocity, and density and (ii) all QurhRosidsbst i onal
energy | osses from propagati ng P-waves and  -S-waves via P-wave and
S-wave quality factors. The ' i nclusion of P-wave and S-wave quality
factors in describing wave propagation WO 96/ 07935

PCT/ US95/ 105@eans that an pxpomentisi dossaof ensngyroecurs avith respecoto bothrigoreastsgir S Wit h
respect to both increasing . tenporal frequency and di stance of

pr opagati on. teppporal-fsequeneit anddistancecof propagation. The dmpertancerdfdsicfiomin | ocat i on
to location, and at.a lven location its inportance =~ increases wth
target dept h.losF‘Eﬁ"Wé%“g,h%ﬁ@b&@F%ﬂonaﬂm planyi givervlocation its insportance 5
invention to.deep targets jn the Gulf of Mexico requires that frictional
losses be  mcreqses Rt ¥arset depth (For example, successtul aptdicatign ptibe aveseah

"factors, e . r, el.r err] and R err], are defined .
concept uaﬁ[ y%%n?ﬁ%r%%grﬁgé %m%fflfkw%?ﬂ “E%wgﬁ?ﬂt}m S$eF RCti c
naterial s i Ngapen into'4e contact. For exanple, the reflection factor for
P-wave vel ocity, lrﬁ[’err , is 10 defined in this situation by [err]
where V[err] (L) i ' |p Orp P-pvavg vgl ogisty in hiﬁ‘ﬂg r

mat eri al and T\l}g?&&?‘gag Ee E@Pn%rleé%’sﬁvﬁrgﬁ Ig’f” ’V\é@e WPS%(? wet he
upper mat eri gbncephully at thé inteb8ce of jd¥eni 26fid GRS i
velocity, Rlerr], an%l densuilty, eR?etﬁo]l,Eﬁnge eterm nec'fetsjesl%gralir&l% gcl]ltljat i ons
whi ch are anslefizd.contatt. CRoéxaiple, the reflection factor for P-wave velocity, R, is

10  defined in this situation by

_W(L)-v,(U)
V(L) +Vp(U)

®

where V(L) is the compressional or P-wave velocity in the lower material and
Vo(U) is the compressional or P-wave velocity in the upper material. Similarly, the
reflection factors for S-wave velocity, R,,, and density, R, are determined using

15  equations which are analogous to equation (1):

_¥@)-v(v)

BB @
_p(L)-p(U)
Ran = D) +0(0) ®

where V,(L) is the shear or S-wave velocity in the lower layér, V,(U) is the shear

or S-wave veloéity in the upper layer, p(L) is the density in the lower layer, and

20  p(U) is the density in the upper layer. |
- The o-therﬂtil_.lreg _rgﬂection factors, R, R, and_ Ry, are derived from the

first three. The P-wave impedénce, Z,, is defined as

Zp = pr o : @
where p is density and V, is compressional or P-wave velocity. The P-wave -
25  impedance reflection factor, R, is then

9



[err] where V[err] (L) is the shear or S-wave vel ocity in the | ower

| ayer, V]e IS the shear or S-wave velocity in | ayer,
p(L) |SVJ91"€ kéﬁsmy in the lower |ayer, and 20 p(U) gﬁ.ﬁ]@y@gﬁé‘hy in

the upper | ayer. The other three reflection. factors, Rerr], Rerr],
and R[err] are derived fromthe (i)ir t(l})hree. The P-wave irrpedance,
Z[err], is defined as Ry= Zp o Zegy] =

[err]Verr] Z,(L) +2)(U) where p is denSity and
V[err] is conpressional or P-wave velocity. The. P-wave 25 inpedance

reflection vilred By(L) 3[the Plwavesinipedance in the lower layer and Z,(U) is the P-wave
9 WD 96/.07935

PCT/ US95/ 1Gmpedance in the upper layer. The R,, reflection factipis( in) faet, m:(pl)ys{oal r] .
where Z[err](L) is the P-wave i edance in the l'ower layer and Z[err](U) is
t he P-wave normal ingident-neflection corfficignt éor P-axpve reflugtiony Similarhfthe:8twaye f act or
Is, in fact, the physical ' normal i nci dent reflection coefficient for
P-wave fef limpedasee, ) ifdefineg asthe S-wave 5 i nmpedance, Z[err], is defined
as [err] and the S-wave inpedance reflection factor, R[err] is -
[err] where p is densi ty, _ V[ererl S ‘§hear or S-wave veI oci ty6)Z[err] (L)
Is the S-vvave | npedance In the ( Iayer and Z[err] (U g t he

S-wave i nped elntheu er st thereflectlonfactor'for
the ratio \7@9&“35 ﬁ;feégé%m EC}sty, Rlerr], is si mply

st= S(L)-ZS(U) .

Z,(L) +Z,(U)

)
where p is density, V; is shear or S-wave velocity, Z(L) is the S-wave impedance
10  in the lower layer, and Z(U) is the S-wave impedance in the upper layer. Lastly,

the reflection factor for the ratio of P-wave velocity to S-wave velocity, Rypps, is
simply . | .

(%@ /%)~ (%) (@)

/s = .
T (%@ @)+ ) %)

where V,(L)/ V(L) is the ratio of P-wave velocity in the lower layer to S-wave

@®

15 velocity in the lower layer and V,(U)/Vy(U) is the ratio of P-wave velocity in the
upper layer to S-wave velocity in_the upper layer.

The single interface concepf refefred to above, however, is too restrictive
with respect to actual subsurface materials where rock propérties change
continuously. Therefore, it is common préctice to déﬁne a "reﬂectivitj trace" as a

20  series of reﬂection factors for each interface of a finely 'layered earth model
éonvolved with a zero-phase., band-limited pulse of appropriéte band w1dth Thus,
the output of the inversion is a set of up to six reﬂectivity tfaﬁes fdr each location
of interest. In the case of general earth models which allow for significant
.reﬂector dip in two or three dimensions, the layered model concept is generalized

25  to models which have non-layered structure.

10



[err] where V[err](L)/V[err] (L) is the ratio of P-wave velocity in the
| oner | ayer to ' S-wave 15 velocity in the |ower |ayer and

Vierr] (UYQAEIIF L) is the ratio of P-wave velocity in thePCTOSORY | ayer
to S-wave velocity in the upper |ayer. The single interface
concept referred to above, however, is too restrictive with respect to

act ual subsur f aceTyREAl, 3hs rdtRd 6F hevcRLORSE Bk I RSN calibrifghi | nuous|y.

Therefore, it is C practice to fine a ectTvity trace” as a 20
series of refdegidsAe baRbared by Meals of rdtids OF HRCRAB(iGh fabtdfd. YFora@ingfle ear t h

nmodel _ convol ved with a zero-phase, band-limted pulse of appropriate
band wi dt h. - fheustio of the defsityteflettiorPfacioR o tieVEiave Relobity reéffiction fackor{ O Si X
reflectivity traces for each | ocation .of interest. In the case of

general eart R,/Rgetan becomipased atvbotipthesaxget focation and the caliiration bocatiomy i n t wo
or three dinensions, the |ayered nodel concept is generalized 25 to

nmodel s whi chtdgather with-knaydedsd of theuactual dithology and fluid content of the subsurface

10 WD 96/ 07935

PCT/ US95/ 105@the calibration location, ¢ yigld ysefalroformation segarding ¢he kithelogy@ndat bot h

the target and calibration | ocations are_conpared by neans of ratios
of the refl eBuidsontent obthe supsyrfase ahfhedarget locatione r satigs wiich mayde; y
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signature. In many situations, the hydrocarbon signature of interest does not

involve shear or S-wave velocity contrasts. In this case, the density reflection

factor, Ry, is equivalent to the S-wave impedance reflection factor, R,. This can

be shown by letting Z(L) = p(L)V,(L) and Z(U) = p(U)V(U) in equation (7),

| _ LD - pO)V(D) N
” I a3 273 P () 1)) ™
and then assuming that V(L) = V,(U) (i.e., no S-wave velocity contrast) so that
equation (7b) reduces to '
_ (L) -p(U) _ -
R A F ) e @

Thus, where no shear or S-wave velocity contrasts ar_e' involved, the density
20 reflection factorcan be dene;'x_nincd' f_rom the change in S-wave impedance. Under
some circumétahces, the change in S-wave impedance may be easier to extract
from seismic data than the change in density. ”
The use of ratios of inversion outputs in the present invention is both new
and important. This idea is important because it ailows inversion outputs to be
25  compared in a way which makes them predictive. Part of the predictive value of

these ratios comes from the fact that the use of ratios removes any dependence on

11



useful include, but are not limted to, Rlerr}/Rerr] and Rlerr]/Rerr].
The selection of the relevant ratio (or ratios) to be conpared in any 10
par ti c(¥@P68T®BYat i on depends upon an under st andi ng of thg&&'ﬁ 05

hydr ocar bon signature. In nmany situations, the hydrocarbon signature
of interest does not I nvol ve shear or S—vvave velocity contrasts. In

th | tt
the S vawe T EEaRBE Sf e {eRif St Uhe o dittertifs  sopfpebibenpens or 9 128 B0 10,

| ett Z t
T g it e e o
S-wave vel Qybfage YaRES &id Varfahcéd 6¥ these ratio£ il diréily & [er r]

Thus, where no shear or S-wave velocity contrasts are I nvol ve h density.

20 ref | ectdatibdse ihich, afer SuitabR! cdriection fir gedlogiCervirdnaiRnt, %a§bwave
| npedance. Under . some circunstances, the change in S-wave inpedance

may be easipresehtedeas tartable of cahbraﬁmmrmﬂq:redm@oxﬂatm Gan baseecanengsed ifor
density. The use of ratios of inversion outputs in the present .
i nvent i on ipsedictionsroflithology and fluidrgontentiin situations whisre aiswitablp calibratiobecause
it allows inversion outputs to be 25 conpared in a way which makes them
predi ct i ve . webhistnopavailableor edi cti ve val ue of these ratios cones from

the fact that the use of rati os rempves any dependence on WO 96/ 07935
PCT/ US9510594  Historicalfy, pre-stack inversiomschemies have hagk liftle sucoess i £ f er ences in

h
source str ygxt-ocgrbon exploranon because they have not displayed predlctlve capabilities.

10  There are a variety of reasons for this. For example, prior inversion schemes ‘
typically have failed to adequately account for all of the significant factors
affecting the amplitude and traveltime of seismic data. Further, these prior
inversion schemes typically have used inversion procedures which are less robusf
than the inversion scheme used in the present invention and have failed to properly

15 normalize the inversion resuits.

These problems have been overcome by the ﬁresent invention which shows
explicitly how to use pre-stack inversion of seismic data to directly predict natural
gas and perhaps oil saturatioh, at least under favorable conditions. Favorable
conditions include: o

20 : 1. Broad range of useful reflection angles or offsets at target locations;

2. Little interference from multiple reflections;

3..  Small lateral variations in the strength of the seismic signal incident |

on the target;
4. Small variations in the source and receiver coupling;. '
25 5. Low reflector dips between source, reflection points of interest, and
detectors; |

6. Broad fange of useful frequency content (i.e., high signal-to-noise
ratio); | |

12



transm ssion effects between the calibration and target |ocations.

Fur t her no ... average val ues and vari ances of the '

contri but gﬁ}j?érldgggtsl y to an accumul ating dat a.base whi cﬁ, ,g %5@?5%
suitabl e correction for geologic environnent, can be 5 presented as a
table of calibrations and predictions. This data base can be used for
predi ctions of -1it%hol og@Goeddpdtialisanpling iardffsenami midpoimt domafigt € a sui tabl e
calibration wel |l is not avail able. Hi storically,
pre-stack inversi o schEensistemtitholagicl propértiesatcatibmtion and targettpchtionsy bon
expl oration because they have not displayed predictive capabilities. 10
There are a variety of anhsons for this. For exanpl e, prior .inversion
schenes typi cally_have failed to adequately account for all of the
si.gni fi cant fact o‘ré-" : S“&&PPE@FS%@WW&WI itude and .traveltinme of seismc

e ot on- b oo BT Bres o oret P SRS s Bt e

_ used in the P& ts .&Yaelﬂts{xﬂﬁie%rt]gerﬁ]ﬁ‘o\f failed t rg er 15 nor mal i ze
the inversion? f & EmateR g¢hanges in theer cone by
h (A ' .0 [.Clety t = st ack

nver si on of SEREITR olotiied s Wisiies on p 3T bSSrbt POt GBI 02 s
il turati OGe; : . e

condi 1 one | rerieie tekd3hor B Gfinkd KRR Moty 88 iskHifime BAKRERRYS feapyres, o,

angl es or offsets qhe E);ftrsékﬁtini'éh@i% 'P_P&%és can be broadly consia%red to h:%\;et .
interference fromnultiple reflections; . ma | 'at er al

vari ati ong i nphases: &t;flelwia&tsﬁﬁ%f phases g ipPettacte inveion PHuséioid a calibration and

on the target; mal | variations in the source and

recei ver coupinterpretatidh phase. The presstack inversiongiasoPthe dhvemtios iv\sreferalyr ce,
refl ection points of interest, and det ectors;

performed in either the offset-time (x-f) domain or the slowness-intercept time

(p-t) domain; however, any other domain may be used if desired. As will be well
known to persons skilled in the art, in cases where it is applicable, processing in

15 the p-t domain has certain computational advantages. Generally, p-t inversion is
applicable to. the low dip case (i.e., dips less than about 10°) where 1D modeling
(i.e., an earth model of plane parallel layers) can be applied. The following
description will be centered on this case, which will be hereafter referred to. as the
preferred embodiment, and comments on other embodiments (e.g., inversion in

20 the x- domain and extensions to high dip, structured geologic situations) will be
made as necessary.

- In general, the nature of the geologic structure of the target and its
ovérburden will determine the type of seismic data needed and the choice of
inversion method. A sin_gle dip line (2D) can be used for analyzing a 2D

.25  subsurface. A 3D seismic survey is needed to work with complex 3D subsurface
structures. The in-line and cross-line spacings used in the survey will limit the

resolution attainable from the inversion process.
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6. Broad range of useful frequency content <(i.e., high signal-to-noise

ratio); 12 /07935
PCT/ USOWPA§49233S 7. Good spatial sanpling i r?cgqus%)gsg?d

m dpoi nt donai ns; 8. Consi stent lithologic properties at
calibration and target |ocations; : and 9.

Sufficient targef sHolldCd fsted that,as of the fil_iné’ﬂﬂé%&of,aﬂnges%l fcatiosy gnal

frequencies is necessary because the seismc - data nust” contain

suf fici ent of giensesent iveticihive bebn lifrieea lty ehecpreft@fd eniboditient (low dipubsur face
velocities and densities on a scale useful to hydrocarbon expl oration.

Sei smi ¢ regfid irivetsion i the p-ndoinain) bévauseoof the ¥nérmols comptiatiohl depfanden t wo

feat ures. The present inventive process can.be broadly
consi der ed of ¢the'tsigl diphcase. Fhtther, lthese succassfuleapplicatioms iofi thepinventionchayve e- st ack
I nver si on phase; and a calibration and interpretati on phase. The,

pre-st ask igemarally invopued offshoretineations benansemaring, seismicadata/is normallpef f or ned in
either the offset-time (x-t) domain or the sl owness-intercept tine :

(p-t) donwmhighenqualinthanon;lapd data. Newgrtheless; theoprgsent invention is egpallns wi || be
T
caee (P or g <Ppdok sl o e BRI AR B 10,
Goscri pri oinqtpdemBieeSeRRA Ferachy. oot &b, 3 Rnciiid enpiRandls, M1, o o ¢ oo

(225 4Be inventioR Y B4 LG i SeliR Hara GHiflofel WER' vl Midiilc BERAS! 7' > @
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well as P-wave sources. As more powerful computers become available, persons
skilled in the art will be able to successfully apply the present invention to on-land
“data and to more complex embodiments based on the teachings set forth herein.
Accordiﬁgly, to the extent that the following description'is specific to a particular
15 embodiment or a particular use of the invention, this 1s intended to be illustrative
oﬁly, and is not to be construed as limiting the scope of the invention.

Fig. 1 is a flow chart showing an overview of the pfeferted embodiment of
the invention. The pre-processing phase (reference numeral 100) typically
requires two different types of input measurements: -wellbore measurements of V,,,

20 V,, and p at the calibration location (reference numeral 102) and 2D or 3D -~
pre-stack seismic reflection data for both the target and calibration locations
(reference numeral 11_0),.and results in three outputs: final pre-stack time or depth
migrated seismic.data for both the target and calibration locations (reference
numeral 142); a normal moveout velocity model for both the target and calibration

25  locations (reference numeral 144); and edited and corrected wellbore
measurements at the ca-libration location (reference numeral 146). The migrated
seismic data and moveout velocity model are used as inputs to the p-t
.transformation (reference numeral 150), and thg traxfsformed data are input to the

14



20 the x-t donmin and extensions to hi gh dip, structured geol ogic

si tuat i onglp dilghdasbe made as necessary. ﬂ&,@@gﬂ@h, t he
nature of the geologic structure of the target and its over burden
will determne the type of seisnmic data needed and the choice of

i-nversion method. A single dip line (2D) can be used for analyzing a 2D 25
subsurface. Aré&Stackimversiors phase (refarencenigneralo200) 0f thid inkertiofb! Fhe edited
subsurface structures. The in-line and cross-line spacings used in
the survey wianf cornected wedlbore measnesments aminthe résaits ab e frestack inversive agd on
process. . . . 13 WD 96/ 07935
PCT/ US95/ 10594ed in the calibration apd interpretatiancphase é(éference numeralf300he Thel i ng dat e
hereof, successful applications of the present invention have been
limted to trreswéaféﬁﬁ@awé%wimm@smmn Jithology and flnid pententiatthe n the p-T
domai n) because of the enpornous co ti onal demands of the high dip
case. %:ur her‘?rthg%n '&Eé&“f‘ﬁl““@ﬁ%?a i ons of the invention have 5
general ly invol ved, of f shore .l.ocat i ons. becguse narine seismc data is
“nornmal ly of ' %tﬁrﬁ%érs |1?E'§quﬂ§'§|“ Wﬁﬁﬁﬁ'ﬁdﬁé{a&q that the pressnt davention

t i ' 1S l. | jcable.to on-land logationg and to
Por e compl o b SARRAAGHS intpse.  Accqilfely; 38 S SoBiel wistiidya B o ¢
ts, K : i . 0. . i | I de- ted
"ot Toett one. SPeRFdigiSHyiler” B pidful e HebR js virmalgy AEHAGHO L™ SONVET |
b d with Yoy . ' - i S our , as
Do 1558 P vy ST olfiage S6F vatich Bottiond Ot e fibéent fyafitin RO B8, | 2

persons 10 prélstack €he ot ddpgl Rigratibn br @R 2P hrdndformations KSdoth¥rcBipy vy t he
an

present invention to on-|
available. ‘Computer software for other portions of the invention could readily be

~developed by persons skilled in the art based on the teachings set forth herein.

15
The primary purposes of the pre-processing phase are to prepare the.
‘seismic reflection data for the pre-stack inversion phase and to determine, as well
as possible, the actual litholdgy and fluid content of the subsurface at the .
calibration site for use in the calibration and interpretation phase. A flow chart for
20  the preferred embodiment of the pre-processing phase is shown in Fig-.. 2. As
noted above, two different types of input measurements are typicaily required:
- wellbore measurements of V,,, V,, and p at the calibration location (reference
 mmeral 102) and 2D or 3D seismic reflection data for both the target and
calibration locations (reference mumeral 110).
25 Turning first to the wellbore measurements at the calibration location,
-these measu;ementé must provide an adequate basis for analysis of the seismic
reflection data at the calibration locatioxi and must provide a basis for

~understanding the expected hydrocarbon signature. Typical well measurements

15



data and to nore conpl ex enmbodi nents based on -the teachings set forth

her ei n. ccordingly, to the extent that the fol | owigg ,@@?ﬁ gt i oN i's
speci fi ?’oﬂf’o&’igart icular 15 enbodinment or a particular ‘use o Mh
invention, this is intended to be illustrative only, and i-s not to be
construed as linmting the scope of the invention. Fig. 1is a

flow chart GiiQinBist GFinforRiatioR Solictdd sy P hevhBér GRwellRRinF0blsGihich can t he
i nvention. The pre-processing phase (reference nuneral 100) typically

requires twe uted betiesse skilleddn die arnpfilogrinesprerarion te obtak teliable estmates enent s

of V[err], 20 Vlerr] and p at the calibration |ocation (reference
nuner al 102)f lhwdveﬁblocltseﬁnd density pt intexvals Appropriate to thef loggingdoolsiat a for both
the target and calibration | ocati ons (reference nuneral 110), and

resul ts i n empleyedo These éntervalscdan heas smalllas onenhalfifootcgyen the loggedhdeptint ed
seismic data for both the target and calibration Iocatlons (reference ;
nuner al 5142)1t€l'@1nMI¢°¥ﬂﬁ?§lﬂhS%Ih9 sed; tohepndirmy qf cagEschlog fae

Cor r 66t ed aiorste 3pplY 110 Fule e s a1 SATCh Frodelt n@#ﬂ&tnasﬂﬁa?wgf%mﬂm

Vel oat ty st Eisasurdnens. i I\ peSeataiy; B4t the well Meastieniert bef Al Y B
(1eference auel el 130k .8tk hifobdBOR] Bl B ibvals Wdhe 1 138

Fﬁ-er/ :Jﬁ\glgﬁlg-?gﬁﬁteﬁ?é %%Iu@thEﬁﬁf\O& gﬁ%%ﬁ%ﬁ% Fl.[ Ore rTeaSUI'erTE?]ét Szggé ?Le

resul ts of %dack i nversion are used in the calibration and :
I nt erpret atlon pha% ref erence nuneral 300). The results of this ‘

process are pr edM%Eiélﬁ&SoﬂheEﬁﬁtckédtdéfshﬁgl‘esﬁaﬂhefﬁaﬂédjoﬁ%nw& at the
| measurements and comparison to the actual seismic reflection data at the well

location can be used to help determine the P-wave quality factor, as more fully
described below. Other methods for determination of the P-wave quality factor,

15 such as the use of vertical seismic profile (VSP) measurements, will be well
lmo§1n to persons skilled in the art. Generally, a VSP is a set of seismic traces
recorded by detectors (usually hydrophones) located in a-wellbore when a seismic
source is activated at or near the surface. These traces may be analyzed using
known techniques to determine both P-wave transit times from the source to the

20  detectors and P-wave quality factor.

In some situations, the wellbore measurements will be made with logging
tools which allow direct estimation of the S-wave ve}ocity-. If the S-wave velocity
cannot be directly obtained from the well measurements, then the S-wave velocity
can often be estimated to sufficient accuracy from the P-wave velocity using the

25 inudrock relation. -See, Castagna et al., "Relationship between
compressional-wave and shear-wave velocities in clastic silicate rocks,"

Geophysics,'v. 50, pp. 571-581, 1985.
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5 target |ocation (reference nuner al’ 400) . . Persons skilled
in the ar&o%%sgeadi | y understand that the present invent ll,%?.

s
conput ationally T ntense. Accordingly, use of a conputer, pre Iellrsg%/fo?% hi gh

speed digital conputer, to practice the invention is virtually a necessity.
Conput er software for various portions of the present invention (e.g., the

10 pre-stack ti ninmangeades, avelocity Survey (refeferiRe uinep1 104) R 'afd)have

comercially aval | abl e. Conputer software for other portions of the
i nventi on cobéeh corducted abthe calibratior wello pe deloyity survey falsdkkhdvaslad £ "élpgkar t
based on the teachings set forth herein. _

The Pre-proc misngrepghg@ typsof seismic profile in wHich theiselsmyic somreoisdecatéd t he
pr-e-processing phase are to prepare the seismc reflection data for
t he pre- st acRearibe wellboresadbat neatly vertigak raypaths aresachieved. First breaks transisi bl e,
the actual lithology and fluid content of the subsurface at the -
calibratidn Hmeg corded ahmany: teng|to several dwndreds ofi depth decationorunpingsthe A

ftow chart for. 20 h referred odj ment Qf the pre-processing phase is
shown in Fi ggntg_e%gggﬂtx of the ‘ﬁﬂfbé’ﬁe'a 9@%&1%}1@%3?919@&’ WVWIQQR&

ST CTOT ugliSp okHe?BLY kBT et e el REGIERSE TN 3, YT,
AR T T R —
vel bor e Tecby ol S8 HeRrL 6 b wetuly WSS 10T
Sﬁglgr 2% a?nﬂ?nga%lﬂglgiﬂggc&te m&gcgr@ éﬁyg‘?ig.n %drl g&-r%t%? é’ﬁcé\g@hs measur ement s
15 (reference numeral 106) are well established. Sonic log transit times may be
incorrect due to cycle skipping caused by borehole washout or gas effect, or due .
to drilling fluid invasion effects. Wellbore measurements of sonic transit times
~ can be corrected, under appropriate conditions, by application of Gassmann’s
15  formulas (see, Gassmann, "Elastic waves through a packing of spheres,”
Geophysics, v. 16, pp. 673-685, 1951, and Gassmann's prior work cited theréin)
and by making use of velocity surveys and/or vertical seismic profile (VSP)
measurements. Wellbore measurements of density are normally corrected for the
influence of drilling mud invasion and mu§t be edited for errors due to borehole
20 washout. Sidewall core samples, if collected, can be used to confirm wellbore
- measurements and their relationship with formation properties.
The second type of input measurements required for the preferred
emhbodiment of the present invention is 2D or 3D seismic reflection data (reference
mmeral 110). The data must contain useful reflections conveying the necessary
25 angle-dependent information over both the target and calibration locations. This
data should conform as nearly as possible with the favorable conditions listed

above. Reservoir/target thickness and lateral uniformity are important geologic -
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WD 96/ 07935

PCT/ US wi |l consist of information collec nber of
wel | -1 ogé’]ygé%f%ol s which can be used by those skil Iﬁ% I N ?‘ﬁ‘e art of
log interpretation to obtain reliable estimtes of P-wave velocity

and density at intervals appropriate to the |ogging tools . enpl oyed.

These i nt efacidrs bedush tesefvoit¥BVRiclR GreOitst at adt dreQjuaftvesf thb enihidaggd depth 5
i nterval. Rock core sanples can be used to confirmor correct |og

nmeasur enentwavelength thick oprwisich laok apifoymifyurentifficuligo ¢esobve, an earth nodel of

pl ane parallel |ayers) to the wel | neasurenents, it is necessary that’
t he wel | neasur diberseismioreflection daga imaytdoasist ofa_smgplsusm&mmﬂeuinn-c-ont ai ni ng
hydrocarbons, but also depth intervals above the zone . of interest. In.

many si t uaprefile liopi(3Ddatn) or severalprofiledines usushiy, en aaegular grid (3D date). 10
must be |l o del i ng. of the expected. seisnic response.
based of m%%%w&mlc reﬂecme%@ﬂmma% of peehaps bundreds ongventhopsandse; sni ¢

reflectiong a.at t ocatlon ca edtoh@%determne

the P-vayeo4EEAES ¥ FéF’““é(-‘sefLFSﬁé ated 4 gy DTS AN, B8 her
Toe or by e toRhdr). o Fab? Eﬁﬁsg‘elfc@és%%ﬁ%ﬁ%ém@%ﬁ%% By 7 e
{races P toiiBesical of - %ﬁe‘ie%?ﬁ“?ﬁéa(usua%?‘w@%&%%?? @ms‘ﬁﬁ gffmoclsm e

I'lb f )
\‘?ﬁeseo'[ (raaces &";‘f‘g‘% ana yze u@%ﬁﬁi@ eﬁﬁﬁ%ﬁaﬁ%ﬁ?%es to g%'?eflr%r ngcgoth
P-vave jpr a@édo&déd Wﬁeﬂmﬂdase&%re@en tHdubdis of Hetectitf RAICRS fe.gnd P-wave

qual i ty facto In sonme situations, the well bo e measur ement
will be rra@ewudnb WAt regord the loc%ﬁm%b]bbntﬁiﬂ@ﬂé&'ih@féd@&hbﬁ@bt on of the

S-wave velocity. If the S-wave velocity
hydrophones which record the local changes in hydrostatic pressure). In most

. cases, source detonations will occur at fixed intervals along or near t_he profile line
called the "shot point interval." The seismic energy associated with the source
15 detonation is typically recorded by arrays of detectors positioned approximately at
fixed intervals relative to the source along or near the profile line. The detectors
are usually positioned at shot-point to detector locations which range from a few
hundred feet to tens of thousands of feet.
The maximum recorded shot point to- detector offset, for each reflection
20 point of interest, should significantly exceed the reflector depth so that the data
will contain the necessary angle-dependent information. For example, for a target
location having a depth of approximately ten thousand feet, maximum shot point to
“detector offsets of up to twenty thousand feet or even m_ore would be useful. The
exact range of recorded offsets useful in a particular situation depends upon the
25 P-wave velocities and noises present in the data. In general, reflection angles of
“up to 60 degrees are desirable (although difficult to achieve at target depths of
interest). In a medium having a uniform seismic velocity, reflection angles of

60 degfees require offsets of approximately 3.5 times the reflector depth.
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cannot be directly obtained fromthe wel | neasurenents, then the S wave
veIOC|ty n often be estinmated t.o sufficient accuragy.y
- wave véwggmpf&55|ng the 25. nudrock relation. See, Castag&é E@&%f-,
Relatlonshlp bet ween conpr essi onal -wave and shear-wave vel ocities
in clastic silicate rocks, Geophysics, v. 50, pp. 571-581, 1985.

16 WO 91théiigh seismic veloclty typlcally increases with depth (which reduces the
PCT/ US95/ 10594 many cases, a velocity survey (reference

nuneral 104) mexymamsaffseoneeded for Wmﬂdawneﬁ:gms), ib& weveithelodsi difficar! | . A
vel ocity survey (also known as a "check shot survey") is a type of

sei sm ¢ pr of itd achieventheselatgecrefledtioniangles particilarly 6oredeep targets. near the

wel | bore so that nearly vertical raypaths are achieved. First break transit
5. tines are recdkgemmen amifact afhe presstack time jor depthimeigration (tefetence ocat i ons
runni ng the entire length of the wellbore. Information resulting from

a velocity smumsyald2d) apd of the laterak smeething afithe welocity medels {eeferpncecor rect t he
~wellb K t killed
Gl T ————— e

such rreasure{}ﬁqaa be usefull associated,with .10 act.ual, subsurface

properties. cfeglioﬁé)f 8t SPISRYG WB@GW acquired and@?%qeé%nce
imrjlrcrg:?lecgogte oawg “%a?ﬁ }G&égl@g‘g% éiab%’tglﬁ%ﬁs gﬁp% Eal@ffect
gz)n?get ransit t h%eﬁ'stblohgﬁxﬁe%an% ec t?& gete&g %ﬂg § iﬁe%ﬁgﬁ zngf
Chr obgh a0pn e Sasehe pRARAL fhvenlion wal'dgie o ﬁ‘?‘?"’“ﬁ&i’é‘i‘f 00 i 3D “ost
and CGassmann'sgisiii¢ frofil®litie.CThe ﬂrd—ﬁ%b@dsﬁﬁg phase was applied to an addi'tional

| 12,300 feet of recorded data on each side for a total of 37,100 feet. This

corresponds to a data margin of approximately 0.6 times the maximum offset of
approximately 20,000 feet.,

15 In manipulation of seismic data, mathematical processes are frequently
.applied which impose limitations on the maximum spatial intervals used in the data
recording process. These issues, commonly referred to as "aliasing," are well
known to persons skilled in the art, and the present invention assumes that spatial
sampling conditions have either been met by the data recording procedures or, if

20 spatial sampling conditions are not completely satisfied, sufficient information is
present to p:fform a useful interpolation of the recorded data to fulfill the spatial
sampling conditions.

Typically, the seismic reflection data wiil contain various undesirable
fxoises. As indicated at reference numeral 112, the data should be edited to

25  remove and/or correct ihese noises. The occurrence and suppression of noises in
seismic recordings are well known to persons skilled in the art.

In the case of either land or marine data,: variations of the source and/or

receiver coupling to the seismic medium along (or among) the line (or lines) of
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and by making use of velocity surveys and/or vertical seisnic profile (VSP)
'~ nmeasure | I bore nmeasurenents of density are nornal ed for

t he Ww%ﬁ’?’a&{ce of drilling nud invasion and nust be e%#{,g%rﬁpg@errors
due to borehole 20 washout. Sidewall core sanples, if collected, can be
used to confirmwel | bore measurenents and their relationship with
formati on ppryfié Wil ause serious problems With the HPEIstatly e Or depiblhighRivnyagdent s
required for the preferred enbodi ment of the present invention is 2D
or 3D sei snihe p~etransformn Thatefore eHecpresprecessing phase ivé thel invéritjon prbferabdy a nust
contain useful reflections conveying the necessary 25 angl e- dependent
i nf or mat i oncentains b @réceture fornsource amtiorreceivemteaupling comedtiony(refetence dat a
shoul d conform as nearl ¥ as possible with the favorable conditions |isted
above. Resenumeral 14)gas fallowskness and | ateral uniformty are inportant ]
geol ogi ¢ _ . ] 17 . WD 96/ 07935
PCT/ US957 10594 1. Fpreachrsoursedacation cemputpshe averpgecabsalute applitade peast
one-'quarter of the m ni num wavel ength_thick or jch lack yniformty
are difficult to resofQQi-mean-square amplity exfeal Fﬁrc,‘e?-‘z'va*“ﬁﬁd’%ﬁ‘ﬁa‘?é nay
consist of a single seismc . .reflect tile line (2D data) or

S

sever al pr](c)}‘i le I'ines, ‘ﬂ’g'r?v n5fF aolbr?'g“(jtff’g?cﬁaﬁirogw%ﬁs%at'a). 5 Each

¢ . Y :
Chousands. o 81 | obat Pl Sy Tp e SAERYER TR B/ S0 (6 g
S O ricou”, detector AR08 doiible tEALae udhie RMIiGRe BF ' 2V |

det onati on produces nechani ca ressional or waves and

shear ogy S-waves) whi ?&t%éﬂﬁaﬁﬁiﬁhin?lﬁudebﬁégﬁ?%a?sinatimE%&é@QﬁHi‘ited a“i

reflected seisnic energy from'eac ource tonatton is
reflection of interest;

3. Attribute any rapid systematic variation in these averages to
variations in source coupling or to variations in receiver coupling
(averaging over the detectors displays variations in source coupling,
15 and averaging over the sources displays variations in detector
coupling); |
4, Apply compensating scaling factors to remove (as completely as
- possible) the observed variations (sources or detectors which
require too large a correction may be eliminated, and the missing
20 - - data is then supplied by interpolation).
Geometric divergence correction may be applied before computation of the
averages. As is well known to persons skiiled in the art, geometric divergence-
correction refers to a correction which compensates the recorded seismic data for
‘thé expected decrease in reflected amplitude as distance traversed increases. .
25 The next step of the preferred embodiment is to perform an initial normal
moveout velocity analysis of the _daita (reference numeral 116). In areas of low dip
(i.é., less than about 10°), and for all dips at small offsets, seismic reflection data

displays a pattern of reflection time versus offset which closely follows the .
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10 recorded by perhaps hundreds or even thousands of detection devices

(e.qg., - hones which record the |ocal seismc vel og ' or
nore di re‘%’?lsg,g?g%r hydr ophones which record the Iocaﬁcﬁ%’fkh’%é@g‘fn

hydrostatic pressure). |In nost cases, source detonations will occur
at fixed intervals along or near the profile line call ed the "shot
poi nt i nt er v &lell~knbwn ST VERR egiiatihS O'Phi§E$\ﬁhtiUntd%ﬁh@sea YEISERF kndwn as
detonation is typically recorded by arrays of detectors positlone

appr oxi mat el sheemormal moveowamiacity £Vy,3) Thealorinal/moveout MeloBity plags ahong or near
the profile line. The detectors are usually positioned at shot-point
to detector linpernanseleiniseismicodaya pfacessing. f The normal nmvedutevbléodiytist o t ens of
t housands of feet. L The maxi mum recorded shot point to

det ect or of f setimated froanthe seismicdata dtself talthougin theovaluestobtainad are leapéated to
significantl xceed the refl ector depth so that the data wi ||
contain the ﬁ% Y £opsistant with) sontrean-square Avetagen af well measurements).f In 2

t ar get | ocatjon . having a depth of approximately ten thousand feet,

" maxi mum shot 388 H% iqvbdlp, o g?f@IagE'FQYPme‘FmW cgrresponds approximatelydagand f eet
or even nore_woul d_be useful . The exact .range of .recorded offsets
useful in a m%{ﬂoi'tm@’tsﬁ%fa@ﬁeﬁgﬁgﬁg? mpf‘ﬁ%‘% ‘?iocﬁymfaveg%% ties

To 60" dogr eoliaat wiBeib) Hhahdlioh be B i igout SeleRly B Bre-fatyet dep s
et octi on angrae sfitich SEETRODS Fulte; Y81 BRRE TS YR PRIES o1y 5

times tNgor ebmneedinient Bs3hthes that the loci i |
PCT/ US95/ 10594 Al t hough el oY ot velocity fas bean estimated (0. with

dept h (whi chsuffidieaeaccufey to produésih Héepible fhck'SPME IndjoF piidaleRNeai
reflection angles), it is),' ng\'/erthel ess difficult oL P itions
between the reflection event or events of interest and the surface source/detection

system. Reflection events substantially beneath the reflection events of interest
may be ignored.

15 The normal moveout velocity analysis (reference numeral 116) is usually
conducted on only a fraction of the data (e.g., one out of every twentj midpoint
locations for typical data acquisition parameters). The information resulting from
this process is used to produée a model of V,,,, (reference numeral 118) across the
seismic profile line or lines of interest. Interpolation procedures in 2D or 3D are

20 then used to produce an estimate of V,,, at all locations of mterest in the
subsurface, as would be well known to persons skilled in the art.

Prior to actually performing the pre-stack time or depth migration, a
niigration velocity model must be produced (reference numeral 120). Pre-stack
time or depth migration procedures require knowledge of the subsurface P-wave

25  velocity on distance scales appropriate to propagational effects. This approximate
velocity is called the background or migration velocity, V,;,. Conceptually, Vimig
is a'smoothed version'of the actual P-wave velocity (usually called the interval
velocity, V). The smoothing is an averaging process over .a distance of several
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to achi eve these large reflection angles, particularly for deep targets.

A comon artifact of the pre-stack time or depth mgratl aﬁ%ﬁ

- nurrer al P?fmd of the lateral smoothing of the velocity no ds?meference
nuneral s 116, 118, 120) are "edge" effects. In order to reduce the edge

effects on t he dataintheregion of interest, seismc data is
typically apfidrddeferibabh iredfRde.g., 500 et Iﬂﬂrﬁtﬂ@rm&wpmbIMa&dd'tlona|
data (known as "data nargins") are usual l'y one-half to one tines the

Maxi mum shogelgisdiy)) V,}, Gs féet Known @hd sterbustberapproximahed, usually fronptie ¥Kgse the

present invention was applied to approxinately 12,500 feet of a 2D

sei sm c prombdet (referencelinangrakl 18) whentimgmigration mpamrlatedThc)uanl addi ti onal
12,300 feet of recorded data on each side for a total of 37,100 feet. This .
cor r espondsprocedurel ist ta assungg thatthedfps medeles alrgotemean-squass: nmamgmmm of f set

of approxi mately 20,000 feet. 15 I n mani'pul ati on of seismc
dat a, rreﬁthetvﬁal’.hcélflnqaxsdwmtbﬁpm APRTOXIMAation. Inpnnewpﬂ,laemlmmw i npose
limtations on the maxi mum spatial, intervals used in

recordi ng prelecitysmodel £3r be obtamned dirsqtly, fom thermapyeont YQ!°‘H§' “SA'I'S ﬁ§‘?rﬁﬁﬂa are
hesures ¢ haASTARY &p&erégrry‘sgfieﬁgb' eé,’ve'eﬂwtaﬂﬁ o ol Be TR BloeE et by the
compl ot ofy St agEtnaple oag yariadion B P e REBons Sk FRAE) Ve per for m a
g Z?;:)Iu: nlg nig:}g |O!t | OBR%HH]&C&SE %‘d&% %gxaalnbﬁ ugﬁ%hgel (gf‘ltsin‘%%(t:&rgq#l ec%m I on data
hurer al 0112 e Ri008G an BB SR smooth (R! AGTALY Vonkllth M ol T2 21 €T e
e g LT UG Vi BUOREARD gl LSRR bl w conf s |
the case of 1Rkt (uhlly aDEVeFRI0.200 séabiitls it b avdyareveltime)h cinsuthirowords/ or
the root-mean-square running average of V,,;, only approxlmately agrees with a
lateral average of V,,, at gridded locations of approximately every 0.200 seconds.
15  Preferably, the agreement is enforcet_l by use of a ray-tracing method.
When depth migration is required, the migration velocity model varies
laterally in one or two dimensions (in addition to the vertical variations) depending
upon the use of one or more profile lines;- Full blown-_pre'-stack ray tracing is
required to obtain a migration velocity model which suitably images the target |
20 locations of interest. In 2D (i.e., one profile line), commercially available .
software products (e.g., GeoDepth marketed by Paradigm Geophysical -
Corporation) which operate on scientific workstations are useful for this purpose.
The migration velocity models estimated directly from migration velocity analysis
are likely to contain objectionable variations. Lateral smoothing is applied to
25 remove large lateral variations resulting in smooth and more geologically plausible
models.
As will be well known to persons skilled in the art, seismic reflection data
 typically must be corrected by a process known as. migration. Two types of
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receiver coupling to the seismc nedi um al ong (or armng) the l'ine (or

| i nes) of
PCT/ U895/Y8g3/27935- profile will cause serious probl em; ﬁ‘%‘ﬁ"s\?gé‘?s

. pre-stack time or depth mgrations and the p-t transform Therefore,
t he pre-processing phase of the invention preferably contains a

procedure fo mgmoneumdmgratroncaad\depﬂlcm@itidihg afeDdvailable O 'Tifne ShigtRivne
nuneral 114), as foll ows: For each source | ocation conpute

t he average aefers totasseismit |prm¢ssmg procedure based on the wave eqaation"which $sividlide

arrpl Itude of all detector recordings, perhaps in a tinme
wi ndow near avhengeral ﬁbﬁﬂg@%!ﬂ&ﬁﬂﬁﬂm%iom&tmay be neglected. Wiken laterslor each
detector chanpel in the survey (i.e., fixed shot point to .

det ect or di sChINLEY %Bﬁwpé'elmmc&@s disregardads thevmiore, G%teecbl(andlo

root - nean-square anpjitude, in perhaps in a tine window near a = _
reflection gF ORse{ p moLe aitfolt and moze expensive) Yestion ofi Hip saBisiproesdyreivat i

t
T A b e g SR T
av i ,
and avgr agl ngﬁ% {epﬁt Eﬁ g@u?%%?%hﬁ@ﬁ?@ tﬁ%p?é{v %ﬁ?‘ﬂ? fg;gf)@? R:lst
s to renove
(as conp] et eyiss, Oklshoma;'1987 i iRlikesAER SP SlhidSnBEGon ha BERBUEF 0, [ o1
(sources or defafi§bA H&féﬁ@hﬁrﬂxgﬁt{;ﬂ(ﬁl L progedures, Concepl%.l'lfoﬂié fighafin pRO&Ss 2

correction may be elimnate the m ssing
then suppbi eghdves ditadrone ki fe@dnded spatial position to the position from which the -

reflections actually originated.

07935

data is

In the preferréd embodiment of the present invention, pre-stack time or
depth migration (reference numerail 122) is used for at least two purposes: to
remove diffraction hyperbolas and to correctly position dipping reflectors. As will

15 be well known to persons skllled in the art, pre-stack time or depth migration
suppresses diffraction hyperbolas by contracting them back to a point reflection.
Also, in the non-zero dip case, a common mid-surface point gather will contain
data from a range of reflection points (known as "reflection-point smear"). The
degree of smear increases with reflector dip. Pre-stack time or depth migration

20  can be used to sort the data into true common reflection point gathers. Any of the
well-known migration methods (e.g., Kirchoff migrition, dip moveout followed
by zero-offset migration, etc.) may be used.

--Success of the pre-stack inversion process is critically dependent on the
pioper treatment of seismic reflection amplitudes by the pre-stack time or depth

25  migration. Specifically, the pre-stack time or depth migration process must
produce the correct dependence of feﬂection amplitude upon reflection angle and

upon the source to reflection point and reflection point to detector distances.
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Geonetric divergence correction may be applled-before conput ati on of the
aver age well known to persons skilled in the art , p AGaI8h

divergeﬁ'{:'?e&?‘r’b:;3 correction refers to a correction which conpens&?es t he
recorded seismc data for t he expected decrease in reflected
.anplitude as distance traversed increases. The next step of

the prefer réfi ibRAERSI e STS Bor *ehf?ﬂgﬁﬁz{tftﬁé ﬁi‘eadiadk'}higg? n"%ﬁaﬁk is %rogas OVGOUt

vel ocity analysis of the dat ref erence numner f low dip
(i.e., IeS&réamgrmnbnhﬂiplmmedlﬂcmeabhtaiematnﬁméaredI of fsets, seismc
reflection data di splays a pattern of reflection tinme versus offset
whi ch cl osely fol.l owsMigration of synthetic data generated with a layered elasticmodel =~ 20
WO 96/ 07935

PCT/ US95/ 10594 towehfirt poeservationaf reflection amplindes when 10 migratjont i on
defines a velocity known as t he normal noveout vel OCIty, Vierr].

normal Woveout vel ocigoyrestienssara mequired. Migrationaof ary asousticmodelgvithea dat a -

processi ng. The normal noveout velocity is estimated fromthe seismc .

data itself (althougHmalchange ind mt&pmdsaﬂee@méem“edlw@ecn% fairly
areas of 1 ow dip. ¢ heRBIIES HoBORERF SE AR cor r caponds. appr o 'milt cly to
(referred 1o as e NogRnoRoEh e RRCeorbddborft hotfiend aifpiok M

noveout velocity fro?gﬁe e fr@ﬁi#nforreﬂe%ﬁb%%%rsﬁurecuon data is weII known

to those skilled in erre enbodi nrent assunes that the

o (NSO ) o i BRSO e, O 20 L
the reflection event gGfgrftiehd sndlo wﬁfymﬁfoveﬂgnghﬁ aﬁ@h{,ﬂeqnf@%ﬁ@{. det ecti on
The need for an amplitude consistent migration process is well known in the art. |
The theory is presented in considerable mathematical detail in papers. such as
Beylkin, G., "Imaging of discontinuities in the inverse scattering problem by
15 inversionof a caﬁsal generalized Radon transfofm," J. Math. Phys., v. 26,
. pp- 99-108, 1985.
When the invention is extended to the more general situation of geologlc
structure (which allows for high reflector dips and significant lateral velocity
changes), the use of layered earth models and inversion in the p-t domain is no
20 longer justified. In this situation, the seismic data is inverted using a more general -
wave equation model which allows for arbitrary earth structure. Accordingly, _in
this case there is no need for a preliminary time or depth migration (reference
numeral 122) intended to improve the consistency between the data and the layered
earth model. The inversion process for a general wave equation model can be |
125 viewed as containing its own "built-in" depth migration. .
‘Where applicable, pre¥stack time migration is preferred over pre-stack
depth migration because the time .migratiox; process is less sensi_tive to errors in the

migration velocity. For the time migration procedure, a lateral average of the
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system Refl ect.ion events substanti al I*y beneath-the reflection events of
i nter est o9fm7ﬁ§y be ignored. 15 The normal nov Sgg,:léggaty
anal ysi s ve’re erence nuneral 116) is usually conducted on only a
fraction of the data (e.g., one out of every twenty m dpoint

| ocations for typical data acquisition paranmeters). The information

resul ting frewacking velotity,sVpr,csméficesi Dépaethigration, abed eitherasdepreProddssing |

. (reference nunmeral 118) across the seismic profile Iine or lines of
i nt erest. | nsteppolaspanof theoinversionsprocesg Rself, i8 Deryr sensifide td therchoive bf ttie
produce an estinmate of V[errJ at all locations of interest in the
subsurface, hackgsonnd Brwaye velogibvWimg-0 persons skilled in the art.

Prior to actually_performn he pre-stack tine or detgth mgration, a

t
m.gration vel ocit mutﬁﬁﬂletséepfé@mh@ég(aﬁené\riljrb@@i,mﬁ)m:—s:apk)w y .
Pre-stack_ - ., ti . depth m tif dur requi re know edge of the
ngsﬁr? t;p?e Prmﬁ%%‘é%%%e 68iVE’n9%r6ﬁa’|H§’g](§{’i‘gg§§@éﬂu fES;:Ttgﬁﬁpﬂqui SBSZ'@the!d@?ie"
propagational e L Semi appr.oxi - .velo A
" back d oPf sgoic dafa spiafesed 5 15 fepth docation i the depth ppigration case.
S%O?ngnve?ﬂg %#?h&eils}# im 21? i % | | tl\c.)blllleg tgﬁsiﬁterval
vel ocity, V[err?t)h. & Snoo ﬁl ng |s¥§er?ﬁa §§§%¥W§J‘§ﬁ‘g‘t¥%ﬁ8‘“§9@ %} 'st ance of
PCT) USos/ 105 §5Peral the mjgration velocity model wil nog be perfectly orrest, anf b8l 1%, |
practice, thenmifestatseF Py 1dasCss I %o?ﬁ%@@t%%ﬁ;t?yﬁ%ﬁﬁs%gxgﬁ%xgqﬁnom and

It must be approximated, usually rererence

nuner al 14.8) loation bf reflediian e¥énty migrated Fronap Hiffrént off3éts YStdqtheoreticallf)anedur e
is to assunme that the V[err] nodel is a root-nean-square runni ng average

5 of Verr lsam?’ bommmion depthvpointsgatiier. [Bush atiprated d@d iswaid todisplay Ctedidaal"a
moration moveout. This problem is corrected by applying a reverse moveout correction
appropriate to V,;, (reference numeral 124). The result will be pre-stack seismic
data displaying (at least approximately) the normal hyperbolic moveout. In the
15  situation where lateral velocity changes are small and time migration is
appropriate, the reverse moveout correct.ion'is performed by inverting the familiar
normal moveout equation: ‘

t(x) = ;34--522— | | (9)
nmo
where #(x) is the two-way reflection time at shot-point to detector-point offset x, ,

20  is the zero-offset reflection time, and V,,,, is the normal moveout velocity obtained
from the V,,, used in the migration process (in other words, V,,,, is 2
root-mean-square running average of V).

‘ When the lateral velocity variations are significant and depth migration is
required, the reverse moveout correction requires inversion of a ray-tracing.

25 Réy-traéing produces a map between arrival time for every source-receiver pair
and the reflection points (depths). Inversion of the ray-tracing mapping is the
corresponding map between depths and arrival times.
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velocity nodel can be obtained directly fromthe noveout velocity using a
f or mul erived by Dix. Very often, however, the rg ed the
Di x veﬁxeiwgegerr] cont ai ns obj ectionabl e Iarge varélil}gt%?%ir?gudue to .
magni fications of errors in V[err]. _ The preferred nethod for
time mgration uses a |lateral average of the initial 10 Verr] nodel, and
then a suitably FesrelstcRiine 6 Gpth %/rﬁtéﬁiiaWith‘f@\%ﬁfe]mﬂ%icorrecnondeSI gned
to agree with the laterally averaged V[err] nodel only at certain gridded
| ocati ons (wifuintain die wsual (4t RaGPproximately) hypérbolicmpveoun assotiated) with n ot her
wor ds, t he root-nean-square running average of V[err] only
appr oxi mat eloymaljpriserywieflaction events. | Elteamigirationcprocgss @fefatpmerl}umﬂxalglﬂdded
| ocations of approximately every 0.200 seconds. 15 Preferably, the
agr eement iwillein genezal, pljer the reflection ggometry if refleator-dip is present and When
depth mgration is required, the mgration velocity nndel varies
| at er al 5y iimpeeNe mmmdeﬂmmsqoaﬁgm throngh; congraction ofififftaction agises; aAi at'i ons)
dependi ng on hengl f one or nore | e |nes F || bl own

ysis lh

' prg ist\a,:;k r%t'ﬁﬂé 108 Ve ° rquﬁﬂerer@’d“%‘ f elocity
I 2D
e e et Vi q’i?#gaﬁ'mt 7 bh A mVeopt Giffct Bt iy 8¢P§sa§§%ogaﬁsh
, Ge De i
Cerat o on SEBHY F‘?‘?r T priRedi 0L SERAINGS Bke steps are EHBAI@'hl) WL ED

m gration lg e &%}]% ehaci ty

anal ysi s \{Ew%llat%&grﬁ?ﬂ@e?w ?ﬁfh g@é ng?cﬂhs{)egfagétﬁ on e va?'?fg??eofgns Lat eral
snoot hi f3g 'Mﬂk'ﬁﬁamuﬁf renmove |arge |lateral variations resulti ng in ‘
snoot h and nore geol ogically plausible " nodel s.

will be well knoxgwilpbe Welbowikiol pessdns Bkillee irfithe ar€; @inftérafd s@élk ect i on data
typically nust be corrected by a process known as nigration. Two: types of
22 procedures should be applied to the moveout corrected data (reference

numeral 128). The results of the mute and stack operation are used in the normal
incident pulse estimation (reference nuineral 130). The quality of seismic images is
15 often judged, at least in part, by comparisons between'mathexﬁatical computations
using corrected well measurements (known as "synthetic seismograms" or, more
simply, "synthetics") .and actual stacked seismic data. The procedure by which
these synthetics are developed (reference numeral 132) is typically 1D normal
incident modeling of primary P-wave to P-wave reflections. The synthetics are
20 made using the corrected well mwsurefnents of P-wave velocity and density
(reference numeral 106) and an _estimatgd normal incident seismic-pulse (also
called a seismic wavelet). This and,other wévelet estimation procedures will be |
well known to persons skilled in the art.
At reference numeral 134, the quality of the pre-stack mgrated stacked
25  section is judged on a number of issues which should include:
1. Comparison of the stack to the well synthetic at the well location.
2. Removal of diffraction events from the stack.

3. Vertical and lateral resolution improvements.
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WD 96/ 07935 .

PCT/USQS/%&‘?? mgration, time mgration and depth pi ' are
avai |l abl e. |é}n%’93n51 gration refers to a seismc proces%%@%é‘dure
based on the wave equation which is valid when | ateral changes in

the P-wave velocity may be neglected. Wen |ateral changes in P-wave
vel oci ty cannSiccssfuliappl@wiot of the pre-processifi@ phaelof tR fhventich is sﬁ‘éﬁ§l?%€d“ ly,
S

nore difficult and nore expensive) version of the same procedure

cal | ed depth depgndent and a Seatter of expeYiehem zIf the findaitfkiis jidped tdbOg6S6E| NY,
Chapter 4, pp. 241-353, published by the Society of Exploration

Geophysi ci st senough, the prespeneessitig phiaseref thedfvention (sefefenceummeral 100)dei sni c
m.gration and for further details on different m grat.i on procedures.

Concept ual | y, camplets; Jf thei final stack issrot good enonghe thep-additionahnaise-suppressidad

spati al posi t( otn to the Pa?ﬁiéi on fromwhich the reflections actually
ori gi nated ~ (reference numeral 130} ay pe sequired {fos examples multiples mighs beseen as
i Avention, pre-s gé:_llP( tjioe or depth, mgratjon (reference nuneral 122)

is used for &P at {5 §13gefthe pre-processing), radinstments might hegmads wthe ol as
and to correcy,l bt i ppi,ng refl ectors. il 5 be wel|l known to
persons skill Z’H’X Fﬁ&)tv (] vgiraf'ﬂy %&gggt(ﬁéﬁepﬁ:wa@a}gﬁ% ’ﬁi)af?sBFFm’el}'): as

suppresses di&ésﬁﬁﬁédwo‘pype_r bol as by contracting t hem back to a point
refl ection. SO, in the non-zero dip case, a conmon m d-surface

poi nt gather wl| | Lk Q. n w6k ' Lnts
(known as "refIect?g%%o@n?e?nggr&?ﬁ#e&ml& v'?""’g‘g%dr%g{lgﬁt b?ﬁr%é&%ﬁg eases
wi th refl get owithiuBiderPog eé,aﬁ{gr ; FPRE bt Akiafih: : sed to
sort the data ?nto trueocommnit?dg??fédétionbggﬁlgg'gxe&%%.%ﬁ‘wrs\gﬁ%#s%m

t

vel | - known i glsebeé asedoideattwith uBof-plkhé feflebfioevenid (i the 2D
fol | owed by zero-offset mgration, etc.) may be used.

Success of t hWelocity updatds drewverysdandependerts Veloeity adjusinentsmad éemiprove t he
proper treatnment of seismc reflection anplitudes by the pre-stack tinme or
dept h the quality of pre-stack time and depth migration procedures are, however, well
- known to persons skilled in the art of seismic data processing.
15 Adjustments made to the V,,,,, model will be used to update or correct the
Vi model (reference numeral 140) prior to another pass at pre-stack time or
depth migration (reference numeral 122). The migration process will be repeated
with a new velocity model startmg from the original (unﬁmM) pre-stack
seismic data (with, perhaps, additional noise suppression).
20 As noted above, there are three outputs from the pre-processing phase of
the preferred embodiment: the pre-stack time or depth migrated seismic data
(reference numeral 142); the moveout velocity model (reference numeral 144); and
the edited and corrected wellbore measﬁrements at the calibration well (reference
numeral 146).

25
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25 mgration. Specifically, the pre-stack tinme or depth migration process

must _, oduce the correct_dependence of reflecti e upon
refl e&(?%ﬁ‘lmgl%l e and upon the source to refl ect%n{) gnd
reflection point to detector distances. _

23 WD 96/ 07935

PCT/ US95/ 10594 Cal i br arp@p-rt rifying that the pre-stack

m gration process is properly

but are not limted to: 1. . M gration of synthetic data

generated with a |l ayered el astic nodel ]
preservati on dThe preferred embodimenttof dieessprebent inventiorgisathe dow dip case .

corrections are required. Mgration of an acoustic nodel. with a

smal | chawbgre il modelingyandrinyersiondn theed-aldomain cdndnamﬁed hdcceddingly,i on

coefficients are_independent of angle.

synt hét i dfortheaprgtemed smbodient, the prergrasesning,phage n&ﬁo&pwaé dbya -~
to test corr cthn f

refl ec oj nt snear
M grati orfr‘ﬁ!s ormatign Ogg%esR’FF'étaS PHH’&%\F%‘{%‘EOYHOQF eqrrested,seismic data
nd to yer ove S in.a tudeln rmafion.
fimeitseL il o lobmest-iBietrept 6 PR APTRHbon | 1 ¢ he

diffracti
need for

paper s s&,#"e o8 llleal 1o bR 07 18 RN B0 S %@@E‘%PP fptifionn ho

i nver se SG
transform

to confirm

M gration_ of

in

treating reflection anplitudes include,

The

0, B e S B g B 5 200

Wien fohe {.0Msid kelowS €xtended to the-nore general situati on of geol ogi c‘

The p-t transformation is carried out for each common depth point (CDP)

‘gather. Thus, CDP gathers in x-¢ are transformed to CDP gathers in p-t. Fig. 3

15

20

25

is a flow chart showing one embodiment of the data processing steps for the p-x-
transformation and slant stack interval velocity analysis. Inputs to this process
are: |

1. Pre-stack seismic data in x-# after time or depth migration and

.' reverse moveout correction (reference numeral 142).

2. AV, model (reference numeral 144).

The seismic data input to the transform process consists of "true
amplitude” seismic reflection data (i.e., wiﬁwt_comﬁom for geometric
divergence) which resulted from the pre-processing steps described above. The
inQetsion procedure. will ultimately compare the reflection amplitudes of this data
with predictions made by the 3D viscoelastic wave equation (specialized to plane
;;arallel layers). Geometric divergence corrections applied to the input data would
produce dramatically wrong results because the p-t transform used inthis
invention automatically accomplishes the correction for geometric divergence. —
Since the preferred embodiment is the low dip case, the data output from

the time or depth migration procedure is sorted to common mid-surface point bins
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structure (which allows for high refl ector di ps-and significant |ateral
vel oci ty wom.,gggtanges) the use of |ayered earth nodel s a??.‘l‘hfb!ﬁl@b‘?n I n
I on

the p-t domainis no 20 longer justified. In this situa e seismc
data is.inverted using a nore general wave equati on nodel which
allows for arbitrary earth structure. Accordingly, in this case there

i s no need f ¢referepceahinmsralals2): iThis step ghert peffoshed irplhe(higlf &aS€ In the
numeral 122) intended to inprove the consistency between e data and the

| ayered highedipicase, dlata is Precessedcn shotrordero cEhes sdro to eorgmonmd-sumce
equation nodel can be 25 viewed as containing its own "built-in" depth
migration.  bins places all datawhich hap pridpoint locatione Y5 =a¢¥,, X,) whichi fall antoahe i s
pr.ef erred over gre stack depth nmigration because the.tinme mgration
process is | 848 ¥estangujay areainta 3 germon dafacgather. Hergi¥;and iYpareddfmedby. For
the tine mgration procedure a | ateral average of the

24 WO 96/ 07935 v.=%*h 0

PCT/ US9S/ 10594 stacki ng vel ocR‘ty, Ylerr], suffices. Depth 91 ejrat i on,
" used either as a pre-processing step or as part of the inversion
process itself, is very sensitive to_th i ce of the backgr.ound
P-wave vel OCIty V[err]. L put of the time or déiddh
mgration will be either (i) pre-stack 5 seismc data mgrated to

vertical arr iwhete &ﬂS;,%})ﬁMeﬂioﬁEoﬁthﬂb@iﬁdﬂ‘ve@ﬁﬁ%f%£ddrée and P =P(E. P B ack
seismc data mgrated to.its depth location in the depth mgrati A dase.

I'n both caseds thelhesizontaklocitionvwectordf ke detedton) Thi I:ﬁiuﬁft protedwrelifvdlves model .
In- general, the mgration velocity nodel wll be perfectly

‘correct, anddefininghin fimensions.nior Exarhple; s bidf dimension Iot aets feeshas| Yeen used
I nconsi stency in the zero-offset tine or depth 10 |ocation .of reflection
events nil§r afer singie: 2D prafile line.o fThess procedures ark avelkknoval toypersins skilled sane
conmon depth lIE)::)hlenatn.gat her. Such mgrated data is said to display "residual"”
With 2D seismic data, S, and P, should be zero. However, as is.well
known .in the art, there may be non-iero values .of Sy and P, if either the sources
or the detectors are not located exactly along the profile line. For example, in
15 marine seismic prospectmg the receiver cable may drift away from the profile line
due to cross-currents (known as "cable feathenng") Correctrons for cable
feathenng and other similar problems are well known
At reference mxmeral 154, mldpomt gathers whose reﬂectton pomts cover
 the calibration and target locations of interest are selected from the mxdpomt sort.
20 As dtscussed above, the selected data should extend beyond the regions of interest
to minimize "edge" effects in interval velocity smoothmg Often, one hundred to
one thousand gathers mlght be selected for each location of mterest
Rtgorously speakmg the 1D model lmplles that all mldpomt gathers should
be completely 1dent1cal Those skrlled in the art will understand that this
25 -assumptron is v1olated to some extent by all actual data. In many cases of

1mportant practlcal mterest however mrdpomt gathers can be usefully combmed
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nmoveout. This problemis corrected by applying a reverse noveout correction

appropriate to V[err] (reference nuneral 124). The resul t_\ re-stack

sei sm c WOt a di spl aying (at | east approximately) t%%#’ﬁaﬁsﬁ

hyperbolic noveout. In the 15 situation where lateral velocity changes

are small and tinme mgrationis appropriate, the reverse noveout

correction poNALh SR afrokiliily 'ond nhitfred 268! Afvantages of riafe®V €OU!
X) =1le

equati on: wher e
t(x) is thepfixm Whﬁﬂﬁéih@gﬁ@@(kfdm@tnuﬁé@ﬂ'lﬁﬁ) pfe:t 0 detector-point offset
set

X, to 20 I's The zero-off reflection tinme, and V[err] is the normnal
noveout vel oci ty1pbt aMigihg improves consistency\ith tHe 1B @gbdeh -t he mi gration
process (in other words, V[err] is a root - nean- square runni ng average .
of V[err]). 2. For mogtdata coliection gearhetvies,(gathey mixing-iniprovesthe

. significant and depth migration is _required, the reverse noveout
~correcti®n requires i spasiabsamplitg of offsptstin she eaommon midpaingathersi Adepr oduces
a map between arrival time for every source-receiver pair , and t he

reflection points (degkassprrangspesnt pbaffeats included yn apy, gives MidPPRLEANEr ¢ he

correspondi ng map between depths and arriyval t . :
25 P VO 93 / 07835 depends u on?he shot point mtervallagssupon the detector interval.

PCT/ US95/ 10594 | . The. pre-stack fi depth d
T o o roveour Senemal PRl B el

appr oxi mat hyper bQl.d ¢ | ' w1 h. . i
R e s i A
will, i e |, alt ' VN dip i X
b | 5109TToTS . 81| Hackd seliio afiiyaed gHER Wibiidn W] e SUARE. TP © Peseng

R e
from surrounding midpoint gathers is assigned to each input midpoint location.
As will be well known to persons skilled in the art, no midpoint locations are
eliminated by this procedure (as they would be if the dété was binned af a large

15 midpoint interval). - |

In many cases, even the mxxed midpoint gaﬁém will fail fo fhlfill the
requirements on spaﬁal sampling in the offset domain required by the p-t
transform. This difficulty is overcome By performing .an int_erpolatidn .(reference
numeral 158) which makes use of the V, model .(refgre.r_lce.numeral 144)

20 resulting from .the pre-processing phase to place mterpolated traces between the
actual recprded offset traces. These procedures a.re.v./ell known to persons skilled
in the art of seisxhic data processing. o |

The actual p-t _trénsformation (reference numer:al 160) is applied to a

.tapered version of the midpoint gather data. The ta_pé_i' is necessary because the

23 recorded amﬁlitudes fall suddenly to zero after the maxlmum recorded offset
location. The taper is applied to ensure that the mput dafa 5moothly falls to zero
at the maximum offset. Without a taper, undesir_aﬁlc_:_ " abrui:t edge " effects can
appear in the transfdrmed résult. The taper is designed to roll the input data down
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better V[err] nodel which nmay-be used to noveout correct the m'grat ed
pre-stac e| smc data. The procedures used in perf Qgﬁe st eps
are |dent|cgqo?o t hose used for the initial V[err] an yS|s

(di scussed above in connection with reference 10 nunerals 116 and 118).
As will be well known to persons skilled in the art, nute and stack
procedur es sfyozerd ober thepifsers wiich bexinay/ £ Spécified feftion Gf dad Makinfin® bffs&e

nuneral 128). The results of the nute and stack operation are used in the

nor nal vilue (usaaity BO%3 end seachimgizero 4tthé eaxivmem offver. aThel dct of dds qual i ty
of seismc images is 15 often judged, at least in part, by conparisons

bet ween mat hapmgtgpetemlputlamrpmted into the Gsvensjor processtsmcthmed»ﬂly aB@syIr enent s

(known as "synthetic seisnpgrans” or, nore i mply, "synthetics") and
actual st ack@salkperionof the antlaméfsgtrr@ag@lamtbgnmtsﬁ%) is actualfintost synt heti cs
are devel oped (re géence nurreral typi cal | ¥,ng nor nmal

i nci dent %odel i ng nmtggeée éms\hsslmv@wmt heti ¢s

densi Ly lr'a‘“ed{af o hﬁgﬁq‘i%%egaé’s sﬁ;@as”r@;ﬁ @anh RIS et dent
nsity .

iﬁ'vZE‘ef et fenRay SP@@%UT%?*'@ Bl S raops SB%BE%RQ, kil ed

pre- ot ack T grgf%d“? » Dregblosh IRER I andhelioNSon Aot St o sHinel

whi ch_shoul dpj, :v. 35, pp, 162-172, 1987, and RGN LAlSIRSoRbAGF 1© the

wel | synt het | c at je ‘wefl

di ffracti®n gofmdre (é GO ProfMaxShakkted by Advance Geophygical Coi?J s &3Lb1é’6?' lat eral
resol ution inprovenents. 26
performing transforms of this type. The resulting transformed data obey the plane
wave version of the viscoelastic wave equation. Modeling and inversion |
computations performed on the plane wave equation are simpler than in the -
corresponding offset domain equation. - For example, the estimation of P-wave
15 interval velocities for plane parallel layers can be accomplished by a layer
stripping procedure which exploits special properties of this domain, as more fully
described below. The common midpoint gathers output from the p-t - -
transformation (reference numeral 162) are used as inputs to the pre-stack
inversion phase. of the invention (discussed below) and to the interval velocity
20 estimation process (reference numerals 164, 166, 168, 1‘70, and 172).
The pre-stack invsrsibn phase of the inventipn_ reqﬁires knowlédge of the
P-wave interval vslocity model which "flattens” the primary reflections as v.vell. as
possible. Up to this stage in the processing seqﬁense, ohly a VW model and an
ai)proximate Vi model (used for the pre-stack time or depth migrations) have been
25 required. Successful viscoelastic inversions require V,,, models which are accurate
(as measured by the degree to which they flatten the primaries), to better than 5%.
Use of the maximum range of recorded offsets or reflection angles (up to about

50° in the most favorable cases) appears to require very accurate velocity
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%?Sggéziggﬁé?s o ronSuccessf ul application o~f the pre- P@?@?ﬂ"% phase of

the in gly data dependent and a mat experi ence.
If the final stack is judged to be good enough, the pre-processing
phase of the invention (reference nuneral 100) is complete. If the

final stackstisatitns. OHsinMBaHE degtda @t %{?ﬁ'ﬁi"@éloﬂng: %ﬁmﬁﬁflﬂlg‘?’g o e

(reference nuneral 136) may be required or exa m ght be

seen as  requires pdditibmalesforts devoted aovelodity dvEimation FOIRRERS itheo) .  OF
adj ustnments m ght be nade in the ' V[err] and V[err] velocity nodels

(r ef er enceprespoocessing sbéps {debcfibéd abovepand thegl-y yransformation. - Tiesmethbdsl bel ow.
Updates to the initial or post-mgration Verr] nodel mght be used to deal .
10 with unsedrin the present-invegtion, horizon-baséd intarvalomelosity restimatien incthe p-t

adj ustments mght al so be used to deal with out-of-plane reflection
-event s §i ndemainp whilg net Bew,/have been refinedde iachicverthgthighesy degres of dat a '
dependent . Velocity_ adjustnents nmade to inprove the quality of
pre-stack PregisionRessible, as mase MlbodessribedbrloWs are, however, wel |

K0 10 P SOl B et ok RSB B8 €0 e
VL1 koL SIErATERS o A SRS B 17

o 00ese, b S LSRR, o Bl Aoty i . b 3 e
addi ti gpal bf'%é@oc‘fé&?%‘fﬁ?lﬂﬁdn %@hxsicisﬁé-msa%kmwt Egﬂr’je Lfre, are q

three outputs from1the pfe-proc g phase of referre

enmbodi ment %ﬁ%ﬁ%{%ﬂ%ﬁﬂ%ﬁﬂsg}aﬂb ParlIerefREtHIS g e fD-

(reference nurreral 142); nove ocity model (reference nuneral

144); and layered cdaft m6tiel); thepimasy fefleétishs iR atRASRrEd Midpoih dathedtwillhe

calibration well (reference nuneral 146).
display "nested elliptic" moveout in the p-v domain.

In the deep water marine situation, the water bottom will generally be the
15 first visible prim_ary reflector. For the first reflection event, the hyperbolic
moveout of the x-t domain will be replaced by an elliptic moveout in the p-t
domain, as follows: . - : S =
(P =nOW1-(%) . ®
where 1,(p) is the pnmary féﬂ'ection imér§ept time of the first (water bottom)
20 reflector at slo_wnéés P, 1,(0) is thé pnmary reﬂéction mtercept time at zero
Slov?ne#s, and Ve 1s the P-Wavé interval velocity of the wétér layér,. The nexi
: reﬂeétionhorizon will display an elliptic moveout time relétive to 7,(p), as

follows:

2(p) =11(p) + (32(0) - 1y ()1 - (P (13)
25  where 1,(p) is the primary reflection intercept time of the second reflector at
slowness p, ,(0) is the primary reflection intercept time of the second reflector at

zero slowness, and V, is the P-wave interval velocity of thé first layer beneath the
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PCT/ USQS/&Q;%% : ' The p-t i on
enbodi ment of the present HcIodsRn 0

The preferre invention is the | ow di p case
where 1D nodeling and inversion in the p-t domain can be applied.
Accordingly, 5 for the preferred enbodi nent, the pre-processing phase is
fol l owed by awater bottdm.aThisomoweliassunses cohstamtrBwave edloditybétiveen thecldyers e

nmoveout - corrected seismc data fromthe tinme-offset (x-t) domain to
t he sl owness-If thecvelegity hetween the tvjsiblel wefidction interfades ¢ potdin dactwonstamt, tHehO i n
Fig. 1). In alternative enbodi nents of the invention, I nver si on may

be appl i ed i rthe imterval velogity is replaeeg (approximatelyhby the noot-meanrsguare average

descri bed bel ow, | .. The p-t transformation is carried out for
each conmon IR insenval velegitiss within the layser In gengral, themtly seflestion hosizon ar e
transforned to, gathers..in p-t. Flg. 3 IS Tl ow chart show ng one
embodi nent® ofwlll%spﬂgl' @Eﬁ@%%&ﬁ@“@?&@g‘%’e i the; (el ) lfe?lectlon QiZORACETHHE on

- and slant stack interval velocity analysis. Inputs to this process 15 are:

1. Pre-std@k seisnmic data in X-t after tine or depth migration and
reverse noveout correction (reference nuneral 14 5 _
a(P) = 11(P) + (t2(0) - 151 (D1 - (V)" . (14)

Following the transform from the x-f domain to the p-t domain (reference

numeral 160), the traix‘sformed data is moveout corrected according to

10 : W) =tgy 1= (BVpmo) T

muted, and stacked (reference numeral 164). The p-t stack is very similar to the
x-t stack, although subtle differences may be seen due to the midpoint mixing and
the frequency domain processing. ~
At reference numeral 166, a geologic interpretation is made using the p-t
15  stack (reference numeral 164) to identify the major primary reflection horizons.
The interpretation process may use the normal incident synthetic (reference
numeral 132) to verify the horizon identification. ' The identified major primary
reflection horizons are used to estimate the P-wave interval velocities following a
procedure described in Schultz, P. S., "A method for direct estimation of interval
20  velocities,” Geophysics, v. 47, pp. 1657-1671, 1982, which exploits the moveout
properties of the data in the p-t domain described above. The primary reflection
horizons selected from the p-t stack should conform to the major changes in the
P-wave velocity structure in the subsurface region of interest. As noted above, the
first reflection horizon for marine data is usually the water bottom reflection. The
25 nexi horizon should usually be no closer (on average) than about 0.100 to 0.200
seconds and usually no farther than about 0.250 to 0.500 seconds. In the low

reflector dip situation, the selected reflection horizons will be approximately
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2. A V[err] nodel (reference nuneral 144).. The seism c
data input to the transform process consists of "true 3, de"
sei sm ca?%?ﬁ"lgaﬁ on data (i.e., without corrections for g M#;?ébsw

di vergence) which resulted fromthe pre-processing steps described above.

The I nversion procedure will ultimtely conpare the reflection
anpl i t udes gurallelité esbhtdther- (fonnsz- hpprokiashitsly laQikine Fagislled YayeRd mblely.scoel asti e
~wave equation (specialized t ane paral l'el |ayers). Geonetric

di ver gence Typically, fivaso wqehllqcéts aretused im¢developirigathePawave itervalpietutitye
dramatically wong results because the p-t transformused in his

i nventi on amodeint Tbes¢lpcted refleption herizans should displaycabripsibreaks ae faultc

di ver gence. Since the preferred enbodinment is the low dip
case, the -howndarigst pAseleetodohorizon mlﬁdlsviam shift (ropsistent with theoactyal geckiure i s
sorted to common m d-surface point bins

28 S\WO StRichire)as it crosses-a fault. -
. PCT/ US95/ 10594 ref erence nupgeral 152 step i.s.not performed .
in the high-di p @Bcsthe primary reflection forizons;age s dd‘a‘@&“&“ﬂ?‘ﬂ%essed in shot

o StSL. nfrfcirﬁééd&%y Sheneg o d@ﬂf&fa%deﬂbeﬂ%%ﬁﬁfsﬁﬁm‘i‘éé udd'g (O oh e
defined by SGPURRRe °mt%f‘?a? VERRiEE ihg%f stripplilg rbf e nRPReatisfi ind o
| ocation ve 6 QJtréﬁ@c %roefd?eﬁ '?;m {epﬁtﬁhﬁr};]s E’Jeg%le}umate the

hori zont al oca | on Vec I 'nNi ng proce%ure i nvol ves

def i ni ngy bi yuskiRBtEihsthe Sarfac@ithe fird rbfidttibh BRSO Ofke 8 firsf B§érHIas beei

used

-

interval velocity is found, the second layer’s interval velocity is determined by
applying elhpse fitting to the moveout time difference between the ﬁrst horizon
and the second honzon The best-fit ellipse determines the interval velocxty of the
second layer. The process continues until the interval velocity is determined for
15  all portions of the data above the deepesf reflection horizon of interest. By
convention, a single velocity (called the "basement" velocity) is assigned to the
region beneath the de_epest reflection horizon. Care must be used to avoid
multiple reflections which will introduce errors into the estimated velocities.
Scientific workstations are typically used to perform the ellipse fitting and to
20 rapidly display the moveout corrected results. |
Once a good initial estimate of the interval velocity structure is obtained,
the layei' stripping process can easily be repeated at each midpoint location in the
wransformed data. The resulting estimates of the layer interval velocities will
naturally display variations between midpoint locations reflecting both geological
25  variations in the actual rock velocities and noises in the seismic data. Lateral
smoothing (reference mumeral 170) of the estimated interval velocity within each
layer suppresses the noise components. Smoothing is normally performed over

lateral distances of a few hundred feet, but should not be performed across fault
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10 for a single 2D profile line. These procedures are well known to
persons sig in the art. Wth 2D sei sgg Slerr]
and P[err?ds#f’zdg?# be zero. However, as is well ~ known I n ehgsr’%“,'
there may be non-zero values of S[err] and P[err] if either the sources

or the detectors are not |ocated exactly along the profile line. For

exanpl e, in Holindanies: i Bdgeseffestsi(in thefinabahodtbed tiddel) afeiuppressadbye nay drift
away fromthe profile Iine due to cross-currents nown as "cable

f eat heri ng") .extandingcthe yalocity analysis beyond the fegidmwheregneersion twillreventuallyar

probl ems are wel | known. ) - At reference nuneral 154, m dpoint

. gat hers whoseberapplied: Ide fingl intervalvelocity model (veferenceitwmeralck72) shouldir get

| acations of j.nterest are selected fromthe mdpoint sort. .20 As
di.scussed abdtisplay H@Yﬂ&!'@&%w@nawmg@dmxew conformdo thes of

I nt er est o.mnimze, "edge".effecfs in jnterval velocity snoothing.
Often, oné h&;&iogbc%erpre%anonoglgn{k}lmﬁ seiXiWith wellimpasunsments|atwelld f or each

L B et Lo G
violated to g%’% c%%g%&@%{i P@@%ﬁ#&%-gﬁﬁﬁerﬁlﬁﬂ%c%%&@o&. %y

| mpor't ant  pr frinry! ref1éefing YonsiRAFWRA-a I EHER e ill BeJysiRBe By PRET VLY
PCT/ US95/ 105%%rrect intewﬂvﬁlocﬁ&%@d&-eidﬂ{ig?ﬁ%ﬂ?goﬂ?m Yu %ﬁ%@ﬁgﬁé&ﬂ .

‘Advant ages of appropriate m Xi ng ol nt gat erence

TS mer gl | 1f66) (@i 2D data) will display ndn-flat mb¥eoufld ThE Pindl RlodiS RbE1 af be \Wséd) - t he
nodel .

to construct a new V,,,, model (reference numeral 174) , if desired.

15 Before proceeding with the description of the pre-stack inversion phase of
the invention (referenc_e numeral 200 in Fig. 1),'certéin background information
regarding the physical and mathematical details of the wave propagation model
and the mathematical methods used in least-squares inversion will be provided.
Additionally, certain refinements used in the present invention will be described.

20

In physical terms, the preferred embodiment of the invention uses a wave
ﬁrOpagation model of primary P-wave reflections which is valid for small contrasts
25  in all elastic properties between tlie rock layérs. The model is further specialized
to be valid over only a restricted range of frequencies corresponding to the seismic
passband (i.e., the range of frequencies which can be génerated by seismic sources
and then pass through the earth without significant attenuation). In practice, the
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2. For nost data collection georrefri es, gather mixing inproves the 5
spati al ' of offsets in the combn m dpoi nt gat her @?ﬂ

exact aﬁ‘g%hﬁt of offsets included in any given rﬁdpoilﬁ“t—r §394.
depends upon the shot point interval and upon the detector interval.
Spatial sanpling is an inportant issue for the p-t transform

3. M xi nﬂmaaris'qggmﬂﬁﬁel&%ﬁa For ReqRAciey aﬁ%ragé&gisagglfow&? vARE36En ﬁ 10

traces used to analyze a given location int ace. e m Xxing

process desfivé Hestzh TR uppkelimit'io adjustableiand istset by thé fixed Riybthidkaads dat a
from surroundi ng m dpoint gathers is assigned to each input m dpoint

| ocation. using fi%e toitenl layers pet midimonnwavelengtisatthe sdepétizode. For egample, no
m dpoi nt | ocations are elimnated by this procedure.(as they would be
i f the dat aasseming sseismigtvelocityof 800Q feet peri stpondhand avmaxinaim frequency of '
I n many cases, even the m xed m dpoi nt (i;athers will fail to fulfill the
requi r erfent 10bHzs the minimyuhwavelgngth is $0fest.r Thus, dhermiodel wypicallpwopld t he p- t
transform This difficulty is overcone by performng an interpolation
(ref erence bhave a fixed Aagerthickness afthetargenrene of hstwaen & and 16 feef. %DGFSD'

(reference puneral 144), 2 resulting fromthe pre-processi ng phase to |
pl ace int er&é?"’ét‘ﬁ‘ﬁ t?'?%%‘é“!‘ @E?%Hﬂn)t‘ﬂ’a mterbed myltiples arg %RRSPH&?“%H set traces.
These procedures are well kn o persopns skilled. in the art of
sei sni ¢ dat %‘W@&ri l?ygmeans % ~wave q“?‘ﬁ@’ éEtPEral - WaYS RIQBAEH0RL i on
i dpol nt—gaRaR 8 e Weomr e pbcivhiBardiserapye s HADEHRONEBLERAR: | 0C,
anmpl i tuges %fﬂ %ansﬁg&ﬁﬁ@% t.€ 0[.]&? oF Bt ﬁpgm E‘gﬁﬂi
Iocatioﬁ’.e e taper |1 a%%ﬁc%rg&?g% nagéjrre hat t he’ &g‘?f a agiyna‘g@lhl y fal I‘
to zero ré-?réé&?seﬂ%‘&t' \ obift okirhite f igfabl e "abrupt
edge” effecgthsepca . appear in%?ﬁlé transfl‘fmoﬁtb %reggaﬁ?ﬁ%?r?g taper is
desi gned t ohydrbphdries to the\skisfiiié @ned#@y\Benerated by an array of marine air gun

| ~sources. The hydrophones and air guns are assumed to be located within an

acoustic mediﬁm (the water layer) above a viscoelastic medium (the subsurface

15 rock strata).

- Since attenuation is included, this model is most compactly expressed in
20 the frequency domain which is obtained by means of the Fourier transform from
the time domain. Suppose P(p, 1, Y) represents the p-t amplitude of some
‘transformed CMP gather at midpoint location Y at slowness p and intercept
time t. The complex quantity i’(p, @, Y) is the discrete Fourier transform of
."P(p, T, Y) with Being the frequency (measured in radians per second). As is
25  well known, the discrete Fourier transform of digital data collected over a |
specified time interval and at a specified time sampling rate is defined only for
certain frequency values (which may be modified by zero padding and
interpolation). Since these issues are well understqbd by persons skilled in the art,
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30 WD 96/ 07935 -
PCT/ US95/ - to zero over the offsets which begi Np, fied
%&??Iﬁ@:i!hax' mu gﬁ‘r eac

fraction m of f set val ue (usually 80% an ng zero
at the maxi num offset. The effect of this tapering operation is
I ncorporated into the inversion process so that only a very smal |

portlon of t fifts Hidkrissivh wWilll igRbretHE BferéRES béthakn Beiscr&an ToAGhibak! ¥ | ost.

The transformation applied in the preferred enbodi ment i s known

aS, a " Fodltier tramsforaisetFhe mtsxen?ydmaiﬁ transfoninatiom(the tforwafdyr ni

| npl emented in the frequency omai n. The theory behind such
transf or ns i eransform) isn Beyl ki n, , Di screte Radon Transform | EEE
Tr.ansactions on Acoustics, Speech % Sr gnal Pr ocessing, v. 35, pp.
162-172, 1987, and commer ci ter ' sof tware Qe& g.,
ProMax mar keted by Advance @DO%H% E‘Era bl e of 16)
perfornmng transforns of this type. e resultrng transformed data obey t he

k f h I
P_n32lresron5h WkEe ot g e TGN Frmieni i FHIEH ebeselt e A e
si npl er than

exanple, t heug@?#ﬂgtspacred&tﬁgg{}ﬁg%@gpgﬁ ??‘{‘Ié‘%ar T@gﬁh@ sﬁﬁ‘bget#ag&sp&ane

parallel |ay pr ocedur e
whi ch expl oi ?‘g glgjelcr@? proper cﬁﬁkfng %%&%ﬁgo%nergaﬁmr e t%y
descri bed bel ow. The conmon m- dpor nﬁat hers output fromthe p-t

transformation (reference rpk{;e 1 A@r WUSeﬂ?ﬁ puts to the st ack
i nversion phase of -the inven ot ?di, gﬁsgd be \i\?"a d to the int K{ﬁ/a
velocity 20 estimation process (r rence nunerals 164, 166, 168, 170,

and 172). \ﬂ\lotgge t the s;rr]rﬁi& 16 Sscd Rérkin' 4312 FrndeN 85 Couter wifen! 1f‘iéea{‘t Ion

requires kno
10  subscript; otherwise, it is the complex imaginary 2= -1) )

The convolutional model used'in the preferred embodiment of the invention
15 is expressed mathematically by making a distinction between the low frequency or
background changes in the subsurface parameters of den'sit'y and velocities and the
high frequency changes. It is assumed that this division occurs at approximately
five Hertz, the low frequency end of the seismic frequency range Thus, let V,(2)
be the depth-dependent subsurface P-wave velocxty The depth beneath the ocean
20  surface is z and we assume for the moment that we can ignore lateral changes.
We can always separate V,,(z) into two parts: V:“d‘g"’""d (z) which contains
ehanges below five Hertz and the rest which we will call AV,(z). The part AV,(2)
contains the variations which are above five Hertz. The actual P-wave 'velocity is

the sum of these two parts:

25 o Vy(2) = VPOksoumd (7)1 AV, (2). s)

The density and S-wave velocity can be decomposed in a similar manner.
37



P-wave i nterval velocity nodel which "flattens" the primary reflections as
wel | as ossible. Up to this stage in the processi %%%; Do only a
V[err] vn%’dge‘(owjg for E@

and an approximate V[err] nodel (used pre-stack
time or depth migrations) have been 25 required. Successful viscoelastic
I nversions require V[err] nodels which are accurate (as measured by

the degree to which they flatten the primaries), to better than 5%
Use of the maxi mumrange of recorded offsets or reflection angles (up to

about ApROxinmate Exprietsiomforithd ReflectiohCoefficianit appears to require very
accurate velocity 31 WO
96/ 07935 :

PCT/ US95/ 10594 estimations. Obtaining this degree of precision in
vel oci ty esti mat¥herreflection) of compressiogal plargswavesi(Prwaves) tofdompressibmabt ed t o
velocity estimation followng the = pre-processing steps (described
above) &nd DI3ne wavesdn ar‘{sace?lﬂfgtq-reﬁmaiﬁé gA¥erRed BY a fairly Gomplicated sHstem esent

domai . whiot STHBHOTS SAHEVE Fige b5 somaeyirt qortgicased Trumdias dor erarbdicwdo ce. of
PerT known SEEtksof ERerFRieR taVE,, A HED KopWE oRisafision.dus; fo Basggeld (s8e. " (1 ey
in the x-t ] : . ' t nondi peL.D- t her.
Soe o g HeRY R PRpfi0ihattnib elisfe Al 48 CRRIGRA e R, of %) 1

bl i shed ' i on . |6 sts.g Tul sa,
gl alh-gng, .hﬁﬁé?@hﬁwe%t%’grﬁf @’é@gﬂ?ﬁffg@p‘gﬁn geagi ng for
- plane pgr aHp?hSS—Sbt,eﬁﬁ')?etﬁins%nly the hidst importdnf! gnﬁdBSﬁfé[kf's@H@ﬁiohs the q

primary reflfections in a transformed m dpoint er w di spl ay
"nested el lafef soine RAMGRAtIon) give thePiwdleTefléttion expressed as a function of

depth, z, slowness, p, and midpoint location, Y:

2p(z,Y)

1 AV,(z,Y)
R v
1-p%V5(2,Y) 2Vp(2,Y)

.2 ¥) = (1- 452V 1)) 222D

- | AV/(2,Y) . -
15 - 8p%V3(z,Y) 2] 19
8Pz _)2%(2",) (19)

Ypp is a time integral 6f the usual reflection coefficient. V(2,Y), ¥;(2,Y), and -
p(z,Y) are the bftckgrouﬁd or long-period P-wave vélocity, S-wave velocity, and
den;itj expreésed as functions of depth and midpqint locatién. The functioxis
AV},(z,Y), AVy(z,Y), and Ap(z,Y) are the high frequency paris of the velocities |
20 and density. | |

! imate B jon for the Recorded Marine Data

The convolutional model for marine recordings is expressed

25 mathematically by a formula which involves the mid-point dependent P-wave and
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In-the deep wat.er marine situation, the water bottomw ||l generally be the
15 firstwdiosjopdag primary reflector. For the first refl ectipggfsueshésost e
hyper bol i ¢ , noveout of the x-t domain will be replaced by an elliptic
noveout -in the p-T dormai n, as follows: [err] where T[err] (P)
Is the primary reflection intercept tinme of the first (water bottonm) 20
reflector at Sswavebarkgroundeelocities and thehP-wave oaaljty fadtbre cThe highfrequeneyt ti ne
at zero sl owness, and V[err] is the P-wave interval velocity of the
wat er | ayer. Vapationsdn velocities and densitycappeasrinzbsintégrated irefidction aoeféicienpt i ¢
noveout time relatjve_to Tlerr](p), as fol | ows:

Trerr] (P) = ot Ihs (éﬁall}’%mmwﬂffmm@m (13) 25

where T[err](P) is the primary reflection intercept tinme of-the second

Rtercept time of tnd Qo SR e L el DS ana v2 1 s

the P-wave interval velocity of the first |ayer beneath the:
32 W9 96/ 1op (.1, Y) Taper\x n(p,h,,Y)) 20 (P) _ 2072
PCT/ US95/ 10594 'Zw(p)[pp\f\(gthgr j?)ot or(mmﬁﬁlifsw’rrg)del assuneslmcﬁgflé‘ﬁty)g- wave

vel ocity between the |ayers. If the velocity between the visible
reflection interfaces i s notNayer fact constant, th% the interval
velocity is replaced (approxi _t%x,)lp@uz,-r'ﬂ)z"?’”é{"-"' 360- squar e aver age

of the interval velocities wjithin'the layer. In general, the nth reflection
horizon 5 wll display an elliptic noveout relative to the (n-1)th

flection hori (0070, (.2, Y. O |
reflection horizon accesly@y/Q,(p.z Iygp(p,zi,Y) quer(xpp(p,z,-,Y))] (20)

where the factor $(p, ,[Source Array),[Detector Array], Y) represent.; the effects
at the source and receiver locations refers to the reflections of sound energy from
10  the air-water of the air gun array, the source ghosts, the receiver array, and the
receiver ghosts. (The ghosting effect interface.) ‘Other implementations will be
discussed as appropriate.
The P-wave arrival time at each layer is the quantity < op (P2, Y) defined
by:

.- i k
15 Tpp(Pize, Y) =2k 0y (D) + 23 digyerdy (P2, Y). D)
| i

where h,, is the thxckness of the water lajer. at surface location Y, and dy,,, is tﬁe
uniform layer thickness of the thin layer model (eight to sixteen feet).

The non-negati_vé function Taper(x,,(p,z;,Y)) is the offset tapering
appropriate to the P-wave V.Jith. sloWn_ess p feﬂecﬁhg from depth z; which arrives at

xpp(P’Zi ,Y) =

2 hypVyy 1 1(P) +2 D digyerp V(2. Y) / 15(P, 2k, Y). 22)
k=i
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Tlerr](P) = Tlerr](P) + (T[err](0) -'T[err](O))[err] (14)

Fol | ow bstég&%#ransformfromthex t domain to the pTd 3&5 ?rence
nuner al , the transformed data i s noveout corrected accor I'ng

[err] nut ed, and stacked (reference nuneral 164). The p-T stack is
very simlar to the x-t stack, although subtle differences may be

seen due t OTHeWisdBeligae fiodel iipligs. ariﬁimmum- phhdteadvhREURIRAY aHtSRTABN RIVGAESS] NY.
At reference nuneral 166, a geol ogic |nterpretat|on is made using the p-T

15 stack (byethecomplexrtenmimthelfdetpr,t o identify the major primary reflection
hori zons. The interpretation process may use the normal incident
synthetic (reference nuner al y the horizon

i dentification. The identifi edmm))éfpn-l C H reflection hqgiyzons are .
used to estimte the P-wave i nterval [vel®ci following a procedure
described in Schultz, P. 'S., "A nethod for direct estimation of interval

20  vel ociwhere i{ﬁmptoys'nﬁm,tion poirt fonthe backgrowkl delodiie fivetHertz, angl oi t s

t he noveout properties of the data in the p-T domain described above.
The pri dar yneis @gtbasme IOganth!hor'I’hzdamosQ},pém,aﬁ) {srtherangie dependentack shoul d
conformto the npjor changes in the P-wave velocity structure in the
subsurface at@gliwéwn&peffm st. As noted above, the first reflection
horizon for marine data is usuall y the water bottomreflection. The 25

next horizon should usuglly be gser (onjaverage) 1t han about 0.100 to

0.200 . seconds 50 to (2900
seconds. In the | ow<pp\Pr%ky fleﬂtﬁ Lkt il @Y, R(é' | ected refl ection

horizons will be approxi rrat ely
33 WO Biese farpiilas involve a number of angle-dependent objects which are defined ‘

PCT/ US95/ 10594
by,

1- p?V2
10 - L(p)= NTP W 25)
Vv

and,

Ze(p’hwsY)E(p’hw ’Y) = Zw(p)
Z,(p.h,. Y)E(p,h,,Y) +Z,(p)’

which is the water-bottom reflection arrival. The transmission factor for P-wave

(26)

: rpp(pshw'Y) =

propagation through the water bottom into the elastic material below is,

2JZ, (D201 Y)(1-20%VA (1))
Z(p.hy Y)E(p,hy,Y) +Z,(p)

an identical factor Ty, = Tf, appears for propagatlon of the reflected P-wave up

» @7

15 | Tfs(p,hw,Y) =

through the water bottom from below whlch is why the formula for P
(equauon (20)) contains Tf, The transmxssxon factor contains more

angle-dependent objects:

0 Z,(p)= lpwv‘z"vz. - 28)
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parallel to each other (form ng appr oxi mat el y a-plane parallel |ayered

nodel ). » ypically, five to seven layers are used in de t he
P-wave i n‘P’QP\‘)’&&sm ocity nodel s. The sel ected refl ectp%zéﬁ%”rl&%
shoul d di spl ay abrupt breaks at fault boundaries. A selected hor| zon
will display a shift (con5|stent witht ck 5 structure) as it

crosses a fault. Q)ﬁey h | ection horizo are
sel ected, a layer stripping ce ur$2{, g‘éefefnce numer al 3?9)
descri bed by Schultz, supra, is used to m ne the int erval

velocities. The Iayer stripping procedure proceeds fromthe

shal | owest reflector to the deepest @hvg f|tt| ng is used to estimte
the interval 10 vel ocity betvveenl‘g 8 ®lrface and the first reflection
hori zon. Once the first layer's interval velocity is found, the

second layer's int e:g ab el(pci ll m\@é i ng i pse
fitting to the nove ¥t21vI |¥)f} rg#?av"gh‘f g(?ﬁ’é”?() ?Iz Péd) and
t he second horizon. The best-fit ellipse_determ nes the i nterval vel oci ty
-of the second | ayer. The pr ocesséﬁqnbz g‘eq)antll the interval
velocity is determ ned for (p,@[Y):p t i ond Of %t he data above thgpydeepest
refl ection horizon of int erest ﬁl/é’r)tl on, a si ngle velocity
(called the "basenent"” vel ocity) | S assi gned to the regi on beneath

t he deepest reflection horizon. Care rru u; [1 bto avoid rrultiple
reflectiogs which wll introduge,e *v L Ysttn&Jest i mat ed vel oci t(?
Scientific workstations are tyﬁl cal 2/) usecV(z;Yperformthe ellipse |tt| ng
and to 20 rapidly display the noveout corrected results.

Once a good |'Fhetqoawoluuona1m®ebfortMgamvetfrethcmeiscdaf'myd so that ther Bourier

obt ai ned, t he | ayer . strl ppi ng process can easily be repeated at each
mi dpoi nt | oc AtansfermnPEmha;, Y) is realy ansf or med data. The resul ting estimtes of
the layer interval velocities wll : natural ly display variations

“bet ween midpoint |ocations reflecting both geol ogical 25 variations in

t he act ual r%ﬁk ﬁel oc'l ties and noises in the seismc dat-a. Lateral

10
“The source factor in the above model contains the directional effects
created by the source and detector arrays as well as the directional effects of the
surface ghosts and allows for the possibility of midpoint dependence. The source
- representation can be expressed as a series of terms using a double summation.
15 The higher order terms in the inner summation (over / here) represent higher
degrees of directional variation. The outer summation (over i here) represents a

rolling smoother over midpoint locations:

S(pr.o[S BIR.. ]Y)-—

%YW’(Y-Y)ZS'(Q) [S.-J(R- ]Y)H( /Pmax) o

i1 o F
20  The outer summation runs over midpoint locations which are summed with a
weight function w#(...). A constant weight function implies a source model which

is laterally uniform. A weight function which is zero when Y and Y; differ by
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snoot hing (reference numeral 170) of the estimated interval velocity within

each ‘I ayer suppresses the noise conmponents. Snoothing is _normally
per f or'W@46/8793% | ateral distances of a few hundr eBCTUEIS8%  shoui d
not be perforned across fault

34 WD 96/ 07935

PCT] US95/ 10538 hu e sac RN R o EO0E cBHPRIIT v L. GOt

nodel ) are Suppresse _ el ocl ty analysi eyond t he
regi on wh b RYRIeB E& vath "kefdh%*dﬁ@ Yocation.) P€ applied.--The final interval
velocity %%FWrgyeren%z anurrera 1%)O%H%%?d di splay only gradual- -
| ateral vari at iThe d&ﬂﬂhﬂb&ﬁﬁﬁeﬂtﬁff(&{&.ﬁ;{#.(}%?@éﬁém thetddfirce S  geol ogic
we .

interpretation, should agree closely w't neasurenents at wel |l

| ocat i ons estanates Apthe grigeloeativne Y| &, nmVErwoeffivient 47 £ thvolves ehesintdgen t he
nmoveout correction is perforned using the nested ellipse rule
descri bed lahised:to thaippwer €. This coefifigienteekures ihan the(higheritstnanin the innen | ayer ed
nodel) will be flattened by the correct interval velocity nodel.

Ml tipl e summationonly congribute tothesoures invdrsion whensequired by the Zatagas a) Wil I
di splay non-flat noveout. The_ final velocity nodel can be used to

const ruct eoradully/describedriatn. Foresxample, asing ¥, 30satlows for # vepsgenseal
S S e o) T eSS AR i
(oo o i) B0 bl S B ORI, ..
o oyt RO 59, 0% i8S b5 o5 | ver i on g

denominator value p,,,, is the maximum slowness value under consideration so that - --

P/Pmax < 1. This formula can also be expressed in the time domain,
M s(t[S.J[R.)Y)

le
=0 - .
with real coefficients s;(<,[S...],[R...],¥;} which have a short duration in the time

B(p/Pmzz) GO T —

_ - NY
S(p,z,[S..][R..}Y)= Zwt(Y -Y;)
i=l

15 domain. This means that the coefficients s;(x,[S..},[R...], ;) are zero for
greater than about 0.200 seconds or less than about -0.200 seconds. .

20 The above formulas define an approximation to me_aSured seismic d_ata,
D(p,t,Y), (after pre-processing and conversion to the. p-T doméin)-which are =
expected to be useful under the favorable conditions stipulated for the preferred
émbodiment. The mathematical approximation of the actual data is a model which
depends upon the water velocity, the background P-wave velocity, the-background

25 S-wave .v'elocity, the P-wave atter'mation., the water bottom depth', the water bottom --
values of the velocities and density (which are called the "mud" values), the
source coefficients §;, and the three ratios J,-= AV, / V), b5 = A‘{,./ Vs, and & =
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Addi ti onal | y, certai n refinenents used in the present invention will be
descri bed. The Convol utional Model ﬁb. ;al
terns, t WO ﬁf’@?’éﬁred enbodi ment of the invention uses a myg‘rﬁﬂm '
propagatlon rmdel of primary P-wave reflections which is valid for small

contrasts |n all elastic properties between the rock | ayers. The nodel -
is further S | "Thesk elastic raﬁ@s Wil ¥@idefitifieETlate? s !lo%el&%%ﬁdciﬁé@dxthwe of
frequencies c rrespondl ng to the seismc passband (i.e., the range of

frequenci es whfletfiof@oefficient ofequaibrdy(1% €25 BY (SRUT;@ad (8). Allasfdhéseen pass
t hrough the earth w thout significant attenuation). In practice, the

35 WO 9Ghamatis depend upon midpoint location Y. The background parameters and /,,,

PCT/ US95/ 10594 nodel is approximtely valid for frequencies above a
certai n | oweryvandil depertd upon depth alsq.v Theiavater P-waee welpeity isikmowni sThelj ust abl e
and is set by the fixed | ayer thickness using five to ten | ayers per
mi ni mum wévebeekgrauad velpeitiesarg obtainadeby pusylaysrastiipping velocity aalysis a@cass
seismc velocity_ of 8Q0Q feet per_ second and.a XI mum f requ

i00 i, he (ﬁmqhmemmﬁgm@wedrm : Wpd@eawg voul d
16 .
B o X RS L0 By R 30 SR (e D e B | A e R
e approx! ?W%Paﬁsﬁéﬁﬁﬁﬁﬁﬂ defysi o A BrcRbed imadetbSnl Bl Y
i terat ure asoenGoMRliEiaRHle RSl cortrkGbr0nd i Bfed QERRSIY EXPT 255

by a product e mari ne si re-pr ®essed
p- T gat hegfps vyllkndapprom mate the response of an array of

Vs?

The process usec_l_ to determine the model components which best match the
data is called damped least-squares inversion. This means that the process seeks to
reduce the squared difference between the actual data and the computed model to a
minimum with penalty terms Which' force the updates in the model parameters to

15  be as small as possible. The error measure and penalty terms together are cailed
the “objecﬁve” function which is usually denoted by J:

| J[;,z‘,;,z,,,zp,as,az‘p,azv,,atp]
= 'Z%ZWZ Pp‘tk, )(D(Pj"‘k’Yi)

233k

- P(p,-.rk,Y.-,s,tvp.lvs,tp,Ss.SAp,szvs,&p))z

NY NI Mt
20 - +d2 Y3 > (B5(n[S. ][R 1%’
. i=l=1k=
58 e ol PP o

i=l j4
The updates 8s, 8/,,, 8l,,, 8, should reduce J to a minimum. The model updates,
which are collected together in the vector 8X, will be discussed below. The real

positive numbers W(p Ji ,tk,Y) are weights, as more fully discussed below in
43 .



hydr ophones to the seisnic energy generated by an array of marine air gun
sources. The ‘hydrophones and air guns are assuned to bemgg,?@gg% 0\#} hin an
acoust i WO (the water |ayer) above a viscoelastic 1R
subsurface 15 rock strata). The Frequency Domai n

- Since attenuation is included, this nodel is npbst conpactly expressed in
20 the fr%ﬁﬁé%ndﬁmq%aﬁm &) THelPositive dube B ¥ the Ganiphiiy Whichi er
transformfrom time domain. Suppose P(p, T, Y) represents the p-T
anpl i tude qilaowmpenalty on ho:&ma‘bmpﬁmds foVieanddetr Imtherdadhped ihversiomt i on Y at
sl owness p and intercept time T. The conplex quantity P(p, w, Y) is
t he di scr etproblem; ihese updates’ torthe ixfverted model gompbnents willtstay| asroldselseizexp t he
frequency (nmeasured in radi ans per second As is 25 well known, the

di scret e Fasmpossiblevehilef still-approximately-fittingithe dasas dhiswilbbediseussed in  speci f i ed '.

time interval and at a specified tinme sanpling rate is defined only for
certai nﬁréﬂ@l@rﬂ?&mlﬁéﬂ%s (Wmch may be m)dlfled by zero paddi ng and

i nterpol ation). Since es are derstood b erspns killed
in the art, or a su 1c1en ys hange in em el parameters, w cg ea\o

96/ 07935 1,US9 0594
00! 07935 . donhen s X L e o ek e forrios PO

cont | nUOUS coettcidatl ki bf @p@%@%&@gﬁ@g&% SRR & ahr:ﬁﬁﬁéﬁwﬁt on
and depth points,
10 P(p,7,X)=P(p,7. X)) + ZE-P(Q;{——TXO)SX ..... | (36) q
. jd
The coefficients of 8X; in the summation are the Fréchet derivatives of the
modeling formula with respect to the model parameters at the location of the initial
. solution. The Fréchet derivatives are computed by symbolically inserting
perturbed values of the source coefficients and the elastic ratios into the expression
15 for P(p,t,X):

s(t.[S..L[R.JY;) > s,(r;[s.'-..],[k,.],Y,-) +85(t.[S.L[R.LY) 6D

hp(2,Y) = bp(2,Y) +82,5(2,Y) (38)
Lo(2,Y) = L(2,Y) + 8L(2,Y) - (39)
I(2,Y) = b(2,Y) + 845(2,Y) (40)

20 and mathematically retaining 6nly the coefficients of the first powers of 8s;, 8/,,,

‘Slv,, and dl,,.
The linearized formula_is usually written as a matrix equation. Let’s begin
with the one midpoint case:
: . |
P(p,7;,Y,X) = Pp,%;,Y, %) + ;A:,-(p,Y;Xo)ﬁXj | (40
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5 where the subscript i ranges over the Nf frequencies [err]; which

r epr esent {0%35 uni formy spaced tine sanpl e val ues é oflerr].
The tine sanple rate is [err]T (usually 0.002 or 0.004 seconds). The
inverse Fourier transformis then [err] (Note that the synmbol i is
used herein as a layer index or counter when it is a 10 subscript;

ot herwi se, itwhetet he conplex imaginary (i[err] = -1).) .. Separation of
t he Mbdel into Background and Hi gh Frequency Parts The

convol uti onal nodel used in the ref-erreMmt of the invention 15

i s expressed mathematical |y bydfakViXg)h= -Het- bet ween t he | que)
frequency or - background changes in the §Kbsurface par anet ers of
density and velocities and the =~ high frequency changes. .It is assuned
that this di uppeassiaghe indiges.oihisis wWrittencasy five Hertz, the low -
frequency end of the seismc frequency range. Thus, let V[err](z) _ he
t he dept h- dependent subsurfac AV eV City. ~The,depth beneath the ocean
20 surface is z and we assu_n&gg{ﬁ?w’mﬁn@(ﬁ’ﬁﬁm can ignore I(é{}eral

changes.

‘whi ch contai n‘as'héisg ﬂi?’éﬁé%@@“ﬁiﬁ@ﬁ%‘ﬂ%ﬁ% ?\’é ?@g‘fﬂa‘&ﬁw\/' e-r\r,\} I(IZ)
whi ch ar e abaPk o iap G by af hisafSidohis ooy miPhRe™ 1" YR SLTCE

these two parts: [err] The density and S-wave velocity can be
deconposed in a sinilar manner. p(p,t;,Y,X) fori=1,.., Nr. s 37
WD 96/ 07935 : .

PCT/ US95/ 1059Fhe symbol 5X is a vector of NX components

8X, forj=1,..., NX. 45)
10  Finally, A(p,Xo) is a matrix of (V¢ x NY) x NX components 4;(p,Y,X;). The
data is a vector D(p) of Nt x NY=1 components with values

| DlprpY)fori=1,..., N'r (46)
The multiple midpoint case just means that there are multiple t vectors for
~ each fixed slowness. The product of the number of time points times the number

15 of midpoint locations is

MY =MxNY. S (47)
The least-squares solution to finding an improved solution, X, + 5X
| starting from the known solution X, is obtained by solution of the normal
equations for the updates 56X

0 %AP[AT(*PJ'I'XO)WT(PJ JW(p; )A(ﬁi'XO) vl ]Bx

j=1

= YT )W (o)W ole) - Py k)] am

=

45



Appr oxi mat e Expressi on for the ReflecCtion Coefficient . The
reflection of’ corrpreSS| onal plane waves (P-waves) to comp

pl ane wWNRLATS, viscoel astic naterial is governed by a fg&ﬁ?%@g}f?ﬂl i cat ed
system of equations which give rise to sonewhat conplicated fornul as
for the predicted strength of the reflected wave A wel |l known

appr oxi mat i Qfheftie sip rﬁt@*d@nﬁé@ﬁm trix tr4#spbdes A,I ‘"5 aneﬂfﬂ’éYfmt ion to |

the reflection and trans ssi on coef I cl ents” of ongi t udi nal

and transvepnsy difigonil mafBOSHyEiRhe (ASERSRPBEOW dn cianeltion with Pp. 485- 502,
1961) retains only the nost inportant parts. Bortfeld s equations,

after sone ammmnl(m»am:s the demping fakton \and/ds trcNX orWE unitansteif (6se enf uncti on

of depth, z, slowness, p, and m dpoint |ocation, Y: [err]
ylerr] is athe maor dtaggnailandfzeﬂdnismﬂeﬁ) fﬁfdxmrnnbeqmueﬁhas:bmntacpﬂswd] (z,Y),
Vs(z Y), and p(z,Y) are the background or |ong-period P-wave

vel oci tys Sfanthe simstioniof \Wp diserete slownegs Malhes, with pnifosa dpacing dpcThens of

dept h and mdp0| nt | ocation. The functlons . err]Vlerr](z,Y), .
AV[ er r] ( zY) damping Agqter, vi, isproportions] grthe magnitude of the re-weig elsENiBCi ties 20
and densMydml Appr oxi mat e Expression for the Recorded Marine Data

Discussion of the Linearized I Probl

10 The process of computing a modcl seismogram from model components ‘
~ (source coefficients, elastic ratios, background velocities, etc.) is called the

"forward map." The fofward mép process maps from model space into data
space. The matrix A(p,X,) is the "linearized forward map." It goes from model |
space inio data space also. The transpose matrix AT(p,Xo) is the "adjoint map,"

15  which is well known in seismic processing as "pre-stack migration." The adj.oint

| map goes from data spﬁce into model space (i.e., a depth migration). Solution of

the linearized inverse problem calls for solution of a set of NX linear equations
constructed from the linearized map and the associated adjoint map or pre;stack
depth migration process for the NX unknown model ppdates. The right-hand side

20  of the normal equations contains the adjoint map applied to the data residual, the
difference between the initial model and the actual data. If the res;iduals are zero,
the computed updates will be zero. The damping term, &1
is included as an adjustable control which forces the solution to be as small as

possible and still approximately fit the data. The NX x NX matrix,

25 N =%AP[AT(PjsXO)WT(Pj)W(Pj)A(Pj9XO)"‘ dzI] | 49)
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The convol utional nodel for marine reéordfngs is expressed 25
mat hemat ipg@bdnioly @ formula which involves the mid-point dWS& wave -

-and _ 38 WO 96

PCT/ US95/ 10594 S-wave background velocities and the P-wave quality
factor. The high frequency variations in velocities and density appear
in the integisaatled thef Trecmabmap.deThe admiil map prob@fir® apd RHJEP§paE futg val i d
for positive frequency [err]) is P(p,[err],Y) = S(p,[err],

[ Sour ce Arr amodélrpacs:t The\leastyjquates mormaleequitions involyea shmmationvoe seick be
factor [err], [Source Array!,-.[Detector Array], Y) represents the effects
at the sourcthe 8 ¥alues following thepre-sfack depth migrationfstepct Thiss of sound

energy from 10 the air-water of the air gun array, the source ghosts, the
recei ver ar r Symmation ik destroy the abilitief Ui mormal equakonsitoconveygetd thet
The. P na oP9TGE SORPRR SHESG e Foragiackgroupd velogH, i Used i e mbdgling min .
oy Lot ] oo apdigint piREks BhGhid e bopfibutibns at e ditfirent sownesses will tend fo

average out. The normal equations tell us that if we apply modeling, then

pre-stack depth migration, and then stacking to the least squares solution, the

result will equal the stacked, pre-stack depth migrated data residual (i.e., the

10  difference between the data and the current model).

Solution of the Linearized I Probl

| The desired solution obeys a system of linear equations of the form-

15 Nx = b, so a good method for solving large linear systems is required. Typical_
models often have one thousand layers for each midpoint location plus aboﬁt thirty
-source coefficients (each composed of 100 or 200  points) for each midpoint.
Since there are three elastic parameters to estimate; there are up to six thousand
unknowns associated with each midpoint location. The examples discussed below

20 treated about one hundred midpoints each so there are about 600,000 unknowns
extracted from about ten million data points (100 midpoints, 56 slowness values
each, 2000 points per trace). Each midpoint inversion is independent of others
except for the coupling implied by the source model. Iterative solutions are used
fo solve the linear system Nx = b. These solutions construct the desired solution

25  x from the vectors b, Nb, N°b, ... . This means it is never necessary to create the
matrix N but only the action of N on an arbitrary vector: y=Nz. Iterative
solutions have another very attractive feature, the first iteration recovers the

largest eigenvalue (the most important contribution to the solution), the next
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uni form | ayer thickness of the thin [ayer nodel (eight to sixteen feet).

The non.pe j e function Taper(Xferr](p,z,,Y)) is the of S9 I ng
PAFARpIS P paess
39

appr opr 0 the P-wave with slowness p reflecting from err]
which arrives at 20 offset Xerr] (P, Z[err],Y): ' '
Xerr](p,Z[err],Y) = [err]

96/ 07935 iteration recovers the next largest eigenvalue (the next most important ©6#tribE86d 10594
The vi scoel astic nodel inplies a mninum phase advance due to attenuation
gi ven bto thesolutiop), and seom i n t he factor,  [err] where [err] is-
the normalization point for the background velocities, five Hertz, and 5
In(x) is the baskn generalaan exast sotution edVo = blisnetinepded sinee| thiswowdt he angl e
dependent attenuation coefficient, . [ )

number of awsglesslydpagnifymoisesinthesatgi This preblemrarisesbecausespme partsjof; |

and, 5  the model influence the simulated data much more than other parts of the model. - o
An example is provided by model comp_onents. associated with frequencies near the
endpoints of the source spectrum. After NX iterations, the complete solution to
Nx = b would be constructed, But for large linear systems such as this, experience
shows that only ten to one hundred iterations génerate all useful contributions to

10 the solution. This fact reduces the number of computations needed and provides

the best solution. Best results are in fact obtained when the damping is reduced

during the iteration process.

15
Solution of the linear systém by iterative methods, which will be referred
to as the "inner loop," is the core procedure of the inversion process. A large
number of tests with real and synthetic data have resulted in a procedure which
 appears to generate the best results for the inverted parameters. The
20 recommended procedure involves reduction of the damping weight 4 in multiple
inversion stages. Each inversion stage consists of a number of inner loop
iterations at ﬁxed damping weight. Each stage represents a search for updates in
the model parameters which reduce the object J starting from the input model for
 that stage. Typically, the number of stages (e.g., five to eight) and the damping
25  program are selected based on a study of the calibration well. Reflectivity
inversions typically begin with a damping of five to ten percent at the first stage |
and reduce it to zefo at the last stage; wavelet inversions often begin with a

damping of one-half to one percent and reduce it to zero at the last stage. Each

48
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[err]
factor f -

mat eri al %%w}‘g [err] an identical
for propagation of the reflected P-wave up
from bel ow which is why the fornula for P

which is the water-bottom reflection arrival .
propagati on through the water botton‘ﬂ#_

The transm ssion

9}?’;& I astic
factor T[err] [ er appears
t hrough the water bottom

(equation (20)) contains

T[err].
[err]

PCT/ US95/ 105@4mping as iterations proceed is a well kné®finéthed id nitherical optimization.

The %ﬁg@%ﬁ‘ofﬁs%h toPGletfy masy Iébﬂfitei’&ifo

WO 96/ 07935

Red@@tinof ke ESHRE bf Obj ect s:

[err]

- Closely associated with the choice of the damping program is the choice of

- inversion variables. Variable choice and damping are related because they appear

5  together in the objective J. The appropriate variable choice, ultimately, is

determined by experience at the calibration well. A number of choices were

investigated:
AV, AY, Ap
bi=—=2; Ly=—%; La="F— (50)
7 A A
AV, Ap AV, Ap AY,
Iy=—f+—=; [,=="34+2; [ .==% (51)
P, T Py, p P,
AV, A AV, Ap Ap
10 i=—£+=5; L,==54+"%, [ ;=% (52)
Py, Tt Y, T P
1{ AV, Ap Ap AV,
i==|=E+=) Ly=""; [3==—% (53)
P 2[% p] P Py,
AY, ' AV, ' ' :
lpl=l __E+£ : lp2=A_Yf;' lp3=l A% _4p (54)
2V - p - W 2|V, p
1[av,  ap 1[aV, aAp AV, AV, _Ap
bi==|=E+—=} ly==|=5+2| L3=—L+25_228 (s5
Pz[%p”-z_%p‘”v;,'v,p
o afav, ap] AV, AV, ap
Ly ==| =& s ==t py=—~EB_—E (56)
? 2[ oo T WTE W e
15  Persons skilled in the art could easﬂy develop other choxces An identical set of
defimtxons govem the updates, 81,1, 8lp, and 8l,3. For example the updates
correspondmg to equatlon (51) would be '
8l =Sl‘p+51p; Slpz =8l +8ky; 8lp3 =Bl (51a)
Similar equations for updates corresponding to equations (50) and (52)-(56) could
20 be easily developed. These choices are motivated by an analysis which indicates
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The convol utional nodel for negative frequencies is defined so that the
Fouri er transform P(P, T[err],Y) is real. . The Source
'Repr es eWOR603985 10 The source factor in the aRGAOCBAB4cont ai ns
~the directional effects created by the source and detector arrays as
well as the directional effects of the surface ghosts and all ows for

th b | g < 1! . ti

b expr osodptdn e igie Rt SRR UG Gk a2 nBRN I parpreb P SEGEELE, °F, CEC
d t UpTAat ﬁraﬁ')e t

gragre(raeseops‘gl reéc’lfi‘feon vari &t i an ﬁl%e oE?%srt Bsurrmtatétrl%on ??\%eﬂrlgsgﬁﬁ{ee) |

represents ghnedance2! igVd; SHOAE MFd Base detdhiliied PhralidféishOiid be what's [err] 20

The outer su tlon runs“over mdpoint [ocations which are sutmmed with a

wei ght funqbfcormhetléstophon/(e eﬁm)) Hftiedfst toperfoirh ®est. ik Optién ases’the nodel
Torm

whi ch is laterall'y uni A wei ght function which is zero when Y and’
- Y1 differ Hynearized version of Z, (i.e., the high frequency part of-wave impidafiée’ 07935
PCT/ US95/ 10594 nor e than the stacking bin increment is a conpletely
| ocal sour cdivided &y .th¢ background vatue nfdwawvel shpedance) as pneof thedhversidpoi nt .
| ocation.) The conpl ex coefficients s[err]([err] [S.. .1, [R ..
].Yi) repreparametetse source
AZ AV, -
= =125 L2% ., % 6D
2 Z 2 w »p .
with the approximately orthogonal parameter, =~ |
AY, Ap - :
3= -— 58
10 o 23 Vp P (58)

as another parameter. The remaining parameter is just the S-wave velocity

contribution. This choice has computational advantages. Durmg early stages of
 the inner loop iterations the updates to P-wave velocity and density remain almost

equal and updates to the S-wave velocity component remain small also. Thus,

15 only 3, changes from zero. (In the stage 1 step all reflectivity variables are
started at zero.) The factor of % in the defmition of I, (but not in ly3) leads to a
damping process which favors correlated density and P-wave velocity updates.

The multi-stage approach lends itself to schemes which attempt to
accelerate convergence of the reflectivity inversions. The P-wave impedance |

20  variations alone account for the rnajor part of the reflected seismic energy. (In
synthetic seismograms computed from Gulf of Mexico wells, for example, the
.P-wave impedance variations conrribute up to about 90% of the reflected energy,
the density and S-wave velocity variations together contribute the remainder.) The
P-wave impedance variations will, therefore, converge ‘more rapidly than do the

25 density variations or the S-wave velocity variations alone. The inverted P-wave
impedance variations obtained at the end of an inversion stage can be used to
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estimates at the grid |l ocations Y[err]", Y[err]...... The coefficient l/[er]

i nvol vesvtagmg geger . 5 1 raised to the power [err]. Thi&@gﬂ,{ds@ ent
n

ensures that the higher terns in the inner sunmat i on” onl'y contri bute
to the source inversion when required by the data, as nore fully
described later. For exanple, using N = 30 allows for a very general

sour ce nodel initiziizenewcguesses f6xf the desitypindr $-wave velotite vargivns used todgimns

. eval uated at ,ratio p/Plerr]. (Legendre functions are often used in
expansi ons othediextVEESiQn stgge. 1The otbproption, of counsecis 40 bejinrthé pext stage of P(x)
x-P2(x) = [e_rr]éfx err]-1), ....) The denom nator value p[err] is the
maxi mum sl owHas |1isEationg Syith-tha Jesndt oftthe preyiousistage-for all threpeRBtic r| < 1.
This fornula can al so,_be excEresfsed in the tine domain, [err] W th

real coeffi cPHUAMEELS. o he process of ysmeGardner’srelatiqn (G s Telation, which a short

90111 41 B P, TS e S S
5,200 St S el BRSO 1 O
-approxi nat i OOarﬁﬂiog??sgféT&?ecFﬁ'a%mefasﬁgb%{mPet r reseg b \’I%?sgﬁ’bgﬁvgéetnetﬁe expect ed

pre-processing and conversion to t ONMal ny

to be useful invefifdn msfafé’ﬁﬁe%hliﬁaEﬂapaﬁﬁmrﬁﬁ&%cgﬁégg e preferred

enbodi ment. The nmat hemati cal approxi mation o a is a nodel

whi ch senfintitionnsiargh enmdk R of iRhé Abby iteﬁaﬁﬁ?ﬁﬂ‘léi‘égfs%iid&{cmlgt o the

vel ocity, the background 25 S-wave vel ocity, e P-wave at

wat.er botd omoise to, graduallyappéarin thesiore noise-sensitive Yefdityl i S-¥avei ti es and

density- (which are called the "nud" val ues), the sour ce

coef fi ci ent scatfiponehts. sk tesets helpetiminate elesk abisks by €orcing| the dbnsity\dndr r ]
I[err] = [err]Vs [/ V[err], and I[err] =

42 S-wave components to be fit only during the last one or two inversion stages. As

with the damping and the choice of inversion variables, the choice of resets
between the inversion stages is a data dependent issue usually resolved by study of

15  inversion results at the calibration well.
Computer Implementation

The use of iterative solution methods means that a computer solution of the
20  linearized inverse problem may be constructed by providing sub-programs which
produce the action of the forward map, the linearized forward map, the adjoirﬁ
map, and the normal map on general vectors of the appropriate model or data
space. A software package developed and provided by the Rice University
Inversion Project (TRIP) is available which implements the requested mapping.
25  process and/or iterative solution process by calling model specific sub-programs
written (by the user) to implement the modeling equations displayed above. This
- package also implements the differential semblance inversion concept mentioned

above which can be applied to invert for the background P-wave velocity.
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WO 96/ 07935 ) - :
PCT/ US [err]p / p. These elastic ratios w ' tified
| at er 2@@?@‘2’3‘% associated with the reflection coé {(?g?l%gmof
equations (1), (2), (3), (5), (7), and (8). Al of these guantities

depend upon m dpoint |ocation Y. The background paraneters and I[err],

[err] and [err] 'HWER!I’ﬂﬂ_@fhj&ﬁﬁfﬁvﬁégﬁbviﬁ&"oﬂ\ﬂfeﬁfserﬂﬁ'&@difﬂrﬁﬁlihﬁbrl s known.
The 5 background vel ocities are obtained by our layer stripping velocity
anal ysi s prigep tteration methots: aonjugateaiesidagls,t coppigarer gradieits aandbackned rel ation
between V[err] and V[err]. The nud val ues, V[err](h[err],Y),

V[ er r] ( h[ erprbjestion with Gleblyshev]achgleration.u{Sael, Symes,sWirtW., DS@ Usendanual
attenuation is found from VSP anal ysis or by a process of.-nodeling and data,
conpar i son.andhReferences, Guideh ¥ersion t4, Junsr 1993 é’hc;Riﬁ InvegsiomBrojess, t hr ee
el astic ratios I[err 10 IJerr], and l[err]. | . . The process
used t o SdetReparteent ok CoptputatiopahandApplic empatics, RigecUnivegsity, data is

cal | ed damped | eas} - squares inversjopn. This ans that _the prqQcess seeks to.
reduce the HW%JIW?-P eé‘é‘ﬁﬁ&a%ﬁ qpaearée{tr’g ' B‘QF‘aefﬁﬁGnER’S&@grfﬂﬁt ed
nodel to a . m ni nrum wi t.h penalty terns which force the updates in the
model par arHSEAR &he presef IVEALOR. < 1| | “ a5 possi bl e. The error measure and
penalty terns together are called . the "objective" function which is
usual |y denoted by J: o ' '

More G 1 Embodi

0 o - q

The formulation given here is more general than the preferred embodiment
(inversion using 1D models with input seismic data in the p-t domain). In the
more general case, the p-t.domain is not used. The data is processed directly in
the offset domain using shot order instead of common slowness gathers Thus, the
15 slowness index p is réplaced by a shot index. The midpoint index within each
common slowness gather is replaced by the detector index within the shot gather.
In the general case, the forward map is no longer represented by a spec_iﬁc - |
formula. The forward map is obtained either by a finite difference solution of the
wave equation using memery variables to model attenuation, or by a Kirchoff
20 mtegral representation (an asymptotic primaries-only approximate solution to the
complete wave equation) using a ray tracing procedure to compute the arrival
times. The Kirchoff approach is the general method (because it can be applied to
dips higher than 10°) which comes closest to: the p-t convolutional model
discussed above. The same concepts and the same language apply to even the
25  most general situation. |
Another generalization not discussed above is the inclusion of other model
_parameters in the inversion process. Other parameters which might reasonably be

updated by an inversion procedure are the water-bottom velocities and density
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[err] The updates 8s, 8[err]:'8[err], -8[err], 8[err] should

reduce J ﬁ'ﬁ’@ﬁgﬂb@' mum The nodel updates, whi ch ar eﬁ,ﬁs%g]l@g“

t oget her ector 8X; will be discussed below. The re
positive nunbers Wpj, Tk,Yi) are weights, as nore fully discussed bel ow.in
43 WD 96/ 07935

PCT/ US95/ 1059¥,(h,,Y), VIGAHY ki B Y)) 2081688 Phve Skl oy ot nunber
i s the danping i ch pl aces a penalty on non-zero updafes to the

nodel . | n t hedta¥pednclusien of these paramptersoineoran inversioripidoéss Yequirdshe i nverted
nmodel conponents will stay as close to zero as possible while still
appr oxi mat el ycofriputation of the appropriaté Fréchetl derivativiss cTreatmbnt of the backgreunk:t ai |
bel ow. For a sufficiently small change in the nodel paraneters,
whi ch are | urpetameters bytalgastisquargs inyefsion progesstisinot a peod/idea becade ther |
contains all of the correctjons to the source coefficients and all of
the correéti tasking pracess implied by thenormal equations destrpys the informatiomneeded nt s
and depth points rr The cqefficients of 8X[err] in the summation
-are the Frecl@Mmakesa ﬁlyhgatgpn[eﬁ%the%ackgfgﬁyﬂgcl;yo;s gst cHlbeorERet. ¢ o
t he nodel par ters. ap .t | gcation of, the initjial . | uti.qn. The
Frechet deri @g&{}ﬁgﬂ 19 én%@iﬁ%ﬂﬁg&s 5 a‘é?&ﬁ%ﬁ"F%%’?&“ﬁvﬁfé&“ttPﬁgﬂefem pert ur bed
val ues of th .Cl e and. t sti at § into the:
s OF ot " SeBEE okl This BAK's' heschlelSh Sk WoW! BAS
Carazzone, J. J., "Velocity Inversion by Coherency Optimization," (proceedings
10  of the Geophysical Inversion Workshop, September 27-29, 1989, Houston, Tx.)
published in Geophysical Inversion, edited by J. Bee Bednar, Society: for Industrial
and Applied Mathematics, Philadelphia, Pa., 1992. Extension of least-squares
inversion to include differential semblance inversion has been incorporated into the
TRIP software by inclusion of computations of Fréchet derivatives with respect to
15  the background P-wave velocity and their adjoints. This feature provides a
mechanism for updafes to the background velocity.
Yet another generalization of the model not discussed above is the
- inclusion of elastic mode conversions (P-waves converting to S-waves and vice
versa).  This situation calls for an S-wave quality factor and a highly accurate
20 S-wave background velocity to account for the S-wave arrival moveouts. In
marine data from many places in the Gulf of Mexico, the soft water bottom
materials appear to render such mode converted arrivals almost very difficult to
detect. (The strength of the mode conversions at the water bottom are
i:roportional to the S-wave velocity at the water bottom raised to the 1.5 power. It
25  is usually assumed that the S-wave velocity at the water bottom is only a few
percent of the P-wave velocity.) Since on-land seismic measurements can include

recordings of both vertical and horizontal motion, another generalization of the

invention is inclusion of recorded S-waves.
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[err] 20 and mathematically retaining only the coefficients of the
first powers of 8s[err], 8l[err], 8[err], and 8l[err

The |i M@PEHEBS formula is usually witten as a matrix eqﬁﬁ%'PB?f"“i’e“t-s begi n
with the one m dpoint case: [err] '

44 WD 96/ 07935

PCT/ US95/ 10594 - where ‘Suppressing the indices, this is witten
as P(p; X) = P(p, X[err]) + A(p, X0 8X

-(43) 5 WMH vector of Nt x NY conponents (NY = 1 since we
are using e mdpoint case as an illustration at this point) with’
val ues : : _ P(p, Ti,Y,X) - for i =1,..., NT.

(44) The synbol 8X is a vector of NX conponents

8X{err] for j= This fortkfation has included a weightTanctonFW@at, ¥y wiiéipcal{ s r]1) is a
matri x of (NT x NY) x NX conponents Alerr](p,Y,X[err]). The
5 defined to accelerate convergence of the iterative solution of the system Nx = b.

By far the most important cause of slow conilergence is the mis-scaling caused by

the attenuation of the propagating P-waves due to friction. Selection of an

appropriate weight function significantly improves this situation. The weight

‘function used in the preferred embodiment is derived by computing the

10  exponential decay ratio applied to the seismic wavelet at each depth location for ‘ )

' each slowness and each midpoint:
ey 2 P25, 0,15, LR 1Y)
w(p,2,Y) = - :
. > 18(p.04.[S.. . [R..1Y)
and applying a compensating factor of

W(p.1pp(p2.Y).Y) = p* w(p.2Y) (60)
15 where o is a user-adjustable option for altering the weight given to the lir'ger

slowness values (a is greater than or equal to 0) at the corresponding arrival time
1,p(P-2,Y). In equation (59), the vertical bars denote the complex absolute value,

| z = Jz% +2F with z =2, +ig. : (61)
This weight factor is automatically smooth and ranges from one at the water

20  bottom to about ten or twenty at the basement.
The Pre-Stack Inversion Phase

The next phase of the invention is the pre-stack inversion phase (reference
25  numeral 200 in Fig. 1). The actual inversion process used in the pref_erred

embodiment will be described in terms of the least-squares inversion tools
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data is a vector D(p) of NI x NY=1 co'rrponents w th val ues

D(p, TLer rgp =1, ..., NT. (46) _Fcrmsgg;lﬁgg

mul ti ple mdpoi an' case just. neans that there are nmultiple ectors
each fixed sl owness. The product of the nunber of tinme points tines the
nunber 15 of mdpoint |ocations is

NTY =NT x NY.(forward map, adjoint map, linearized fdrévard ma g -and normal hi2p, pRe3he squar es
solution to finding an inproved solution, X0 + starting fromthe

known sol uti @oneéptiof iteratize seidtltnyoﬁﬂiedeasosquli'estﬂmmabethons) expladmpdat i ons for
t he updat es 8X [err] 45
WO 96/ 07935 above. Figs. 4, 5, and 6 are flow charts which illustrate the inversion process. In

PCT/ US95/ 10594 where the superscript T denotes the matrix transpose,
[err] Wis artheprefgrred embommnkan inygrsionsaftwage referred (Qiiﬂm}'asl%ﬂ%el ow

I n connection with atlon(59) d i's the danping factor, and I.
the NX x RX URilEplegment sbe(la iR process.” Howensr, persansskitied mthe astegoyld

ot Np i ?cr o nEacTElce e, col i progeR Tt LODERFUIRR IS
inversion based on the teachings set forth herein. The basic steps of the inversion
process are:
| 1 Obtain an initial wavelet estimate,
10 2 Obtain an initial estimate of the P-wave quality factor,
3. Use inversion to refine the initial wavelet estimate, and
4 Using the updated wavelet estimate, use inversion to estimate the
elastic reflection coefficients (reflectivities) at midpoint locations of
interest over calibration and target locations.
15 The initial wavelet estimate can be obtained either from computation using the

known parameters of the data collection process, as more fully described below,

or by actual physical recording of the output source signature.

20 .
Fig. 4 shows the data flow for the creation of the initial wavelet model and
fof determination of the attenuation model in the preferred embodiment.
Technical details associated with how the seismic survey was conducted are
an important input to this process (i'efere_nce numeral 202). These details are
25 obtained from the survey operator’s'report. Details of importance for modeling
the effective seismic wavelet in the marine case include:
1. Conﬁgufation of the source array,
2. Air-gun design, volumes, and far-field signatures,
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danping factor, d, is proportional to the nmagnitude of the re-weighted

seismc ‘dat a. Di scussi on of the Linearized I nve g%{P‘ng | em 10
The prod¥@86M3Tonputi ng a nodel sci snmogram from nodel com

(source coefficients, elastic ratios, background velocities, etc.) is

called the "forward map." The forward map process maps from nodel
space into data 3 S?Gﬁ:ﬁ%eto o Biidrvi, A(P, X[err]) is-the "linearized
forward map." It "goes from node dpace into data space al so. The
transpose matrixaAl er Qopfieufafibh bl stréantdtTabRgj oi nt map,” 15  which is well
. known in seismc processing as "pre-stack mgration." The adj oi nt map
goes from data sgace iQonfigiifatioh of BiRCfydroplone afragiept h migration). Solution
of the linearized inverse problemcalls for solution of a set of NX
| i near equati onse, Applied digial axstl driabopue filteks,near i zed map and the
- associ ated adjoint map or pre-stack depth mgration process for the
NX unknosn nodel 7updatlfes déptles of sparcek andl recoriting 2dbles.of t he nornmal equati ons
contains the adjoint map applied to the data residual, the di fference .
bet ween t heIn tlietland recortling situptioncadditional derailsiareirieededs r esi dual s are zero,
the conputed updates will be zero. The danping term dferr]l S
i ncl uded as an adj ust &lsméiguration of thenyibratgrorrctBer SQUICEATAYBon to be as snal |
as possible and_still approximately fit the data. The NX x NX matri X,
[err] 2. Vibrator sweeps or weights of explosives, 45 WD 96/ 07935
PCT/ US95/ 10594 . _
3. Source interval,
10 4, ‘Configuration of geophone or hydrophone recording cables, ‘
5. Configuration of géophone or hydrophone arrays,
6. Applied digital and analogue filters, .
7. Surface soil conditions, |
8. Weathered layer thickness and seismic velocity,
15 9. Detonation depths of downhole sources:

The survey information is used to model the effective wavelet produced
and recorded by the data collection system (reference numeral 204). This .
 effective wavelet is the direétionally dependent wavelet which would be observed
far (at 10,000 feet, for example) from the source in a uniform material (sea water
20 for example). This is called the "far-field wavelet." In the general 3D case, the
 far-field wavelet, S(¢,0,1), is a function of two angles: |
1. Angle in the horizontal plane, ¢ (0° to 360°), and
2. Angle in the vertical plane, 6 (-90° to +90°)..
'In the 2D case, only the wavelet within the seismic profile plane S(0,?) is required
25  since oﬁt—of-plane reflections are ignored. In the marine case, wavelet modeling
requires the far-field signatures of the air guns used in the actual data collection.
Computer programs runnmg on scientific workstations which produce .the required

far-field signatures are used to design marine seismic surveys. For example, the
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is called the "normal map." The nor mal’ map procedure maps nodel space into

nodel spwgm‘l;pﬁ]l east - squares nornmal equations involve a | yelf
stack of e sl owness values follow ng the pre-stack dep mgration
step. This summation will destroy the ability of the normal equations

to converge to the 5 <correct solution unless the correct background

velocity is MODGUN sihmlatiofeoftigremdrketed by Suiirfiic ResedroR 8A¢ SevlRpalae t he
contributions at the different slownesses will tend to aver age out.

The normal  eAffhmayibe used to produdesdn éstimate ofothe utgoilgy (sogrce afid detector
pre-stack depth nmigration, and then stacking to the |east squares sol ution,

t he r eghosted)fartfield waveletas afunctieniof angle.sImthe lambedse rihgrattematingt a
residual (i.e., the 10 difference between the data and the current
model ) . and ngx-kinsap propertiesof (the aearisueface motgrigbmpstdiel taken into account

The desired sol ut ieiﬁr; o(;)ca(_s a system of |inear equations of the form 15 Nx
= b, so & g Wavelian m&(’ﬂ‘FRTF@PPMYI&@@@rdI&Wﬁqudm-equi red. Typical
nodel s often have,_ope.t housand J.ayers for each m dpojint |ocation plus about

“thirty  sour E&‘_é‘?\‘?- Catt PE?SCH“’@’&%E%’GEWB@E@G&WYMﬁEpOi nts) for
T A R G
ni dpoi nt's eg‘% h@g%gl%%gmb%ﬁ%%ﬁgmmgm anglie,eﬁxﬁp&%ggr from
cach, 2000 poEnEl deP MODSUN EREr R fletendd RV el MR e o1
others 10 depréesitb efghty w%thlﬁg Wof%ré Bﬁé&é&&ﬁﬁﬂ@m Iterative

sol-utions are used to solve the i near syste se sol utions

construct t hvertiealy dovifwdrd igoftig endfzy. xmrﬂgkt&muegrﬁeéfﬁd;&ﬁo%?br] b,

This means it is never necessary to create the . only the
action of N lworizentah piopagation. Vintérpolation isNised td produte/ the modeled wavelet at

arbitrary angles (reference numeral 206).

The modeled seismic wavelet (ideally) accounts for the effects of the source

15  and detector arrays and fqr the source and receiver ghosts. (A source ghost is
created by the reflection of the source energy at the air-water xnterface, a detector
ghost is created by the _reﬂection of the up-going energy at the air-water interface
back down to the detector. Ghosts also appear in on-land seismic data when
sources or detectors are not located at the air-land interface. Ghost modeling in

20 on-land data is more dlfficult than in the marine case and requires information
about the surface and near-surface conditions.) The modeled seismic wavelet is
converted to the p-t domain by applying the slant stack transform to a synthetic
gather made from the modeled seismic wavelet (reference numeral 208). This
s.ynthetic is made by Shiftin_g the wavelet, at the appropriate reflection angle, to the

25  predicted hyperbolic arrival time corresponding to a reflection event with normal
incident two-way arnval time of one second and applying the geometric
divergence factor. This corresponds to a physical reflection process in a uniform

velocity material, such as sea water, in which the reflection coefficient does not
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sol uti ons have another very attracti've feature, the first iteration

recovers the- | ar gest ei genval ue (the nost inportant contribution to
t he solwoiosnY93st he next , PCT/US95/10594 47
WD 96/ 07935 :

PCT/ US95/ 10594 iteration recovers the next I argest ei genval ue (the

Pﬁxfgeﬂ‘él?; v W pngiC o P PR 23 rapstoryy e A 58 alfeRmif 883 s "V o

usel es . . .

par E 583; yt ma P‘I"i ﬁ’e%gﬁﬁ%e l%?@%n@%h%&&%ﬁﬁgw ﬂgﬁ%@%ﬁ gcg”gt her

arts o | cﬁh? -

gsso? at edzgftr%if;;m %CI 65 ngl);@ig:’tﬁnééd%% pol ﬁt&gggf e"sou

spectrum ?S éeeéfﬁcts% ﬂz Etraﬁﬁfﬂﬂn‘ai%%c&i?x'nté‘d'fo‘uIﬁleactualni?iliel’ﬁlé3 woul d
c

be constru arge near systenms such as this, experience
shows 't Rat &ﬂkﬁ&ﬂdhi&m:ﬂmﬁe%ﬁnwmwﬂm@ﬁmmﬁﬂ paeful

contributions to 10 the solution. This fact reduces the nunber of

conput at i Orb%;sﬂﬁ)géﬁﬂ i$thén fit & tikesdurce model ifier the Singteomidpoim cafdest results are
I n fact obtained when the danping is reduced during the iteration

Elr ocess. . : Danpi n(g Pr ocedure)ze )\@E((]tgg ﬁ(@l @verm on)Varl abl es. and
astic Resets 15 S(p,t,[S...[R system I662)i terative
‘met hods, which will be ref[erred ] g to af the }?nner | oop," is the core
procedure of the inversion process. A large __nunper of tests with real
and synt hettogieldtan ihitiabestimaté fardhe m&fﬁgpmw;{mz{s MRG&]) The fittigghears to
generate the best results for the _inverted parameters The 20 recom‘rendei

procedur e iprocess davalvasiacleasirsquares fitbetween the spurcgimodel and theia-F | e
10 seismogram. Preferably, € is set to approximately 0.5 in order to allow for some

changes in source directivity during fhe source inversion step (reference
numeral 232 on Fig. 6). |
The initial wavelet estimate (reference numeral 210) takes the form of the
NI coefficients, §;(t,[S...J,[R...]) assigned to each midpoint location ¥; within the
15 data. The initial wavelet estimate therefore comprises a total of
Ntsource x NI x NY points. The coefficients 5; are_repreSented as uniformly
sampled time vectors symmetric about zero time, The usual source model runs
from -0.200 to +0.200 seconds. (This allows for both zero-phase source models
in which the major source energy arrives at zero time and for minimum phase
20  source models in which the major source energy arrives well after zero time.
Mixed-phase source models are also included.)
| Specification of the source model is cbmpleted by giving the weight
‘function wt(Y-Y;) which controls_the degree of midpoint smoothing which will
occur when the source models at different midpoints are no longer identical. The
25  appropriate degree of midpoint .smoo'thing is a data-dependent issue. Both
conS‘tant weights (no midpoint variation in_source models allowed) and weights

~ which mix midpoints over ten to fifty stacking bins have been used. Greater
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invérsi on stages. Each inversion stagé consi sts-of a nunber of inner |oop
Iteratio hxed danpi ng wei ght. Each stage represents or
updat es ﬁo@&mﬁb&‘ t he nodel paraneters which reduce the ob?g?:@@éﬁs %{r)tl ng
fromthe input nodel for that stage. Typically, the nunber of stages
(e.g., five to eight) and the danping 25 program are sel ected based on a
study of thedegréestofatoiserinuie data Bodldaii¢tateithore mixing. Hiphedatd quity wid €l | y
begin with adanping of five to ten percent at the first stage _ ~and
reduce it todesinedondetailesd subsyrfaceparameter/ mapping cowldsdictate lesst(onevengro) with a
danpi ng of one-half to one percent and reduce it to zero at the |ast stage.
Each mixing. Controlling factors include the extent of variation/gotentially\pBese6t in7 935

PCT/ US95/ 10594 stage,involves ten to twenty inner |oop iterations.

" Reducti on of 'thBb%’é&PEémgq"ﬂ nearfhewatey hottom dowitor digh yelecityezones nearvtl;«éI | i
known net hod in nuperical optinjzati,on. Cl osel y associ ated wit
the choi cb olVateh BOROISAR prosiise Alistmeung Rustesm et areater ot lesser seismi on

i

vari abl es. Vi abl.e chaoice and danpi are r.el ated because they ,appear 5
toget her in the °&¥%%8533t?ﬂge-'-ggﬂa%p§q%ﬁ W%%%ﬁ&f&%emﬁmt?ﬁ'a; ely,
i i i . i ti LI .. A nber. o
l:rsmi ces \C/j\g g&ﬁgsgfg?\ﬁé%sﬁiﬁlﬂgﬁig{cgﬁfﬁﬁugﬁte h{kee e%k bp‘r’%yin%nmmmmn Spfléng(ﬁ from

the final inverted models.)

Other variations of the method used to obtain an initial wavelet estimate

10  include the use of MODGUN simulations without the effects of the detector ghosts
or detector arrays. In this situation, the effects of detector ghosts and arrays are
inserted in the synthetic gather used for the p-t transform of the wavelet. Another
variation is to use an isotropic (direction indepéndent) wavelet as the initial guess.
Other ways to initialize the wavelet are well known to persons skilled in the art.

15 An initial estimate for the background P-wave quﬁlity factor, 0, is made
(reference numeral 212). Q, is a dimensionless ratio between the real and
complex parts of the P-wave velocity. Preferably, the initial models are constant
0, models (i.e., the P-wave quahty factor has the same numerical value foi' all
lateral locations and all depth locations beneath the water bottom). In the Gulf of

20  Mexico, an g.stimal:e of 100 appears to be a good first guess. In other areas of the
world, hlgher or lower values may be required. -

At reference numeral 214 the forward mapping or seismic modeling
process is used to produce synthetic p-t seismic gathers at the same slowness
values as appear in the actual p-t seismic data (at the well location). Inputs to this

25 process are the._ initial wavelet estimate (reference numeral 210), the initial 0,
estimate (reference numeral 212), and the edited and corrected wellbore .

. measurements and the V,,, model obtained from the seismic data (reference .

numerals 146 and 172, respectively). The edited and corrected wellbore
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[err] 15 Persons skilled in the art could easily devel op other choices.

An identical set of definitions govern the updates, [er r| , I%err] , and
[err]. Wor96®%938pl e, t he updates correspondi ng to eqd&T &9 woul d
be [err] Simlar equations for updates corresponding to equations

(50) and (52)-(56) could 20 be easily devel oped. These choices are

th 'vat es\ob an;%gétls%lse'fesre%é ﬁur}nérgpi%ta?es smoothed over a distance of 300 to 500

PCT/ US95/ 1 , LR the sinc | -

determ nedgéq?ggpfoguﬁ%ragﬁn@eleéfg’ﬁouﬁ‘c&%@ ?'wa%tvﬁgcg?\/\g% |°r'r1%g éﬁ%ié Z[err] =
N3 C t _ X _ _ _ L

E[ [e(ra;]r] = pVFlgrer ” ang %( et i%ﬁdﬁgzgﬁgﬁggﬁ%ﬁ%ﬁ?par a‘r?f‘ést (eﬂrle.gﬁ)u| Seggc\?\hat' S

left. The lagecAithd SodtAEY Flhey aridfie brigMAP fletsurad -%ﬁésﬂrafe wRdito This option
uses the 5 | inearized version of Zp (i.e., the high frequency part of
P-wave §NPpggiiRe the three elasticdatoi,, I carkik; idefinediéhrlie. uSincé the-welle | npedance)
-as one of the inversion " paraneters,

measurements only sample a portion of the vertical earth column, the missing
values of V), (above the first logged depth) are taken from the seismically-derived
V, model (reference numeral 172). Missing density values are supplied by
Gardner’s relation and missing S-wave velocity values are supplied by the

10 mudrock relation. Basement estimates of the elasﬁc parameters are inserted below ‘
the logged values. |

At referénce numeral 218, a modeling comparison is conducted between

the computed synthetic seismic gather (reference numeral 214) and the actual
seismic data at the well location (reference numeral 216). The purpose of this

15 comparison is to produce a model of the P-wave quality factor (reference
numeral 220). A visual comparison is made between the computed model(s) and
the pre-stack seismic gather(s). By comparing such details as amplitude and
fre'quency-content decay witﬁ reflection dépth-, a judgement can be made as to
which attenuation model provides the best match to the actual seismic data. By far

20 the most useful indicators are the loss of amplitude and frequency content over the
logged interval. This confirms the importance of providing an adequate depth
interval when stipulating the logging program to be used on any potential
czilibtatioh wells. Experience indicates that Q, models differing on average by ten
1-)ercent will display visibly different amplitude and frequency-content decays.

25 The best-fit value of Q, determined by this procedure should generally
agree with the physical 0, determined by other means. However, the seismic data
processing (pre-stack migration and noise suppression steps) can mildly influence

the result.
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[err] with the approximately ort Hogonal paranet er, [err] as
anot her r r. The remaining paraneter is just the S-wave velocity
contri bu?&gﬁ%ﬁfs choi ce has conput ati onal advant ages. rrqéu%’a’ll?%?‘stages
of the inner loop iterations the updates to P-wave velocity and
density remain al nost equal and updates to the S—vvave vel ocity

component 1 el - Wber lefod dfustermiriig (bok B bidke PRSI BOERS, (11

the stage 1 step all reflectivity varli es are

factor of i nuinber eiihveérsions witfdiffefeat D], vakeé. maé 0 Waitﬁr ﬁrbbué:ﬁ?ﬂﬁ_ Best @
danpi ng process which favors correl ated density a d P-wave velocity

updat es. match to the offiginah(uniieighted) daraphookite the I@Eﬁmuins |, value, Noenes

which attenpt to accel erate convergence of the reflectivity

i nversions. thattie-unweighted dataisheuld e used/urdmmunsﬂmlhusegpbmus&théor t he

maj or part of the reflected seismc energy synt heti c sei snograns
conput ed ¥ r oielaits arsfQ M@@%H@MMY@WQ isdrom VSP @atagife i npedance
vari ations cont, Eute up to about 90% of the reflect ed energy, ~ the
density and 3" velocity variations together contribute the remainder.)
The P-wave i npedance variations will, therefore, converge nore

~rapidly than do the 25 density varlatlons or the S-wave velocity

variations a |npedance variations obtalned
at the end of e e
50 WO 96/ 07935 .
PCT/ US95/ 10594 initialize new guesses for the density and S-wave

vel.ocityyariati Oﬁe'ﬁ?ﬁﬂa&@elﬁ&%‘ ﬁlgd%l&'?d‘%‘{égé&%ldﬂy‘%%bom% I%Ee%gﬁ The ot her

opti on, 0- course, I's Lo begin-t |
velocity analysis (reference numeral 172 in Fig. 3), or by other means, must

produce depth consistent reflections as defined by the adjoint map, as set forth
above in the background discussion of least-squares inversion. Since both the
directional dependence of the initial wavelet estimate. (reference numeral 210) and
15  the minimum-phase attenuation model can influence the seismic "flattening" ability
of the background P-wave velocity model, another pass at fine-tuning of the
interval P-wave velocity should be carried out. (Both wavelet and attenuation
" model will affect the way in Which the adjoint map affects the p-t seismic data as a
function of depth and slowness. As noted above, it is the adjoint map which must
20 be used to flatten the seismic events in solving the normal equations.) . - -
Fig. 5 illustrates the data flow for the adjoint map adjustments. Inputs to
the process are the "best-fit" P-wave attenuation model (referénce numeral 220)
described above, the V;, model (reference numeral 172), and the initial wavelet
t;.stimate (reference numeral 210). The P-wave attenuation model assumes that the
25  same constant value of average attenuation found at the calibration well location is - -
the correct value to use elsewhere.
. At reference numeral 222, the interval P-wave velocity model (reference

| -numeral 172) is used to construct the background models of Vo(z,Y), Vi(z,Y),
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inner loop iterations with the result of the previous stage for all three
el astic "paraneters. The process of using Gardner's relation

(Gar dnewosoaiozd3st i on, whi ch 5 predicts density from P-RERESHSHPINi ty,

wi |l be presented bel ow) and the nudrock rel ati on, supra, to produce
initial estimt es of density and S-wave velocity variations is

f dt t Re et th
| mver i on REYRaRe] B 0E SRGREPR bEterts) TR ParkeryBA 35 f BBRLIEE qur i ng 1 he

for 10" nd? Ob#?ugh%%f;b’?{ﬁ bk Uy, R phEC bR SRl ol e Ty e
e ot AR e IRk eRon iR pEARIRPUB®S DY Torcl ng

t he density?an onent’s ng the Iast one

or two invey, a;%e‘;ﬁd Wﬂ%ﬂel’%xll be knowH fo'perstfs @ﬁﬂﬁa@ﬂﬂﬁ”&:

I nversion vari e choice of resets bet ween t e |n er5|on_u
stages iss Hﬁ&él id e Pd&ﬂtfrdtﬁft‘lﬁsmgl@dr&ﬁérfsfﬁlﬂﬁbﬁd by study of

i nver si on resuts at the calibfation well Conmput er Inplementatlon .
The use of it er aAf referemteliuntetal B4 peisstaGiOseisniib datadin AheTp+ti domainisinpon of the
20 linearized inverse problemmy be constructed by providing sub-prograns
whi ch intor thel adjeirt meapa cOhlyrdatd attthe nfidpoint Idcatioms of istedestnare requaredf or war d
map, the adjoi nt map, and the normal nmap on general vectors of the
appr opr i at dJsuatlgithese finak adjustments o thecP-wave backgnoundpeeidcityare done opl¥d and
provi ded by the Rice University I nversion Project (TRIP) is available
whi ch i npl atene sut oftweaty midpoint deqatipny The TRID inversien software requ;mt i ve

sol uti on process_ by calllng nDdeI speci fic sub-progra ten ( by
the usd®) tthatithe inpweArt databeseriad intp commeon slowngsssga ?%sf&-dT&ts&v@ q

ackage al so ingplenents the erential sepblance i nversi gn conc
hent foned ea%ﬁmmsenefﬁkaecamqw gk 85 fsnrmrtpn%sps%qﬁ und

P-vave vel ogl bya) outputs.

" At reference numeral 226, the adjoint map is applied to the pre-stack -

seismic data to produce a pre-stack output. The weight function W(p,t,Y) is

15  applied to the data prior to application of the adjoiht map to improve data scaling.
Three adjoint outputs ai:e producéd: the adjoint to /,;; the adjoint to /,;; and the
adjoint to /,;. Each adjoint corresponds closely to a pre-stack depth migration (for
a layered model) and is labeléd-by depth, midpoint, and slowness. The adjoints
can be combined to produce an adjoint corresponding to the linearized P-waw)e

20  impedance which should be the most robust parameter. (As will be discussed in
more detail below, P-wave impedance is the subsurface property which
correspénds to the leading piece of information extracted by solution of the normal
equations, and as sﬁch it is the most reliable piece of information.) The
: i)aCkground P-wave velocity should be checked to make sure that the target

25  reflection event (or events) is flattened to the maximum extent possible by the
adjoint mapping.

The background P-wave velocity model usually requires adjustment to

obtain maximum possible event "flatness" (reference numeral 228). Usually this
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51 WO 96/ 07935 - .

PCT/ US95/ 10594 The TRIP inversion software provides for the
use of tHhWOEQRTBEerent inner | oop iteration methods: PETA]SI51A584

resi dual s, conjugate gradi ents, and back projection with Chebyshev
accel erati on. (See, Symes, W W, DSO User Manual and Reference

of comput ati S pe donP i Eprltsid s sba SR verd LR ) 2.@3?*9%%*8%9%3;% on"
Texas.) Conj wiakFa'd@ch aﬁk%ﬁaeﬁﬁfn ihQr tbgeemevé egi ebt Lgpt Tgsfcgge for

use in the present invent nera |nent

The formul at ivglacity ¢6Redtne at fidRig ﬂ-@%ﬁrtﬁé ofdef Bf b€ pétc tedeB@ﬂll?’Bﬂd' ment
(i.nversion using 1D nodels with input seismc data Iint main). In
the norggaieptipAndomatimunb offget.” domain is not used. The data is
processed directly in the of fset- domai n using shot order instead of
comon sl dwness gaftesadriallindserrorprocess, a finalbaekground enodpl (refefenok aced by a
shot index. The m dpoint index within each comon sl owness gather is
repl aced by ntmerad23Q) will resulex ThetfinahbadkgraundtP-wavédreelocity modell resulting gener al
case, the forward map is no longer represented by a specific f or mul a.
The forward #f9m the adininy mapi teststin asedoip produceithe finali S-wave velogity modelamdf t he
wave equation using nenory varjables to nodel attenuation, or by a Kirchoff
20 integral fhephinal dansity; laﬂdqla\ﬁmsé%ﬁwéw (pr pther)irelation apd Sapdnexisrmt e

solution to the, | ete wave equatlon) using a ray tracing
procedur e torgmht SReRRLV egi?rl val _

10

The P-wave attenuation model obtained by modéling and comparison at the
calibration well, the initial wavélet estimate, the background velocity and density

15  model, and the pre-stacl_c p-t seismic data are used to solve the least-squares
normal equations, first for updates to the initial wa&elet model which involves an
alternation process described below, and second for an elastic reflectivity
inversion (at fixed wavelet) fntended to produce the final results used in the
calibration and prediction phase of the invention.

26 ' Fig. 6 illustrates the data flow for the inversion procedure. The inputs to
the procedure are: the initial wavelet estimate (feference numeral 210); the
P-wave attenuation model (reference numeral 220); and the background models of
P-wave velocity, S-wave velocity, and density (reference numeral 230).

. ‘The p-t seismic data (reference numeral 162 in Fig. 3) resulting from the

25  p-t transformation is required by the wavelet inversion process at each midpoint
location used in the wavelet updates. Depending on the wavelet smoothing
function selected, wavelet inversions may or may not bé required at each midpoint

location at which an eventual elastic inversion will be done. A very narrow
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times. The Kirchoff approach is the general method (because it can be
applied to : di ps higher than 10[err]) which cones closest to the p-T
convol utwoeae79a®del di scussed above. The sanme concRPOTASMISMhe sane
| anguage apply-to even the 25 nost general situation.

Anot her generalization not di scussed above is t he inclusion of other nodel

paraneters in the inver roc . O her neters, whjc
reasonabl y Yavelet smoo Y‘H%h{ ﬁ“lWe‘?’%‘ﬁe 3 ’em%ﬂpé’“’ctﬂl%‘%%ﬁ%r bott om
Vv\g gg} 5'783 qngl? an efagnc mverslon-wﬂl be done. A very broad (or constant) wavelet 52

PCT/ US95/ 10, I ., h :

and the P- V\s/gl\?/éebmlpgenue'i{ol on lcﬁuglpttﬁg}é %”aﬁl ‘}gdg{eg% E%)?éﬁ%/?ﬂlaﬁg !Df)n[ 31[ r][ h;{)s)e )
t | f th

bt opr | at P locaiit CTREUR G aiont R E Toquing sl TR @prilct’ TN

par amet & s bxvaetlmsﬁ%araw?¢@W1QImw@a%%afy fagmf%nﬁ raggemtdea because

~the 5 stacki ng process inp t he norma i ons stroys the

i nf or mat i onobARME dThis a ?prohéh l‘mi(%nderl#i)ﬁ{eldondﬁiéﬁ& edeﬁHeﬁ 6 réduee Baredifr ound
velocity is alnpst perfectly correct. solution to this difficulty

i s to alterndissssh thesidets. eﬂ‘hemlHPsinMsxbﬁsdﬂtw&&rremnreslmatthem;meﬁh-lmbe

opti mzatlon This idea is presented in Synes, W W and Car azzone,

J. J., "Vel soried\intoroommomslowgesSgatheesacy Opti mi zation," (proceedi ngs 10

of the Geophysical Inversion Wrkshop, Septenber 27-29, 1989, Houston, Tx.)
publ i shed in Geofhs whvelet inwersiopiupdates aet isgportantJin agbievingthebest Spal ﬁlsy for

| ndustri al and Applied Nat hematics, Phil adel phia, Pa., 1992. _
Ext ensi Bh o the agtaksgismie data. Without\weaveles inversiomupdates, ther relectivityal 1 |

senbl ance i nversio as been inc orated into th
{rllversfons Qre? erence mlmergi Z%rspm ﬁg. & are Hess sta%le - This instability,

resulting from use of an incorrect wavelet, can result in "unphysical" elastic

inversion results. An example of an unphysical result is an inverted profile in
‘which the inverted P-wave velocity variations are nearly exact negatives of the
15  density variations. This is called "anti-correlation.” Anti-correlation between
P-wave velocity changes and density changes can, of course, be perfectly correct
over small portions of a depth profile. However, When P-wave velocity changes
and density changes anti-corr-clate nearly éverywhere, such results disagree with
the widely observed feature of well measurements to display fairly correlated
20 P-wave velocity and density changes. (Two well logs which tend to increase or
decrease at the same depth locations by proportional amounts in the same direction
are said to be correlatéd,- and this observation is behind Gardner’s relation which
" approximately predicts density from P-wave velocity, p(z) = C Vg'zs(z) )
Wavelet inversion lipdates typically improve or eiiminate this problem.
.25 The wavelet inversion procedure (reference numeral 232) begins with the
application of the weight function to the input pre—stﬁck p-t seismic data (reference
numeral 162). As discussed previously, computation of the weight function

requires knowledge of the initial wavelet estimate (reference numeral 210), the
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TRIP software by inclusion of conputations of Frechet derivatives wth
respect to 15 the background P-wave velocity and their adjoints. This

f eat ure Predeow mechani sm for updates to the back ﬁﬁﬂs’v’éﬁ)mty
Yet anot her general i zation of “the nodel not discussed above is the

I ncl usi on of el asti c node conversions (P-waves converti ng to S-waves and

Sy oo SRR g TR R b B St gt sk 1,

hi ghl'y accurate count tor th& S-wa

arrival novepulgd gl (feference nﬁtﬁéﬂanzsosatm Jraamorgaeeeeal e Sravelet iRrsidn f of
Mexi co, the sbft water bottom materi al s appear to render such node

converted arprovéss Tequiies Tiumepsus réfledtionldvents @n each gatlib@tif okder (td 9€padite et h of
t he node conversions at the water bottom are proportional to the
S-wave vel océffeetsodf winelesoariatidmstframtheeffeets dforeflbetivitySvapiations. Waveleb i s
usual |y assumed that the S-wave velocity at the water bottomis only a few
percent of - tinverSioncappliedtaonirrow ) tafiiet orientad Ireflettion zemssowilienot sueoeedit s can

i ncl ude recordi ngs of both vertical and horizontal notion, another

- gener al i zat i bgcauge nonphysical mechapism emm or separating ont waveletaffestsfranvaves .

53 WD 96/ 07935

PCT/ US95/ 105ksflectivity effectsae i ght Functi on This formul ation has
i ncl uded a wei ght Lunct i.on, Whl c can be 5 %gefl ned tqQ accel erate
convergence of th&n¢ Wavelet ipy t?InLR e§§’§!e§ :eqyuesajomgy far the

oSt 1 MPOT 2 SRS QavilePUpdill 5l TGS reffectwﬁ;es Sig the Bhii'a5g Y

10  used in the preferred embodiment (the convolutional model) involves a
convolution of the seismic wavelet with the reflectivities, wavelet inversion is a
non-linear inversion process (both wavelet updates and reflectivities are
unknowns). Reflectivity inversion at a fixed wavelet, on the other hand, is a
linear inversion process because the forward map is a linear function of the

15 desired reflectivity updates. The wavelet inversion is accomplished by using the
method of alternation. This means that first a reflectivity inversion is done using
the initial wavelet estimate to obtain an initial estimate of the elastic reflectivities.
After an approximate reﬂectwlty model is obtained, a wavelet inversion is
performed holding the reflectivity model fixed. This alternation proceeds back

20 and forth between reﬂectivities and wavelet updates until further alternations fail
to achieve any worthwhile improvements. The number of alternations required is
data dependent as are the amount of damping and the number of inner loop
iterations used to solve (approximately) the normal equations. Typically, four
\;Javelet altemat‘ions selected on the basis of comparisons between final inversion |

25 results and well measurements carried out at the calibration well are sufficient;
however, either more may be used if necessary or less may be used if sufficient.
Each wavelet alternation consists of ten to twenty inner loop iterations for

reflectivity inversion at fixed damping (reflectivity damping usually starts at five
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the attenuation of the propagating P-waves.due to friction. Selection of an
appropriate weight function significantly inproves this situation. The

wei ght wo96/0f7easct i on used in the preferred enmbodi ment i s RBVUSISEHBY
conputing the 10 exponential decay ratio applied to the seismnic wavel et
at each depth |ocation for each sl owness and each m dpoint: [err]
and applying a conpensating factor of

user - adj us @ ANPEIRANE 3R Aefreases & PRgshalf,ar e; @]ﬁrcggﬁ q;\sﬂg{agt fatﬂj@i %l]&\;vied _

S e e SR 8 B B 2010,
the conpl ex_absal S e '
au1(:a Oﬁg{r}o c:ﬁ?@ ﬁﬁ%’tt ﬁaﬁeﬁ%t%&ééﬁ?%ﬂgﬁ%tﬁ@fﬁg %ﬁgﬁ\i/\g&tedr&@@r b%l? tbcm t o about
ten or t We;b%.gagzetert £86etd ﬁﬁmtusﬁ between s%rﬁe of the early alternation s Eé's F"!l‘ﬁ?1 St ack

| nversion | _ ase of t vention Is the
pre-stagk ijavey el infasion ghg;tz&ﬁx% i Follow js dhitdBépendeiit Anél Bhéiild be hinedThe
actual inversion process uSed I1n the preferred™ enbodi mrent will be

descri bed g ph&ue® e bdsh feshR it the daliiraGor WeR! A Sutcésfill Svavelet inversion -
54 VWO 96/ 07935

PCT/ US95/ 1@38ckdure results in an updated wavelet model (reference numeral 234) at

midpoint locations of interest over the calibration and target locations.
The new, updated wavelet model (reference number 236) is passed on to
10 the reflectivity inversion step (reference numeral 238). Other inputs to the ‘
inversion_ are: the background attenuation model (reference numeral 220); the
Background model of V,,, V;, and p (reference numeral 230); and the time
migrated, p-t transformed, pre-stack seismic data (reference numeral 162) for all
midpoint locations of interest. As noted previously, the TRIP software requires
15  that the input p-t data be sorted into common slowness gathers.

Elastic inversions (reference numeral 238) at fixed wavelet are carried out
at all midpoint locations of interest over both the calibration and target locations.
Typically, fifty to one hundred midpoints over each location are used. In the
examples discussed below, the midpoints were arranged to be spaced at every

20 82 feet which corresponded to an inversion at every fourth original stacking bin. |
This sampling rate appeared to provide a good representation of the subsurface
features. However, other numbers of midpoints and other spacings may be used if
riesired.

The reflectivity inversion process is similar to the wavelet inversion except

25  that no wavelet updates are done and, therefore, no alternations are needed. The
reflectivity inversions are a linear inversion process in the preferred embodiment
because the convolutional model is used. Inmore general embodiments, which

include multiples, reflectivity inversion is not a linear process. In this situation,
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(forward map, adjoint map, |inearized forwar d map, and normal map, plus the
concept of iterative solution of the |east-squares normal e i nsé
explainedwogm“ﬂnﬁbOVe._Figs.w4, 5, and 6 are flow charts mﬁ%ﬁﬁh?ﬁpﬁ‘frate
the inversion process. In " the preferred enbodi nent, the TRIP inversion
software referred to above is used 5 to inplenent the inversion process.

However, perﬁ{é{’esat%‘ihidy%ilditfbxﬁﬁébtﬂﬁlicaﬁeh%. dFor examplié€alé 5oa1€efthe Batd aag "

conmput er prograns for “i npl enenting the | east-squares i nversi on based

on the teachitiegouttetesfimatel bben® impoHant. PTRER sehlePBecdime! piet b e ifivedSion
process are: : 1. tain an initial wavelet estimate, 10

2. Qot ai nprocessrandirmist de fourslt feomfthé Bata lor \eapkicitly adeasutred dating the data
3. . Use inversion to refine the initial wavelet estimte,.and
4. Usi ng tecerdipgiprosesswaUenreat seales will achieveenat onlyr goodrfits of ¢t primary t he

ellastic reflection coefficients (reflectivities) at ni dpoi nt |ocations of
i nt er est ‘v ereflegtiomenargy,bud alsotelimjnatianaf quultipke. reflegions from inverted modelse| et
esti mate can be qbfained either from conputati on using the known

" paranet ers ofhreygh iagerporationf themuliiplescinshe undeslying modely Nesdlass kesayhel ow,
or by actual,physical recording of the output source signgture. '
I nitial V\ave}"&P %tfmfietﬁﬁﬂ&%ﬂ% HW&!’%’&P’&CB&W%&%} fiquityapdt or 20

Fig. 4 shows the data flow for the creation of the initial wavel et nodel
and f 8¥PY&er mi nati on of the attenuation nodel in the preferred

nbodi : . ' {4 ' ' it h h i sm
gur \C/)ely rr\eNgtS cond uc:trg% r%t}eé; tMEe mfsﬁﬂsi a%%%ﬁéléeﬁtt%ﬁﬁgﬁ{'egtt%cq& s\#lstgxﬁ Owe‘%@gh sereme
bper at or 15 1 Hcbeh sESEdled BY SR ERhPhinCuGH fesefifed ek P68 rer8y'S, TLLY Y
sei sm ¢ vaveiRersidchsfiGalfPinvORe $e Ro et YdBes of inner loop iterations with ten to

Confi gur at i on of the sodrce array,
twenty inner loop iterations per stage. The number of stages used, the number of

inner lpop iterations, the elastic variables employed, the degree of damping, and
the elastic parameter resets between the stages used during the inversion process

15 must be carefully selected based on study of the inversion process at the
calibration well. The examples described below used elastic parameter choice set
forth in equation (56) above. Damping usually begins at five to ten percent of the
seismic data energy and falls t0 one-half percent or zéro pércent of the data energy
at the last stage. These issues are data dependent and will vary according to the

20  detailed objectives of the inversion project. In most situations, approximately
eighty to one hundred inner loop itemﬁons spread among five or six inversion
_stéges have been used. The c'onvolutibnal model used in tﬁe pl;eferred |
embodiment will succeed in fitting 35% to 75% of the energy of the pfe-‘stack
_s.eismic data to physical subsurface elastic models. The majority of the energy

25 remaining in the unfit portion of marine seismic data (called the data "residual") is
typically identified as multiples. Outputs of the reflectivity inversion process are
the "best-fit" subsurface elastic models (reférence numefal 240) and the final data

residual (reference numeral 242) which is the difference between the input data
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2. Air-gun design, volunes, and far-field signatures,

55 WD 96/ 07935

PCT/ USOWO19583935 3. Sour ce detonati on i ntRGIE§IS/10594

4. Configuration of streamer cables, 5. Configuration
- of the hydrophone array, 6. Applied digital and anal ogue

I the | andBf die,besi-fs medpl, THE M&Wf’géﬁai’@“ﬁgss phaifhge ool oo
1. Conf 'X?}éh?ﬁésté ofiles t({?éi'sﬁ@ %ﬁﬁ)od? efh x?'ﬁdgsfnt SGUAtion irfVel@yd S These_are

2. Vi br eps or welig Sour ce

i nterval, tﬂ%ﬁllmenslonless fatios: Confi gurat i on of geophone or hydrophone

recordi ng ca Conf i guration of geophone or

hydr ophone arrays, Md digital and anal ogue

filters, 7. Sur[f( I tions, (63) 8.

Weat hered | ayer thickness and se€il S C v&(acY) y, 15

Det onati on dept hs of downhol e sources. The survey i nformation _
is used to nodel the effective wavel et g and recorded by the
data coBl ection system (ref er enbglzn¥ihe de Thi s ef @R ve
wavel et is the directionally dependent et mhich woul d be observed

far (at 10,000 feet, for exanple) fromtrlg ource in a uniformmterial
(sea water 20 for exanple). Thi Y.:c,% @the "far-field wav " 1In
the general 3D case, the hwT’gr’ ?ieb(t ¥Yavel et, S([err]), |s®a functlon
of two angl es: '

From these three results the P-wave and S-wave impedances and V,/V, ratios may q
be obtained:
_ ;1¢(Z,Y)=AZZI‘:T{:;:))”’;p(Z’Y)flp(z,Y) - )
10 | bs(2,Y) = AZZS((ZQ? lvs(sz) + l,;(z,Y) - | ©

. The ,approximatgly equals sign (=) means that the equality becomes exact only as
the high frequency variations become vanishingly small relative to the background
or low frequency variations (in other words, when AV,/V, « 1, AV/V, « 1, Ap/p «

15 1). The final output inverted sections used in the interpretation process are
obtained by using the inverted parameter esﬁmates to model the nqrxhal-incidence

or reflectivity section for each elastic parameter:

Bp(0,0,%) = mx-uo)N% iy ,e'““w‘”" hp@Y)

| ﬁv (Om Y) = §(0)(—io) Z digyer®™ (°’z"Y)zv @Y) o
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1. Angl e in.the horizontal pl ane, [‘err] (0 te 360), and . 2.

Angle in ical plane, [err] (-90[err] to +90). 2D
case, onlvéﬁl%wséé\vel et within the seismc profile plane fEF’Pf?sqog”
required 25 since out-of-plane reflectlons are ignored. In the marine
case, wavel et nodeling requireg, e far-fi eI d signatures of the air

guns used in the act Ct IO mrl: Y}, er ograns,_runni ng
on scientific worksta® bn?ﬁbg’@ﬁg)ﬁ %)c}uz fi{‘mﬁ’? equi red letz,, far-Pel d
signatures are used to design marine stilsnic surveys. For example, the
56 WD 96/ 07935 PCT/ US95/ 10594

MODGUN si mul ati on sopt yffel mﬁﬁ@aaYgzp Devel gpnent
ALS may be used to ?%(ge%e ans%k@)??rlawpe fdslarfégout goin gﬂ)r ce and~det ector

ghosted) far-field wavelet as a functi BA of angle. In,the land case, the
at t enuati ng and non-|i near prop@% Jes of the near-surface naterial

et e Faken 110 BNBY) - REN-A 5 gl AT Ry FoPn TRl

more difficult proce&ﬁ
" energy propagating-away fromthe ’%'our ce toward the detectors will be
reflected at the detectors. Since the el ed seismc vvavel et,

S([err]), change SDACK T g an hq,,(otzhﬂ)
enbodi ment uses N[%ﬁbés’u ?(gsd)gt&? Z g@{ﬁ’ge |nterv ‘f’a gi ng( # om zero
10 degrees to eighty degrees as |nput§ An angl e of zero degrees

corresponsds These eg uation§ iden€ify the fHRVIBYE MdpRsXiMatGNRY B¥ noHHaldingidégtof ni nety
degrees corresponds to hori zont al propagat lon. Interpolation is used

to.produce tPwavedefisedonauetficlennévaluated atadeptii # & ¥ produbess £ @f ¥) wigrheuner al
206) . frequency factor (-im). :I‘hxs means that the result of equation (72) is the fine-layer
generalization of equation (5). By_ analogy, equation (69) is the generalization of
equation (1); equation (70 ) is the generalization of equation (2); equation (71) is
10  the generalization of equation (3); equation (73) is the generalization of |
equation (7); and equation (74) is the generalization of equation (8).
The wavelet used in this ;nodeling step (So(@)) is selected to enhance the
interpretability of the resulting sections. Typically, a zero-phase wavelet is used.
The best wavelet to use is data dependent and it may be selected in order to
15 facilitate comparisons with other geophysical data such as well measurements.

- The selected-wavelet corresponding to Sy(w) might include low-pass filtering used
to reduce noises in the final output inversion results. These issues are weil known
to persons skilled in the art. The output displayed sections are obtained by using
the inverse Fourier transfofm to return to the time domain. The output section

20 correspondmg to the P-wave impedance (P,,(0,t,Y)) closely resembles a
zero-phase stack. The output sections corresponding to the other elastic
parameters are the zero-phase stacks that would result if the normal-incident

P-wave reflection co_efﬁcients (the fractional changes in P-wave impedance) were
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The nodel ed seisnic wavel et (ideally) accounts for the effects of the
source 15 and detector arrays and for the source and receiver ghosts. (A

sour ce Whoew793s created by the reflection of the sBGTASIEHSMyy at the
air-water interface; a detector ghost is created by the reflection of
t he up-goi ng energy at the air-water interface back down to the

ot et or s ERURKE o R ARl clale® B PAPls YEIRILr S B2 By, demsir oo o 50
on-1 and qaﬁ%vdvﬁ M%ng% %ﬂﬁlcvé{’ ggn in the mari ne case and requires

I nformatio ace and near-surface conditions.) The
nodel ed seismc wavelet is . converted to the p domain by applying the
slant stack transformto a synthetic gat her made from the nodel ed

seismc mwm@ﬂweral 208). This synthetic is made by
shifting the wavele a e appropriate reflection angle, to the 25

predi cted hyperbolic arrival tine corresponding to a reflection event with

nor mal i nci dent two-way. arrival tinme of one second and applying the
geonetric Mbre gegeraCembaoiiments of thesinventionsioamuiise theap-p gansfordn.
reflection process in a uniform velocity material, such as sea water,

i n whi ch t hethedowatip case, theadata aneqnoca.‘.s@gnmommon offset gathers containing all
57 WO 96/ 07935 :
PCT/ US95/ 16épbint locationy of jntesestrinsteas) of commaor slownpssgatheshs Rgy-+agingds f or t he

actual seismc data is applied to the s thetlc sour ce gather except
that the nusqdrmrepm@e&helreﬂ%eaﬁw%vﬂectwn VapRthilengths: tlct s enter
t he estinated source coe fICI ent The used to prevent edg
ef f ect 40 i ntherigh dip (generab &ask | ‘i{‘%é{ﬁﬂ Wm%némt@&m%del ing 5

;OTI ts hou'cglgltaitnmbgealPHetector ptcgtxcgng%f mrier sf | Finite d?ﬁe‘rgﬁce &Bﬁﬁcﬁofg Hl%ﬂ{O%? ul'ting

are used to compute the forwar_d, adjoint, and normal maps. As mentioned

previously; in the_general case pre-stack time or depth migration (reference - -

numeral 122 in Fig. 2) is not used in the pre-processing phase of the invention.
15 | |

The calibration and MémﬁOn phase of the invention (reference

numeral 300 in Fig. 1) uses the relative magnitudes and behaviors of elastic

20  inversion reflectivity results from the pre-stack inversion phase to predict gas/oil
saturations at the target location. The calibration and interpretation procedure
consists of scaling one inversion result based on another so that the resulting
"picture" of the inverted results is independent of such things as the original
seismic data scaling and some aspects of wave propagation above the target

25 reflection (such as uncorrected structural effects and unaccounted for P-wave -
attenuation). Alternatively, scaling may be based on the actual or assumed

outgoing energy from the seismic source. Two scaling methods have been used:
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sei smogrami s t.heﬁ;}rms $1EETeAs BEENE| model ifor. the singl e nidpoint case:
[err] to yieliid an REPLAGEDesti nmte for the coefficients .

s[err] (T,‘f’g.9§’9¥9,3FF . - process involves Pglygsgglllgsgﬁuar es
fit between the source nodel and the p-T 10 seisnogram Preferably, [err]
Is set to approximately 0.5 in order to allow for sone . changes in

source directivity dur iG&oﬂﬂSﬁ%ﬁﬁ&é%ﬁ&%éh?%bt%b&& I‘-%f/@itﬂ?&ﬁnce or

nuneral 232 on Fig. 6). ' e Inittal wavelet estinmate
(reference numeral 210)p-vavedelbdiy vaiations, dnde " M coefficients,
sferr](T,[S...],[R .]) assigned to each mdpoint location Y[err] within the
15 data. The iniQial \Ratielvatueqsibtsming dldveic eéfMectivity Mvabures abthe Qarget Of
Nferr] x NI x NY points. The coefficients s, are represented as uniformy
sanpled time vectors sewemttri c about zero tinme. The usual source nodel runs
from-0.200 to +0.200 seconds.. (This allows for both zero-phase source
nodel s 5 - Both wiethods inwelvesthe zerosphase output ejgstier sections. éThezeutput Pwaavend f or
m ni mum phase 20 source nodels in which the major source energy arrives
“wel | after zd&mpedanggor P-wave vejacity segfinnselosely resemhled @lzeraxphasalstacki ncl uded. )
Specification of the source no conpl et ed by %i ving the wei

yodel, i ] > ht
function wt ( ¥ecHOmyAS AN HBHFPB?%%%‘EﬁGW%@e(ﬁ‘WﬁY%IB W%ﬁ@ﬁ%ﬁ%ﬂﬂnch will
wh t ls at diff t M. dpQqi .ho |.on .
Cdenti car . T & 25 selle e o e Gt oE bicHioq B8 dh The el S iEbpave
1 Sour co oy asmahjolidencs mrRAGT R THR\htlRnef Srific Bl Suer t on

t5§ STTLY 15t aGkdaRen Bidhg Bepforié fifle U158 aréd &31ctd in Fig. 7 corresponds to

approximately 12,300 feet of midpoint locations. The displayed colors are related
to the strength and sign of the plotted amplitudes as shown in the color bar.
Displays of this kind are well known to persons skilled in the art. This color
section has been scaled so that the 'deep red color followed by a deep blue color
15  corresponds to a large negative change in the P-wave velocity. The scale factor
was chosen so thét the maximum P-wave velocity reflectivity amplitude variation
at the target reflection was approximately 32,768. In this area of the Gulif of
Mexico, such "bright" seisniic amplitudes often correspond to the presence of gas
“and/or oil in sand layers. An exploration well at midpoint location 13,900 found
20 gas and oil in the zone 3.500 seconds to 3.700 seconds. 'As clearly seen on this
section, amplitude brightness is not the sole criterion used to make dﬁlling
decisions. (There are other bright reflection horizons visible on this section. The
criteria used to evaluate hydrocarbon prospects include many factors. Among
| ihese are geologic structure, stratigraphy, visible fluid contacts, correlation
25 betwec‘:n structure and bright seismic amiplitude, as well as hydrocarbon source and -
seal.) |
'Fig. 8 shows another seismic profile line (line 2) displaying the seismically

inverted P-wave velocity reflectivity displayed in the same way as in Fig. 7. -
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WO 96/ 07935 THIS SHEET HAS BEEN ) SR _

PCT/ US95/ 10594 r npi se in the data coul d_dj re

m xi ng. W%R7H¥3tla_qua @g&‘\gﬁ t he desirte for detai ng:hﬁ@%é% ace
parameter mapping could dictate less (or even no) m xi ng. Controlling
factors include the extent of variation potentially present in t he
subsur f ace Fi@tewhdicaltdNo thitAh¥&iaRimiA IH-¥avd VEWLiB/ reflebliviied telirgépnes near
t he 5 water bottom can produce alternating patterns of greater or |esser
seism c reflectibh wak agdin elosato B2 68 ArTettarpenrefletlicieévend Ebetween 250@NCeS,

use of appropriately chosen source nodels can mitigate the effect of
varyi ng i | becondsand2 660 secopdsy Themarea depicteédnin Fign8icorrespontdetb nodel s. )

Q her variations of the method used to obtain an initial wavel et estimte
10 i ncl udepprozimately d0,2300esMofanidpoint lasationsi. t Encery effort has been madé ta he
detector ghosts = . or detector arrays. In this situation, the effects of -
det ect of gRPRY anddentigak inyersigneprocess to bothdineddandrlinend s, Hinei kLsay¥esher used
for the p-T transform_oof the wavel et. Anot her varjiation | s to use an

i sotropic (QIFAlbENE dine i2n R SBEAEARE INVRRSIEN Procgdurerias yied AgaidbeP-wave  rher
ot 15 "velofty Echiehy v dhe BoPive iipesanes srechRR titnipoRs SR U {1
f - , T . . ) 1 . . . ' . ) .- - .
df"lﬁé‘n’;i onl a@glf p B, i R BB oW Bt BRI B e b vave
L . -t |
(e, tyre%é{véﬁéfﬁ%#?@ iR, 0F B8 B Db TR R of e el T °
: | | ' |
21 o7 2o OFakiy, i Backehout ! Drlififight ARboRR 166kion 1834 Wil oRPabo™ - 10 LD

aul f mate o appears to be a goo I'rst guess.
I n other aggamtish (f.@.‘?gasinnoﬂﬁéﬁﬂlﬂerc'iﬂl titik).! ower val ues may be required.
i . ]

At reference nunera 14 the forward ppi ng or seism c nodeling

plr ocess i s usedFremRhis@uampley itlik oleaf that theTewavé Gelodity fsffectvity llonsane
S| OWness

cannot distinguish between low gas saturation and commercial gas and oil in the
reservoir. However, the present invention can be used to detect a difference
15 between the presence and absence of commercial hydrocarbons by examining the
- reflectivities from other elastic properties. For example, the density reflectivities
can be used to distinguish between low gas saturation and high gas saturation. -
Fig. 9 shows the density results obfait_xed from line 1 scaled with the same
factor as in Fig. 7. Fig. 10 shows the density results obtained from line 2 scaled
20  with the same factor as in Fig. 8. (One scale factor for both line 1 results, another
scale factor for both line 2 results.) The &ensity results, scaled in this way, show
a big difference between the two lines. This difference is visible only by using
properly scaled results. Scaling the density sections against their own.
Backgrounds would not show these differences. Well measurements made in the
25  two exploration wells, confirm the general correctness of the correlation between
commercial gas/oil saturation and "bright" density values when the density
variations are viewed as relative to the P-wave velocity reflectivity. Note in

particular that the density reflectivity results for line 2 do not display any "bright"
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val ues as appear in the actual p-T seismc data-(at the well | ocation).
I nputs to this 25 process are the initial wavel et esti natewgreference

nuneral NOPOPER initial Qerr] estimate (referencePREMSPHI0NM )
and the edited and corrected wel |l bore measurenents and the VI. nodel
obtained fromthe seismc data (reference nuneral s 146 and 172,

[_)SS pect i VV\%l g%?gf%iggseﬁér% it MmRipofift 16V WiH&eShe P-wave velocity

PCT/ US95/ 10584ectivities AR CTHE isfverte® TEfue %%g%mﬁinelf giespﬁgg aPRALded

over a distance of 300 to 0 feet to oduce a nod t he
background Pvelesiey sefleoivityyanonedy ue nd defisityerédectivity anofiaBti The iefted
background density. The high frequency residuals ?,t he difference

bet ween ‘t'He  resolts fordinedl suggestbotlt & P-waviegietutity Tefiedtivityl anomalysandad @ensigd t o

5° produce the three elastic ratios I[err],I[err], and I[err] defined
earlier. $i neeflectieityrenamaly. (Whes s P-ovave velooity y- arePqwave dmpedancer- of f{he
vertical earth colum, the m ssing val ues of V[err] (above the first

" 1 ogged dept hyeflgetdvities e npt display, ancraalovd behavipr mosismic bright spof exists, anddel
(reference nunmeragl 172). M ssing density values are supplied by . :
Gardner's reth&Ie ?P%‘?dg" tis capsideregd, less Uﬁ?lﬁcf rejativg todcbright spefopite eentai t he

10 © nudrock, rel atjon. senent estinmgtes of the elastic paraneters are

i nserted bel Bwﬁ'ocar ons.), qgﬁ&eﬁv‘\/ﬁﬁ?g@e inverted §1an° velagity esflectiyities nuner al .
218, a nodel i ng conpari.son i.s ndyct ed bet ween t he conput ed

synt heti c se|w§% ‘&“’ﬁ%ﬁ%@?s gfa@?gﬂ‘g SHURAY SR 2pReAranGg » the; shear results
sei.sm c %’;\t adﬁtﬁ&lggowdh@ggrﬁé}gﬁgé(reference nuneral 216). The purpose of

thi's 15 conpartsSon‘is a nodel of the P-wave quality factor

(reference R Bl 0 invérstdis WleuSOARBb Y bW dalBED-Bihireen 1 he

conput ed nodel (s)
impedance variations are the most successfully predicted parameter, the P-wave

velocity variations are the next most successfully obtained parameter, and the
density variations appear to be the third or fourth on this list, and the S-wave

15  impedance variations fourth or third (depending on what criteria are used), and the
S-wave velocity fifth. The S-wave velocity variations are systematically too small
in magnitude by one or two hundred percent and the density vatiations are
systematically too large. To 'a', certain degree, these two errors cancel when the
S-wave impedance variations are computed. In other inversion tests, elsewhere in

20 the world, it has been found that the density variations can turn out to be
systematically too small (and low frequency). In this situation, ixiteresting results
are obtained by looking at the variations in the V,/V, ratio scaled against the
P-wave impedance variations (or the P-wave velocity variations which were almost
tile same thing since density variations were small).

25 Another presentation of these results, which is more purely numerical,
consists of examination of the ratio values of the inverted parameters along the
target location of interest. To produce these plots we interpret the separate

inverted sections in order to locate the wavelet cycle which follows the reflection
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the pre-stack seismc gather(s). By conparing such details as anplitude and
frequency-content -decay with reflection depth, a judgement can be nmade as
to wowgigabssat t enuat i on nodel provides the best natch paT/U$Y8/16898 ual
seismc data. By far 20 the nost useful indicators are the | oss of
arrp:citude and frequency content over the | ogged interval. This
confirms the inportance of providing an adequate depth. I nterval when
sti pul at i ngignagire gfBiaximyn deferest (W%bcq;!slzeoel T WBSP’@H{ prpther

fﬁ?' ton e g&io%@g?xfti’ﬁ esred Symebetis BorprafincidenE aces sompuiedro el ° " 29
reguency- t ent . , . . . Ihe -fJ '
by i s br GRRSOEmBRRH Fe ysfl ip popfirming hiXplRaefatoh. (Che¥ Bptocliedd, " "o

det or 11 e DY BP e AR RVRAEE. o IF 3 U3l Hlidhe. The seidlicC eSSl N0

(pre-stack e suppression steps) can m nfl uence

é?f&;;?,' U -reflection cycle is followed (approximately) horizontally across the targe? VO

PCT/ US95/ 1Qefiéetion and the seismic 2fipHnitRE afebinktedl Alatmibe? of afplidigs best - f i t

balckground Q Is to performa nunber of inversions with different
val ues. Thetibuiés withil h dtaciwindow!tof abpfoximately ondgiutde width (02020 10d0.050

(unwei ghted) data should be the opt ?rmm Q \yal ue. Note that the
unwei ght ed sgedndspéumbedextmactedpsuchasdet er ni ne the best Qo because the 5
wei ghts are @ dependent. Another way of getting Q is fromVSP data, if

avai | abl e. 1. UsMaxiimunhpositiyeamplithtde value,Fi ne- Tune the I nterval
Vel ocity Model
10 2.  Minimum negative amplitude value, - ‘
3. AVerage' amplitude value across the wavelet half cycle containing

the maximum positive value, |
4, Average amplitude value across the wavelet half cycle containing
the minimum negative value,
15 5. Integrated a'mplitude' value across the wavelet half cycle containing
the maximum positive value,
6. Integrated amplitude value across the wavelet half cycle containing
the minimum negative value. "
Amplitude extractions of this Kind are very well known to thiose skilled in
20 the art. This procedure can be followed for each of the six elastic sections
mentioned. Which of the six amplitude measures listed above are actually used in
the analysis depends upon the expected hydrocarbon signature, upon the noise
lével of the data (maximum/minimum measures are more noise sensitive, and
integrated values are more robust), and upon the required level of resolution
25 (maximum/minimum measures have the most resolution in a thin bed case).
Whatever measure is selected is always employéd in making all subsequent data
comparisdns. Normal-incidence modeling at_the calibration well location using

well measurements can be useful in determining the proper choice of reflection
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10 The interval velocity nodel broduced by the | ayer-stripping

I nterval vel ocity analysis (reference nuneral 172 in _Fig. 3 or by
ot her meaW@%@4Isp produce depth consi stent reflectioﬁ§n§¥”a£¢?ﬁed by
the adjoint map, as set forth. above in the background di scussion of

| east-squares inversion. Since both the di rectional dependence of the

i Al VaVelihoRE! T Srobidint pRARECS | REAre B BACktviY at tiFraedl mum phase

attenuati on can i'hfluence the seismc eni ng

|-
t he backgr ounstaffonBorcearlk bf tHe' elastit Patameiéis! Mesdrsaltdéan’ be@splayedds Hf t he
I nterval P-wave velocity should be carried out. (Both wavel et and

attenuation functionbestpoihd. | Figf & displays thep-waveweicelty tané denkityi reflectivm

affects the p-T seismc data as a function of depth and sl owness. As
not ed above, siréngths fandined) @sing theymaximurh positive afflitulde valme dftepapplyingan t he
seism c events in solving the nornal equations.) Fig. 5 ,

i |l ustraté&s mnbgativatoverfallowavelet fadter sodfhat Fig. b displiys siecneases in Papanes to
the process are the "best-fit" P-wave attenuati on nodel (reference numeral
220)  daslerityend density at thesanget lacption)d dPispleps of eefleetivihyersys 172), and
2t tenuati on AOABLIoHiREare el Knevn ot SHiedoRR ARt JHEULZ GRPYEHRge
Val e o uoe SBPE SupinecE. 16 Can be sien e e ine f bl Beveger densi” (e
e b Skl ki 5 VG ety WA 2 1P B8 1©
géT/ USO5 /1%35 Sgénotﬁgtg&lere is substantial variation in these inverted values, and _that there is
some tendency for these curves to display a mirror-like variation with respect to
each other (this is seen in the line 1 results in particular). This instability isa
reflection of the fact that while the variations in P-wave impedance are fairly freé
| of noise corruption, the separated elastic parameters of variations in P-wave
15  velocity and density are more sensitive to noises. Once again it should be
exhphasized that these techniques are data dependent.

A more compact way of presenting the results of the inversion consists of
displaying the ratios of the séparate extracted reflection strengths. Typically,
ratios which place the more stable parameters in the denominator are chosen.

20 Fig. 13 displays the computed ratios of R;,(Y)/R,,(Y) for the two lines. These
values are displayed only over the most stable portion of the target reflections.
Fig. 13 shows the line 1 results as a solid line and the line 2 results as a dashed
line. Midpoint locations have been shifted, but both lines show inversion results
;)btamed at every 82 feet. Prior to the present invention, displays of this type and

25  predictions of hydrocarbon content based on comparison of elastic inversion
results for target and calibration locations were unknown.

On average, the line 1 results are two to three times the magnitude of the

- line 2 results, but line 1 shows large variations. These variations may be traced to
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p(.z,Y) used in the inversion process. The background V[err] is identical to

t he snoot hed V[err] nodel. The background Vs nodel preferably is
conput egofogaasghe Vp nodel wusing the nudrock rel at POTUSE/10894 net hods
for determ ning the .background Vs nodel will be known to persons

skilled in the art. The background 5 p nodel ‘is conputed from Vp using
Gardner's relation. _ | L At . reference nuneral 224, pre-stack
sei sm ¢ dathe sameripgtability mentiongd above, yle dip in the rtig Wséﬁﬁ%‘i’%ﬁ’enap. ol 'y
dat t the m dpoint | ti- f inot I i J-ad. ' Uspal |
these 11 nalingrEelth ealid qsvel geen ssted amipints, 150 20 coprespand f9,38€ o
t t ,of .t t.y _nj.dpoi fi . - ' [ ft
Fequi res 46n dEHEY VarBtoR trbhnd i@ BeandB ot (oot BIE G ek Gumese

th . Th , Al QL . .
i dpoi nit garHEE b e Py IR SafthediPRapEEEL HigpAtg 0T
At f . adi.Qis ' - « o-st ack
AT o5 P ORIBNAE Rl eV Bfichlble SR eiciplel befleronicds Bl ook
15 —appl I egdydrpy rai‘kﬁ‘mﬁj%rhﬁ 16¢atioh. (AhoRtiR lekpiahitih iy b that tiepé e ifiddedt O 1 nprove

data scal i ng. hree adj oi nt outputs are produced: the adjoint to

I[err]; thendgeintheireservdif plopertits at this location @@l ,0he atigtidrsen the ratioch

adj oi nt corresponds closely to a pre-stack depth migration (for a

| ayer ed nDgglug apgksociated ndtheithpoytanieghahgesnindhotanget zone). sGreaheare mushe

adj oints can be conbined to produce an adjoint corresponding to the

| i near i zedbPusal/in exafhiningpesilts of thithkind, atdin lisiexpectet ¢hatthese ratio valugsar anet er .
(As will be discussed in . nore detail bel ow, P-wave inpedance is the
subsur fie.c e will bedndigativei of thydrocarbops pnlyswhendbe ratia yaluescare compated O¥en f ¢
i nformation extracted by solution of the nornal equations, and as

such it is "brightfiweflectarsi Since least-squaggss inversiopanetheds)weight things aceording, ound
P-wave vel ocity shoul d be checked to e sure, that the tarqget, 25 -
refl ect i ont@therfmergyofshe gyent, jow WBH‘P&%@GW Wﬂtgﬁﬁlﬂy mﬁ?"e’ﬂg%‘ﬁ’c‘mpossi bl e by

t he :
€ITOrS.

~ Fig. 14 illustrates the predictive nature of the present invention. Fig. 14
15 compares ratios of density and velocity reflectivities at the target location for
lines 1 and 2 and a third line (line 3) from a location in the vicinity of lines 1 and
2. It is desired to predict thq drilling results for line 3 based on the line 1 and the
line 2 results. Line 3 has been inverted ﬁsing a six stage inversion process which
gave the best results at a nearby calibration well. - The calibration well contained
20  gas but displayed low values of the Ru/R,, indicator due to poor reservoir quality.
The inverted results at the calibration well agreed with the well values. Line 3
(not shown) has bright amplitudes for inverted variations in P-wave impedance and
lf-wave velocity at the target location, just like lines 1 and 2. In Fig. 14, some .
horizontal smoothing has been applied to the fatio results. The solid curve is from
25  line 1, the dashed curve is from line 2, and the dotted curve is from line 3. |
Lines 1 and 2 are being used as the calibration Sites in this case. In Fig. 13, the
well measured values of R;/R,, are marked (at the well 'locations) by circles.

Every attempt has been made to display only the portions of the target locations
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adj oi nt mappi ng. The bacckground P-wave vel ocity nodel usually

requires ' nt to obt ai n maxi mum possi bl e event_ . "
9 C@@ﬁ&ﬁ@ﬁ& - P peThis3iARsE

(referen | 228). Usually this

62 WD 96/ 07935 ' ' '

PCl / US95/ 10594 can be done by applying a scale factor very close to
1.000 to thewhhkantin the same fiyi®@dathus! the36kd Bare @ovérs HRCads safurhtdd or der to
achi eve the best result. Typically, velocity corrections at this
stage are onpétion@fdhe lind 1 earget) thiecdRhedleive dovegs €t low gas fluid @£tinelgpt h and
maxi mum of f set . 5 After a trial and error process, a final
backgr ound nentkthe(dotted cerveappears to covee agiorG@ADPf thielliner3etarget whidheshoukil
background P-wave vel ocity nodel resulting fromthe adjoint nap tests

is used to proyaina single fluihtype. vithechorizonial lipe plotted withceach data cufwee shiows|
density nodel using the nudrock (or other) relation and Gardner's

rel ation, 5 r eBiscaverage value fopthat curvey ddiecsiertiond line shaws theivatiangey eAtthen

The P-wave attenuation nodel obtained by nodeling and_co rison _at the
“calibration e theseruryss;werg obtained, the ling 3 F?EE%,WQSH@“HQ@%S%@WW@FOG ty and

L Bl B o S R
and second. 1 7 ShEaroRy RS ERAka hesore, bS] HliGRsEH BRT R BRERRY S e o1 )
I ntended to r@%ﬁ u%%gn{ ﬂb@eﬂ#ﬂ @%m&iﬁn 'ﬁﬁ?ﬂ: teBalsdf poor resgﬁolxl)c[ﬁifyo n and

predi ction phas | nve
: 10 which resulted in low values of R,/R,,. Eventual drilling results of the line 3

target found low gas saturation.

The variances of the line 1, line 2, and line 3 curves (computed from the
unsmoothed ratio values), confirm that the line 3 values are statistically sepa_rated
from the line 1 values. On the other hand, lines 2 and 3 are not statistically

15 separate. Obviously, these variances can be used as a guide to determine the
confidence level in the predictions made using the present invention.

The present technique (i.e., using one wave equation based inversion result
.to scale another inversion re'éult leading to the concept of -wave
equation/inversion-based hydrocarbon indicators) for comparing multi-parameter

20 inversion results to make predictions about the presence or absence of certain
types of hydrocarbons was heretofore ﬁnknown. Good inversion results and good
understanding of the influence of rock and fluid saturation properties are .clearly
very important to the success this technique can achieve in any particular
épplication. When properly applied, the present invention tends to correlate high

25  values of ratios of this kind with the presence of hydrocarbons (gas and oil).
-Lower ratio vilues tend to correlate with low gas saturation and/or poor reservoir
quality. Reservoir quality enters as an additional degree of complexity because

even known gas reservoirs will not always display high wellbore-measured values

77



20 Fig. 6 illustrates the data flowfor the i nver si on procedure.

The inputs to the procedure are: the initial wavel et estimate
(referewooernasasral 210); the P-wave attenuati on nodeT/Ysosfiesdsénce
nuner al 220); and t he background nodel s of : P-wave velocity, S-wave
velocity, and density (reference numeral 230). The p-T

sei sm c dat ference nu ral 162.i,n Fi resul ting fromthe ,25 p-T
transforna 5;1/4% ?e‘ﬁ”lﬁl“’?%@c%\}%fs gYﬁ%%F‘é‘?‘BFP"HFB% sand ypit is said

Navelet tsnﬁmf#ﬂ& it R o3 hifics HBR Bucrbodthof bF Siog AR SRS I0RE) or ey
not be r?qﬁéegf ﬁ{sﬁﬁ%ﬂgmogg ih@tp'&e-stack ela& iy Wgﬂglo%trem{sc&nae'fatg Witk !

elastlc In on w very narro

th

DT/ Usos/ 1O Jaeasirbments (in other words, rtllu’en‘g’;w?’lf'r?é‘ts show low values of the Ry/R,

updat essat jgHitatéy M'Wﬁen‘@@%hm%n is knowﬂo H@bfe@erﬁf‘ el astic inversi on will
be done. A very broad (or constant) wavel et snoot hing function will

permt the wavelgfinal Fdﬁd everl RoReConiPact, ¥idw of thednieét¥ion resultsi# SHained.

| ocations. The use of narrow wavel et snoothing will tend to produce 5
wavel et nDdRInt a\sbimphrisoncofluverages of the ratid valaek dteavinmidpoint Idtation Basedri dpoi nt
| ocation. This approach can, under sone conditions, be used to reduce
certain upon the meersion datecredidnal. (réferenddRinkineral/ 242 imFigs 6) avthatmidpgintr es t hat
the input p-T data be sorted into conmmon sl owness gat hers. :

The wavel etand targetdpeationp ddhe snagnisudengfishe differencedehwesni the dataanddhe f i nal

fits 10 to the actual seismc data. Wthout wavel et inversion updates,

the refipectinal inyersion model an be ysed 35 2eanfidence measurey| Iipthis siationy the) are

| ess stable. . This instabilit
residual around the target >éeﬂectlon event would be windowed using the

background velocity to adjust the window as a function of slowness.)
In the 3D situation, these procedures generate inversion results and ratio
estimates over 2D surfaces instead of across line segments. Otherwise, the same
15 concepts can be applied to guide' the analysis and prediction steps.
| Lithology predictions using the present invention follow the same general
principles as predictions of fluid saturation:
1. An elastic-property signature is identified tlirough an understanding
of rock properties.
20 2. - Inversion modeling at a calibration location is used to confirm the
identified lithologic signature.
3. Inversion results at both the calibration and target locations are
compared to predict the lithologic properties at the target location.
The invention is not to be unduly limited to the foregoing which has been
25  set forth for illustrative purposes. On the contrary, a wide variety of |
modifications and alternative embodiments will be apparent to persons skiiled in
the art without departing from the true scope of the invention, as defined in the

claims set forth below.
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resulting fromuse of an incorrect wavelet, can-result in "unphysical"’
el astic hggerm on results. An exanple of an unphysical result is an

i nverted ‘BP@P’“ whi ch the inverted P-wave vel oci ?F‘Wﬁ’?é‘fﬁ%ns are
nearly exact negatives of the 15 density variations. This is called
"anti-correlation.” Anti-correl ation between P-wave vel ocity changes
and density changes can, of course,‘s}thy correct- over small
portions of a depth profile. However, en wave vel ocity changes

and density changes anti-correl ate nearly everywhere, such results disagree
W th del y ob &ngs' | ay
fairly corre JI‘@t’)eﬂd Eﬁé#ﬁééhé?om y zfr{ d}gﬁgiafaé% angea;f s §ae | ogs
which tend to |ncrease o ecrease at the sane depth locatl ons by

proportional anmunts in the sane di are sald to be correl ated,
ahd this Sobsdrvation is WP%%&¥§eaﬁf 9‘?"1‘ appr oxi mat el y

predicts densit from P-wave velocity, p(z) = C V[ eresl]"tgp%ﬁs Wavel et

i nver si on updgPS&Xdypi calthgi Mﬁﬂ%%@bﬂl@mﬁaﬂmm [derivatives

~The wavel et inversion pr anatrinrae nidpdist lecationi¥iner al 232) begins with the
application of the weight function to the input pre-stack p-T seismc data
(reference gg,(®) numer al riinthum#phask fimoticreforattemarionl y, conputation of the
wei ght function requi res know edge of the initial wavel et estinate

(reference ngneral 210), etxbénent of slowness p used in the weight function
64 WO 96/ 07935

PCT/ US95{4L05 mggaha and
t he backgorlou% nodel of \éﬁic‘i’éfﬁllﬁ@éfci P'E%la%ldrhg erence nufrer al 8%0%

_order-to succeed, the wave eftyl nver si on process requires numer ous
reflection eéﬁfr}ts in each%% ther in order to separate the .~ . effects of
wavel et vari ons fromt cts of reflectivity variations. Wavel et

D(p,t.Y) the p-t data at slowness p, intercept time t, and midpoint
location Y
15 d least-squares damping weight
Aiayer the depth sample rate of the thin layered model
8,,@Y) update in 4, at depth z and midpoint location Y
8l,,(z,Y) update in /,; at depth z and midpoint location Y
B,@Y) update in /, at depth z and midpoint location Y
20 & collection of all source updates

8s,(1:,[],|],Y,~) update in s, at source delay t and nndpomt locatlon Y;

8X | - the update to the model vector

3X; the Jj-th component of the update to the model vector

AV;, | o the high frequency part of the P-wave velocity |
25 AV, : . the high frequency part of the S-wave velocity

Ap the high frequency pai"t of the density

Ap the slowness sample rate
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5 inversion applied to narrow, target oriented reflection zones will not

succeed " because no physical nmechani smexists for separating out
wavel etwelfgsmeads from reflectivity effects. PCT/USOSMOS9%av el et
i nversion process (reference nuneral 232) requires a joint i nver si on

for wavel et ‘updates and el astic reflectivities. Since the forward map 10
used in thdétpreferred ewaouemptumclsunpbmw utional nodel) involves a
convol ution of the seismc wavelet with the reflectivities, wavel et

i nversion iAma . nothe|frequencyi samplesraterinoradiaas pex secoind wavel et updat es and
reflectivities are unknowns). Reflectivity inversion at a fixed

wavel et, oe the other hthedase of satural logatithisar i nver si on process because the
forward map is a linear function of the 15 desired reflectivity updates.

The wavel eg inversion ié&pagémiised 01 ReighY sougéd Ebefficients met hod of
alternation. This neans that first a reflectivity inversion is done using

the initial t est | the élastic
refl ectlgw resY ,ebe A?l?ﬁfcefaf:ﬂr Bp{thl rra élnétfqeg{hf &?mn@(? i s obt ai ned,
‘a wavel et inversion is ocation WRFSERe ref I ectivity nodel
fixed. This alternation proceeds back 20 and forth between '
refl ectivi fliyes and wavedepth fromnair-avatartinterface tontbe waterdottom ons f ai | to
achi eve any worthwhil e inprovenents. The nunber of alternations required is
data dependent as are tthe vaitomattixof danping and the number of inner |oop
iterations used to solve (approximately) the normal equations. Typically,

four ivavel et al t etheainitdnmgimatyemimberqthe! sgafeadosof{l) conpari sons
between final inversion 25 results and well neasurenents carried out at

the cahpbrgtign wel |l ar@eJetst-bdiiafedt objective however, either nore may be ‘

used if necessar y or less may be used if sufficient. Each wavel et
al ternatiop consists ofy HY¥ERbLY | nner |oop iterations for
reflectivi ?‘y i nversi on a E@gldanplxng (reflectivity danping usually
_ starts at f ! Y E‘Y) ratio of high-frequency P-wave velocxty to backgtound vah?e at:
depth z and midpoint location Y '
l,s(z,Y) ratio of high-frequency S-wave velocity to background value at
15 depth z and midpoint location Y
I(z,Y) ratio of high-frequency density to background value at depth z
and midpoint location Y '
11z, Y) generic first parameter at depth z and midpoint location Y
1n(z,Y) generic second parameter at depth z and midpoint location Y
20 [3@z,Y) ~ generic third parameter at depth z and midpoint location Y
12, Y) - ratio of high-frequency P-wave impedance to the; background
value at depth z and midpoint location Y
l,(2,Y) ratio of high-frequency S-wave impedance to the background
value at depth z and midpoint location Y -
25 lpms(zY) ratio of high-frequency V,,/V ratio to the background value at
: depth z and midpoint location Y
L/p) P-wave angular factor in the water layer as a function of
slowness p
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WD 96/ 07935 . -

PCT/ US95/%83%§7 _ to ten percent and decreases to one-half or zero
percent a Pist stage), followed by ten to twent yqu?é’?'l‘rs%p
iterations for wavel et inversion at fixed danping - (usually the
wavel et danpi I gone-tegth of the reflectivity danping). Elastic
par anet er rgégt?-éw ght  be' X8 ABBHIHBAM0L dhthegnud jayerat deptin ity @nd midpgint
stages. The 5 best waverasion Yae function of slosuessp t o fol low i s data
dependent and shoul d be tuned ‘to produce the best results at the

cal i bration i@, Y)A succeBsfavt anguls fattor av@¢pth @And midpoifif REATYH ¥ asesul ts in

an updated wavel et nodel ﬁh&kﬁ{&fg@wﬁgég?r al 234) at m dpoi nt
| ocations of interest over the calibratfon and target |ocations.

The new, upd vel et ference punber.236) |s ssed qn.to 10
the refl e%:jt i @W% Ver si o§n£9§1s %%ﬁ%}?}&gﬁb‘éﬁﬁm Qlyerzg%‘ie.pﬂgﬁ\hé?&imm%t-tq
t he i nversion are: IPFAHOBY. pg function of slowmessmn nodel (reference
nuneral 220); the background nodel of Vp, Vs, and p (reference

" nuneral 230) i(mad)t he ti n¥-wave angularfactor dt depth z and nsidpoinEldcatioreY Hsack

sei sm c data (reference nfufigtichl oflsiéaunds9p al | - . mdpoint |ocations of

I nterest. As noted previously, the TRIP software requires 15 that the

i nput p-T dajya be sorted thehermhslGrertsy OwWness gat hers.
El astic inversions (reference nuneral 238) at fixed wavelet are carried out

Tocatont PN ! Sest o BEESERe edl) MBS ERLAY 0, o
| ocation are used. In thet¥ansd é npl es di scussed bel ow, the m dpoints

were arrangeq.to be spaced at eyery 20 82 feet which_corresponded to an
i nversi on atﬂ’évery fourt W@ﬁFﬁiLﬁﬁfﬁﬁt‘:ﬁ@kp gg‘,qf_source cmfﬁﬁ@t%wg}ﬂhimyerate
appeared to provide a god@deXpuesdiremQ f the subsurface

Niayer the number of layers in the subsurface model
15 Np the number of slowness values in the data
Nt the number of disc_rete- time samples in the data
M the number of discrete intercept time samples
NY the number of discrete intetcépt time saniples times the number
of midpoints
20 NY the number of midpoint locations
NX the number of components in the model
P, x-coordinate location of the detector on the air-water or air-earth
interface _ a '
_ P, ' y-coordinate location of the detector on the air-water or air-earth
25 interface | - ' '
P - location vector of the detector on the air-water or air-earth
: interface :
Pp<rY) - seismic amplitude for slowness p and intercept T at midpoint Y
Pp,t,Y,X) . seismic amplitude for slowness p, intercept T, midpoint Y, and
30 _ model X '
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features. However, other nunbers of nidpoints and other spacings may be

used if -desi red. The reflectivity inversion process is
si m | ar womeidrgsswavel et i nversi on except 25 that no wavelCR/USHSUOIYMS ar e
done and, therefore, no alternations are needed. The reflectivity

Inversions are a linear inversion process in the preferred enbodi nent

because t heP@opy¥) ut i ongdismiederplinsde e dlowness Pamd edteéptlo eNMRIPoiRY S, Whi ch
i ncl ude mul t1ples, reerct|V|ty inversion is not a linear proCess. In this

3'6} g?gggn vp(O,m,Y) output zero-phase inversion for P-wave velocity ref?e%tlvxty at Vo

PCT/ US95/ 10594 t frequengy @ mmmttlmngn Yeonplications. For exanpl e,
the scal es of the data and the source estinmates becone inportant.

These scal g (bgsaNe par butpft idﬂ@-phﬁbefihﬁerﬁhbnfor S-wave Gelelty aéfiectivity abe f ound
fromthe data or expl i cj ‘E

ata recording
processg Correct scales vm | eve d#égdtqgﬁahagood fits of the primary 5
reflection e&erg% but also eI| nat,ion of nmulti e eflections from

i nverted ndg t APBHGFFrophaseBYersio fondens VitY 8% i n the

under|lying nodel . Needl frequénoy sﬁzndnndpomtllmﬁbﬁ(&r at_l_on of the multiples in
the inversion process adds both difficulty and expense

The refl ectp Vint vers [ éd;#ﬁc a whi ch
10 has beeﬁ,ﬁp bé‘xs%& ed gﬁﬂﬁhﬁrﬁgﬂ% hfé&ﬁitg |6p§ r“ih ea |er 'ﬂﬁf
reflectivity i nveff§ﬂ‘éﬂ$§)’@sm midpoins d 'PG@QOFX/e to ei ght stages of inner
loop iterations with ten to - twenty inner loop iterations per stage.

The nurber Bf(0sb Afes usettput Zero-phasecinverbion for S-wavedmpedunpe réfetivitpas. the
el astic var?;a(blﬁﬁes )grrpl O;iﬁ.‘?gsenk?‘ﬁ) Qﬁcgﬁﬁd’po?:ft 16QEBARE: agd o ‘

Pvp £5(0,0,Y)  output zero-phase inversion for Vp/Vs ratio reflectivity at
frequency @ and midpoint location Y

P(p.X) model vector at X of Nt x NY components at slowness p
15 p slowness - the ratio of the sine of the reflection angle to the
P-wave velocity
Pmax maximum slowness used as the normalization for source
- dependence
Pyx) Legendre function of order / evaluated atx
20 ¢ angle in honzontal_plane_from'0° to 360°
0,(2.Y) background quality factor for P-wave attenuation at depth z and
~ midpoint location Y _
Opp0:2.Y) summed attenuation for P-wave reflection at depth z and

midpoint location Y as a function of slowness p

25 rpy(@.hy,Y) ~ P-wave to P-wave reflection coefficient at water bottom at
depth &, and midpoint location Y as a function of slowness p

normal incident reflection factor for P-wave velocity

R, " normal incident reflection factor for S-wave velocity



the el astic paraneter resets between the stages used during the inversion
process 15 must be carefully sel ected based on study of the inversion
process aWQ 9607935 calibration well. The exanpl es descri RIS sed

el astic paraneter choice set - forth in equation (56) above. Danping.
usual |y begins at five to ten percent of the sei sm c data energy and
falls to onefml f per cent nermal dpcidens reflastion factorcfor demsityner gy at the

| ast stage. These issues are data dependent and will vary according to the
20 det ai | echB}gJ' ecti ves abrmdldncident réflextion fagtsrcior Fatié situations,
approxi mately eighty to one hundred inner |oop iterations spread
anong five orpsix inversi grmal inn q,g@:%- T : nvol uti onal
nodel used i r&{’he preferrie‘1 m‘:ldeecﬂtnbo |tr711§{rqi}tf£c\}\n I Pgﬁg‘g’eﬁ% I'tting 35%to
75% of the energy of the pre-stac seismc_data to, physical
subsurface el®stic nodel S.P‘o e Wir?f}ecaf’ntf%“eﬁ?é%g‘yavez@%eﬁmi hing in the
unfit portion of marine seismc data (called the data "residual") is
typical | y3Sidéhtified as r’rﬁF‘ﬁ“ﬁl es. Qutputs of the reflectivity inversion
process are the "best-fit" subsurface elastic nodels (reference
nunmer al 240) mnd t he fi nademsityaf sea waterr esi dual (reference nuneral 242)
which is the difference between the input data

67 WO 9647935 density as a function of depth z PCT/ US95/ 10594
and the best-fit nodel. The inversion process produces three inverted

el astic AL er Pr ObhdigFodnicdentity 8P hihetigh of @€pth 7 i thidpompCat | 0N

i nverted. These are - tﬂ?ca b sionl’ess rati os:
10 p(hy,Y) background density in the mud layer at depih 4,, and midpoint
: location Y
Sy x-coordinate location of the source on the air-water or air-earth
interface
Sy y-coordinate location of the source on the air-water or air-earth
15 interface '
S . location vector of the source on the air-water or air-earth
interface ' .
N(X:K)) far-field wavelet at horizontal angle ¢, vertical angle 6, and
. timet

20 .§'(p,co,[],[],Y)' source wavelet for slowness p and frequency o

S(®) zero phase output source wavelet for frequency ©
s;(=,0.0,Y) source coefficient for source delay <, order /, at gridded
. midpoint location Y;

s ' collection of all source coefficients

25 .’s‘l(w,[],[],Y,-) source coefficient for source frequency ®, order /, at gridded
midpoint location Y;

Taper(x) taper for offset x
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[err]

Fromthese three results the P-wave-and S-wave inpedances and

Vp/ Vs ratios -may

equal s wobogofeberr]) nmeans that the equality beconmes exacPCDUSs/Hs94 -
hi gh frequency variati ons becone vanishingly small relative to the

backgr ound

sections u

(p)
7(0)

71(P)

.Tz(P) '

Tn(P)
pP2,Y)

reflectivi
68
PCT/ US95/ 10594
5
10
15
20
25

or

be obt ai ned: [err]

| ow frequency variations (in other words, when

Ler rTVD! VPrp, A, YAV VS trafsrhissibh/ st fok P-wio propigiion Ahrobigh B whiey o t o
In e 1

inverted paranet.er es]E :gﬁgl?&‘;ﬁzsgb%gsep’r@ﬁi’?ﬁﬁ%@ @f@gﬁ@gﬁ%ﬁ%q{ byO;‘Si ng the
y section

6l oo0se” | Fenscon angld> angid eietn the reflecting ray &nd the

verticall -
two-way reflection time
zero offset two-way reflection time

two-way reflection time as a function of source to detector
distance x '

intercept time

the j-th discrete intercept time

. intercept time for a reflection as a function of slowness p

intercept time for a reflection at zero slowness

| intercept time for a first reflection event as a function of

slowness p

intercept time for a second reflection event as a function of
slowness p

intercepi time for the n-th reflection as a function of slowness p

intercept arrival time at-slowness p for P-wave to P-wave
reflection from depth z and midpoint location Y

upper depth location

. P-wave velocity of the layer beneath the water bottom

P-wave velocity of the layer above the nth reflector
P-wave velocity |

the back’gtou_ﬁd P—wave velocity

P-wa‘(/e \;elocity as a function of depth z

background P-wave velocity as a function of depth z and

midpoint location Y
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[err] 5 These equations identify the fine- | ayer approximation to the
“normal -1i P-wave reflection coefficient eval uat th z as
a producw&%ﬂﬁ%’ﬁr] (z, Y) with the frequency factor ﬁ%ﬁ&f Thi s
nmeans that the result of equation (72) is the fine-I|ayer

generali zati of equat| 0 anal ogy, equation (69) is the

generali zati ?: of gﬂéﬂ‘) %é ;equation (70 ) is the generalization
of equation (2); equation (71) is 10 the generalization of equation (3);
equation (73)V(zs t'he geneBeawvaveaelosity as a functionefudepthan (7); and equation
(74) is the generalization of equation (8). The wavel et used

0 Tl modely aarpt ep (S BikpidiS hvd FeIBahes £ of 6 4445 £ i
i nterpretabi i of the r fdto tn%tr]?ca%%ﬁtfons Typl cal ro- phase wavel et
i s used. The best vvav 0 Use is data dependent and it my be
sél ect ed |n d;der to f aci Iltate cwrgarlsons wi t h- ot her geophysical .
dat a such’as "web| rreasureﬁfé’}‘ﬁ .normal moyeQut ¥elogitY ed wavel et corresponding to
So([err]) mght include Iovv-pass filtering used to reduce noises in
“the final out - i nver si oR-waysuhigsatiofinveloeityssues are wel |l known to
persons skilled in the art. The output displayed sections are obtained by
usi ng tyhe inverse FpugdvRiinfervilSEREY O return to the time domain. The

out put secti o 20 corresponding to the P-wave i npedance (P[err](0,T,Y))
closely resenbles a er o-phase _stack. The qutput sections

cor r espondi n? Dio the ot hef- "gf"&ﬁ cgpproxuna%oaq%y@ge? ¥ the zero-phase
stacks that would result if the normal-incident :

Vi - P-wave velocity of sea water
10 Wp,rY) least squares weight for slowness p, mtercept , and midpoint
locanon Y
W(p) least squares weight for slowness p as a matrix
Wr(p) transpose of the least-squares weight matrix at slowness p
w(p,2,Y) inverse of the least-squares welght for slowness p, depth z, and
15 midpoint location Y
wi(Y) source weight function used to smooth midpoints
® frequency in radians per second
@ the low end of the seismic frequency range in radians per
second
20 ®; the i-th discrete frequency value in radians per second
x non-negative source to detector distance
xl',p(p,hw,Y) - arriving offset of reflecting P-wave for slowness p from
' depth 4,, and midpoint location Y
Xpp(P52,Y) arriving offset of reflecting P-wave for slowness p from depth z
25 and midpoint location Y
X vector containing all model variables
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P-wave reflection coefficients (the fractional- changes in P-wave inpedance)

wer e | 69 WO 96/ 07935
PCT/ USS¥ini9é/e99Bs repl aced by the fractional change PCTRISOS/WS94el ocity,
S-wave velocity, density, S-wave i npedance, and Vp/Vs ratio.

More Ceneral Enbodiments 5 More general enbodi ments of the
i nvention ¢y not use t heecportohta all Model variable8 at B6mé @nitisli 16c4tidadn t he data
. are processed in _commryngaglggicegat ers containing all m dpoi nt

| ocations of interest instead of common sl owness gathers. Ray-tracing is

' d h f, ' | fl | d - h
engt he. 1 APAE Y e’ ﬁigﬁv%&#ﬁ@ Poiite npepfated e iltof Yor S0RRER R 000
common shot gat hers omdspthey #nd pidpoint deqatieR & | ocat i ons of interest.

Finite difference or Kirchoff methods are used to conpute the
forwards adjoint, and rocoetlinatedocativm ofethe midpoint on the ajrrwatepos! y, in the
general case pre-stack fji-eatipintéteeeh m-gration (reference nunmeral 122

in Fig. 2) is not used in the pre-processi ng phase of the invention. 15

The Calibrgtion and | ”t)‘?-%ﬁ&ﬁﬁﬁ{é' B??'g@a‘?ﬁg? midpojnt ontheair-wg&gré libration and’

i nterpretat¥on phase of e nuner 300 in Fig.

| nve
1) uses the relative n‘a@’r’fﬁ%&e"g‘ﬁa behavi ors of elastic

Y location vector of the midpoint on the air-water or air-earth
10 interface
Z, P-wave impédance, density times P-wave velocity | ‘
Z,z,Y) P-wave impedance at depth z and midpoint location Y
Zp,h,,Y) P-wave MpMe in the mud layer for slowness p and midpoint
location Y :
15 Z,0p) P-wave impedance in the water layer for slowness p
Z; S-wave impedance, density times S-wave velocity
Z - depth from air-earth or air-water interface |
| z| complex absolute value
. ~ real part of the complex number z
20 gz imaginary part of the complex number b4
ijkln integer counters when used as subscripts
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20 inversion reflectivity results from the pre-stack inversion phase to

predi ct gas/ail - saturations at the target |ocation. ' tion
and i nt er FPA4793%5n procedur e consi sts of scaling one%yfl@ﬁgr esul t
based on another so that the resulting "picture"” of the inverted
results is independent of such things as the origi'nal seism c data
scaling and ects of wave propagati on above '
refl ection (?ggﬁlaggpuncorrect ed structural eff ectg lunmﬂﬂﬁmuuﬁﬁuil",or

P- wave ~attenuation). Alternatively, scaling ndy Be bastd son+*t he
actual or assuned out goi ng energy fromthe seisnic source. Two

scal i ng net hods hdve be®metdsddor deriving the lithology and fluid content at a

70 1. Plots normalized to the target event P-wave
i npedance or sebsnsfage target location from pre-stack sedsmic irefjection idatai obtainediatcboth

2. Ratio value plots using elastic reflectivity measures at the target
event. 5 s@dtsubsurface dargetloeation anda subsurfase £slibration lncatiombaving knewhons.
The out put P-wave I.npedance  or P-wave velocity section closely
resenbl es a Jéhloghardfluidcoptenb saidomethod compriging ke tepsefiration, Fig. 7

Tnthe Gl of NeXBeo. (D MOl sl SSUIEE e Snfeallion g
L 1 7% B e g e R =,
rrect ons. of 1 e w g o camBl s et BE B ilon LB R AEEP 7
Shaci no: B spl ays.of st Peroieis oER spltitiom e AL PR

t ch?r.t-' Thi's section hagtibeeflection fidors Fof PRkave velicit§, S¥%rave veRichp\ed by a

density, P-wave impedance, S-wave impedancé, and ratio of P-wave
velocity to S-wave velocity;
. () performing an inversion of said pre-stack seismic reflection data to
15 determine said set of elastic parameters at each of a plurality of
points in said models of said subsurface target and calibration
locations; |
(d  comparing rélhtive magnitudes of said elast.ic parameters for said
subsurface target and calibration locations; and
20 (e using the results of said coinparison and said known lithology and
fluid content at said subsurface calibration location to derive said

lithology and fluid content at said subsurface target location.

2. The method of claim 1, wherein said step of comparing relative
25 magnitudes of said elastic parameters comprises comparing ratios of any two of
said elastic reflection factors for both said subsurface target and calibration

locations.
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15 cycle corresponds to a negative-ehange in-the P-wave velocity. In this

area of the - Gl f ‘of Mexico, "bri " seismc anplitudes often
Cor r espwod6i0Te3she presen “\“m“ ‘md/or--oil i N san®CTAFF 594\
exploration well at m dpm‘l »900 found gas and oil in the
zone 3.500 seconds to 3. 700 §ecbnd"s. As clearly seen on this section,

| i tude brigh ' ' he .sol iteri t k i1 20
ot i ons. (Thepo. ar 18eRRod oY IR foWherett il HE? L coRPAE 116N 1 i <
many f act ofeEniiss g b Eiastc Bafithehs BYBpHE3HINET RpmailiBiof BRS¢

isible flyj 0. b L i ght
sei sni o antid pEAHIREE cacfiBF SEU RS0 pRSIETE ysing s phHBANLRR BlteSE. ' ©
Fig. 8 shows another seismic profile line (line 2) displaying the
seismically 25 inverted P-wave velocity reflectivity displayed i n the

sane way as in Wi g.- The method of any of claims 1-3, wherein said models comprise a
71 REPL ACEMENT EET

The target séridsl F@ldre) peratiel layeérs A6d Whereir s418 et fifithePOsinpri®e0 seconds. The
area depicted in Fig. 8 corresponds to approxi mately 10,250 feet of

m dpoi nt | gerfoiming a transformafivre of said pre-stadkeseisneie daretdehé 0 appl y an i-denti cal
i nversion process to both line 1 ' and line 2. Thus, line 1 serves to
cal i brate klommess-inferéept ¢imet (@em domaén andosaiginversibm is a viScoelastis inversibn Agai n,
the P-wave velocity reflectivity (or the P-wave inpedance

refl ecti vi iytheip-t domaisks al nost the sane as the P-wave velocity :
reflectivity) shows "bright" anplitudes -- in fact, even brighter
than od0line 1 (as judged by the relative L ' ‘

5. The method of any of claims 1-3, wherein said inversion is a

viscoelastic inversion in the offset-tiime (x-f) domain,

6. The method of any preceding claim, wherein said method further
15 comprises the step of pre_-processing said pre-stack seismic reflection data to
remove unnecessary noises and to determine a model of the P-wave interval
velocity for both- said subsurface target and calibration locations for use in said

inversion.

20 7. The method of any preceding claim, wherein said inversion is a

damped, least-squares inversion.

8. The method of any preceding claim, wherein said inversion
éomprises the stéps of: _ |
25 @) obtaining a background velocity model, an initial estimate of the
P-wave quality factor, and an initial wavelet estimate for said

pre-stack seismic reflection data,



strength of the target relative to The background). Drilling at m dpoint

e o o o R

velocity reflectivity alo nnot dsst+ngui sh between | ow gas
saturati on and comer ci al gas and 0|I in the reservoi r. However, the

present invention{ian wngsud bickgfindoelctity ithddRl, SaiEinitial testlm§|§t<9f’i‘1§'t=.'1 the

presence and absence of commercial hydrocarbons by exam ni ng t

reflectivities from otPavavelqaslity faqogpad shidsinitiaDwa®elerdstifatd t'&ﬁpe‘ilﬁﬁﬁx' ty
reflectivities 15 can be used to distinguish between | ow gas saturation and
hi gh gas saturation. an inversion of saidfprg-staek Skismic teflectiomdath yo oltainl 4 s

obtained fromline 1 scaled with the sane factor as in Fig. 7. Fig. 10
shows the density resmeﬁﬁed)b’@wlﬁe@ndrom line 2 scal ed. with the sane
factor as in Fig. .8 (One scale factor for both line 1 results, another
scale fadtor for (B’é))th trsmgesazd refingd (waveletpasperform uymvwmn@fsagtpneesmlm this
way, show a 20 g diff.erence between the two lines. This difference is
visible only by u3| ng Se1smic 5?*&9&1911 ¢lata Iq lestimate said;elastic reflectign fagtorset s t v

sections against their_o ckqgrou not show. t hese

di fferenceg Vel | sﬂf%?@aﬂﬁ gﬂ@?ﬁé@?ﬁ@ﬂ%ﬁ‘ﬂ?@ﬁh ration wel | s,
confirmthe general coloéﬁﬁ)hgess of the correl ati on between commerci al
gas/ oi | saturation a bright" density.val ues when the density

variations are viewed as 25 relative to the P-wave velocity reflectivity.
Note in particul ar that the density reflectivity results for line 2

do not djgspl ay any. " brigdinethod of cl ' i -
70 VIO 967 07935 of claim 8, wherein data collection parameters for said

PCT/ US95/ 105f8-stack seismid FiflebticiPdat® ¥R koW, %ﬂﬂ‘éaﬂ‘xﬂﬁﬁl Ravdiacatifafsiswher € the

P-wave vel ocity
computed from said known data collection parameters.

10.  The method of any preceding claim, wherein said method further
15  comprises the steps of:

® repeating steps (a) through (e) for a plurality of subsurface locations
to develop a data base of subsurface elastic parameters and the
associated lithalogies and fluid contents;

(g)  obtaining pre-stack seismic reflection data for another subsurface

20 target location having unknown lithology and fluid content;

(h)  performing an inversion of said pre-stack seismic reflection data to
determine a plurality of elastic parameters representative of said
unknown lithology and fluid content at said another subsurface
target location; and

25 6)) using the results of said inversion and said data base to predict the
lithology and fluid content at said another subsurface target

location.
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reflectivities are bright. The inverted results-suggest that line 2
di splays a P- wave velocity reflectivity anomaly, but no densit
reflecti vIVOP6@ABRal y. The inverted results for line f“srﬂbsa&qs’%ot h a
P-wave velocity reflectivity anomaly and a density 5 reflectivity

anomal y. (Wen the P-wave velocity -- or P-wave i npedance - -

reflectivities do not display anonal ous behavi or no seism c bright spot

exi sts, and the reflection eventf ] J4onsidered less likely --
relative to a bright spot -- to contain hydr ocarbons.) On these two
lines, the inverted S-wave velocity reflectivities were nunerically
small and | ow frequency in appearance. Thus, the shear results 10 did
little to add to the anal ysis. As expected, the inversions

di scussed above show that the P-wave | npedance variations are the
nmbost successfully predicted paraneter, the P-wave vel ocity variations
are the next nost successfully obtained paraneter, and the density
vari ations appear to be the third or fourth on this list, and the S-wave

- 15 inpedance vari atlons fourth or.qpbird (dependl ng on what cri ter'ﬁoare

used), ang—tire vme—ve-l—eeé-y—f-fth. HER-E—y-E

are syste tlcal too smal agnj 2POORBD

percent apd W Lﬁoﬁﬁt EMUBEMﬁN"%re D(b -p&rssgm}f&gggg:@gg
certain d grAICAhlBBAﬂ'WNd:@Gﬁé’IGNﬂce wh B g Cé
vari ati on$ are conputed. In other inve ) %'E ﬁ ‘f\‘r\- g

worl d, it has Dbeen 1ty 3 o]v
systematically too small (ynd Iowfrequency) In thys S|tuat|on
i nteresting results are optarmed by TookTTTg 3 E—VRI4gy | ons in the
Vlerr]/V]ierr] ratio scll ed again ve ‘I npedafce vari ations
(or the P-wave velocitly variati o?ﬁ%\ﬁqmﬁg\a the sane thing
since density variatio Lo sonll) Anot her presentation of
these results, which is nofe purely nung |cal, consi sts of
exam napiiaon of the ratio |l ues of the ifiverted parBneters along the
EDITED AND CORRECTED FINAL PRE-STACK
WELLBORE MEASUREMENTS TIME/DEPTH MIGRATED Vnmo MODEL
AT CALIBRATION LOCATION SEISMIC DATA

146 . l 142 144

_ 150
p~t TRANSFORMATION I:

T

200
PRE-STACK INVERSION
300
L—»| CALIBRATION AND INTERPRETATION
400
PREDICTIONS OF LITHOLOGY AND PORE
FLUID CONTENT FOR TARGET LOCATION

FiG. 1
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target |ocation of interest: To produce these plots we interpret the

separate “inverted sections in order to |locate the wavel et cycle

whi ch f ol Wowsor9ss refl ection PCT/US95/10594

73 WD 96/ 07935 '

PCT/ US95/ 10594 signature of maxi muminterest (which can be either
the top, base, or other : reflection event, as desired). Synthetic

nor mal - i nci dent traces conputed frorgé\?' measur enents can be usef ul
in confi Iy : I4JS'[ be

q@ca'd to follow the
sane geol : f caWRLABOREN | silx i nverted sections.”Yhe sgj opistd o

reflection c,/cl MEASUREMENTS! (qpproxi mately) horizontal | ygp@gpies theg target
reflection apAl CARIBRAHONWELDI|i t udes are extracted. | Ag fO A | i tude
attributes w of approbingtel y one ks 020 to
0.050 I 99624 ds) }En be ext ract ed, such asigs T. MaXi mum

posi tive; anpjrt anA?rﬂlvp anplitude
val ue, - %g&%%csgﬂver ge_vgpbcnquunvgy acf osDATREDITS:| et V}alf

cycle cop tAPWEDL mumlpos| t NOISE/REMOVAL
4. Avet agp E‘FIAWWT%e dcr pss the wavel et |hal 1 Tt
m

the m ni pum negat1ve yalue, 1 o. ntegr at ¢ |

across the wa«e‘-e(—het-!—#-d-e# O N vk SOURCE/RECEIVERi
posi tive' yal ie NORMALINCIDENT | _ I N INGIDENTI|i t ufle vEIOUPLANGOSS

wavel et hal f | cHEISMICSYNTHETIG PULSE ESTIMATE | t h¢ rCORRECTIONS:! |

val.:ue. 132 __* 130 116, *

INITIAL Vamo

—~YP
r\:_

VELOCITY ANALYSIS
118, §
INITIAL
Vnmo MODEL
c122  120)
PRE-STACK TIME/ }=—| .
DEPTH MIGRATION Vmig MODEL
! |
REVERSE MoveouT} 124
QUALITY AT Vmig
Yes /. OF STACKED —
2% SECTION Y 126
GOOD MOVEOUT CORRECT}
ENOUGH AT Vamo
? Y
—  muteano [128
STACK
140,
ADDITIONAL NOISE} ' 2° UPDATE [ '°[  UPDATE
SUPPRESSION Vamo MODEL |~ |___Vmig MODEL
FINAL PRE-STACK TIME/DEPTH MIGRATED SEISMIC} 142
— | DATAIN 2D OR 3D (ONE OR MORE PROFILES)
144
- Vnmo MODEL
| EDITED AND CORRECTED WELLBORE 146
— ™|  MEASUREMENTS AT CALIBRATION WELL FIG. 2
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Anplitude extractions of this kind are very welt known to those skilled in
20 the art. This procedure can be followed for each of the six elastic
secti ons wo96/07938nt i oned. Whi ch of the six anplitude neasuPEI/USPIIOSM above

are actually used in t he anal ysi s depends upon the expected

hydr ocar bon signature, upon the noise | evel of the data

(‘maxi mum m ni mrum neasures are nore noi se sensitive, and I nt egrat ed
val ues are nore robust), and upon tggﬁ%f uired Il evel of resolution 25
(maxi mum m ni mrum reasur es have the solution’in a thin bed case).
What ever neasure is sele ' o842 i n nmaki ng all subsequent
dat a conpari sons. RESTACK MIGRATERJel i ng at the calibration well
| ocati on using wel || neaSEISMICDATAan He useful in determning the
proper choice of refl | o !

74 WD 96/ 07935

PCT/ US95/ 10594 5 medsur e. 'S proce
reflectivity at tth r get SORT TO &MPon f

- paraneters. These results can be displayed a function of m dgoint.
Fig. 11 displays the Hwa ensity reflection stré¢ngt hs
for line 1 (using the jmaxj a b5

IitT%@ val ue after applying
negative overall wavel et [factor so that Fig. di spl ays decreases in
P- wave vel ocity land dePATABELECTHONt arlget | ocation). Displays of
reflectivity versus e | | re well known to those skilled
in the art. Fig. 12 diEpI sane for line 2. It can be seeﬁ t hat

the line 1 results have | 186l ectivity strength

‘(relative to velocity feff ecti 'Fﬁ% nli 2. It can also be 10 seen
that there is substantj al variév "‘P”Ahet hes

i nverted val ues, and that

there is :
144 {
OFFSET 158
Vnmo MODEL ™ INTERPOLATION
{ 160 (162
p-tTRANSFORM | — & p-t CMP GATHERS
* 164
_._|MOVEOUT CORRECTION
MUTE AND STACK
* ' 166 ! 168
SELECT PRIMARY LAYER STRIPPING
REFLECTION HORIZONS " v, ANALYSIS
FOR Vint ANALYSIS :
} A70
SMOOTHING
{ AT2
Vint MODEL
& (174
UPDATE Vnmo
MODEL

FiG.3 |_
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some tendency for these curves to display a mirror-like variation wth
respect to each other (this is seen |ntheI|ne1refu’J£ '

parti cul a‘V?%’Wﬁsé instability is a reflection of thei %ﬂ?&‘yﬂlg{"i whi |l e
the variations in P-wave inpedance are fairly free of noi se
corruption, the separated elastic paraneters of variations in P-wave 15
vel ocity and density are nore sensitive to noises. Once again it should be
enphasi zed that these techniques are d41[a| 4ependent A nore

conpact way of presenting the results of the inversion consists of
di splaying the ratios of the separate extracted reflection strengths.

Typi cal l vy, rati os which place the nore stable paraneters in the

denom nator are chosen. 20 Fig. 13 displays the conputed ratios of

Rlerr](Y)/Rerr](Y) for the two lines. These val ues are displ ayed

only over the nost stable portion of the target reflections. Fig. 13

shows the line 1 results as a solid |line and the line 2 results as a dashed

line. Mdpoint |ocations have been shifted, but both. Iines show inversion
"results obt ai ned at every 82 feet. Prior to the present invention,

di splays of this type and 25
conpari son of elastic inversi@r oh [ apget—aRd—eatt-b+atoh
| ocati ons were unknown. i "GEISMIGSWRYEY! o
two to three tines the magnit d}omEcﬂoN PROCE$S e r esuiNFORMATIONNe 1
shows | arge variations. These | OPERATOR'S REPORT

75 WD 96/ 07935
PCT/ US95/ 10594 t he sane_| ghed above. The dip in the
ratio val ues seen on the Im LEpSEispmCsolli d curve) between shifted

m dpoints 150 to 200 correspond tyyf ET S(t,6,0)
- - thd |

predictions of gy lrocarbon content bas%zon

‘ (208
SYNTHETIC GATHER
AND SLANT STACK
CONVERSION

(212 J (210

INITIAL INITIAL WAVELET
Qp MODEL | ESTIMATE

AT2 ¥ ¢ 214 146

| MODELED GATHER EDITED AND
Vi MODEL "1 .t WELL LOCATION CORRECTED WELLBORE
‘ MEASUREMENTS

218 (218

P-T DATA AT COMPARE DATA AND
CALIBRATION WELL |—»| MODEL TO DETERMINE
Qp MODEL

‘ (220

Qp MODEL

FIG. 4
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dimdensity variations around nidpoinf | ocation-13820 (see Fig. 9). Sone
evidence is seen in-the P-wave velocity variation results éFi .'Q
suggest i TYOPHUIS 5  shall ower features mi ght be responsib 9’85?5’ 0594
perturbation of the reflected seismc energy around this |ocation.
Anot her expl anati on may be that there are indeed changes in the
reservoir properties at this location (i.e., the variations in the ratio
val ue are associated with inmportant c in the target zone). Geat care
nmust be used in examning results of this kind, and it is expected
that these ratio values 10 w !l be indicative of hydrocarbons only when
the ratio values are conputed over "bright" reflectors. Since
| east - squares inversion nethods wei ght things according . to the energy
of the event, low anplitude features will display |arger inversion
errors. Fig. 14 illustrates the predictive nature of the
~present invention. Fig. 14 15 conpares ratios of density and velocity
reflectivities at the target |ocation for lines 1 and 2 and a third
line (line 3) froma location in the vicinity of lines 1 and 2. It is
desired to predict the drilling results for line 3 based on the line 1 and
t he line 2 results. Line 3 has been inverted using a six stage
i nversi on process which gave the best results at a nearby calibration
well. The calibration well contained 20 gas but displayed | ow val ues of
the Rlerr]/Rerr] indicator due to poor reservoir quality. The
i nverted at_the gbibration wel | aqree@7§Ath t he wel | value?21djne
r n

3 (not shown) h i ghf anplitudes f I Rver g_ AWAY Eﬁ
VV¥int MODEL.y the t gﬁf\gﬁhﬁ- 1 just
Sone ri zontgl 3 hgs been

P-wave i [rpednMODEL P-
like lings 1 and 2. InFig. 14

applied to the fatio results. e is fro rTne 1, the
dashed curve is|fromline 2, and the ¢otted curve is fropnline 3.

Lines 1 and 2 afje being used as the c{libratio ites injthis case. In Fig.
13, the yel | nmeasured v p'"ﬁiCRh%ﬁﬁbl, rr] arelmarked (at the

wel | | ocations)|by circles. Vs BACKGROUND,
p BACKGROUND

l 226 r224
- le——1 | p-TDATA AT
ADJOINT MAP DESIRED

, MIDPOINT
l LOCATIONS

— 228

ADJUST BACKGROUND

MODEL UNTIL FLAT
AS POSSIBLE

L

FINAL BACKGROUND
MODEL

FIG. 5
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Every attenpt has been nade to display only the -portions of the target
| ocati ons
96/ 07935 WO 96/07935 - $Errusosinod

PCT/ US95/ 10594 whi ch contain the same fluid. Thus, the solid curve
covers the gas saturated portion of the line 1 target, the dashed
curve covers the low gas fluid of line 2, and the dotted curve
appears to cover a portion of the Linq5}1t rget which shoul d contain
a single fluid type. The horizontal line plotted with each data curve shows
5 the average value for that curve. The vertical |ine shows the variance.
At the time these curves were obtained, the line 3 target was
undrill ed. Based on the Fig. 14 results, it was predicted that the
line 3 target would not contain significant gas saturation. As

nenti oned before, a nearby calibration well contained gas, but it was
not used in the final prediction phase because of poor reservoir quality

10 which resulted in low values of Rlerr]/Rerr]. Eventual drilling
results of the line 3 target found |ow g sat urati on.
The vari ances i i . '
unsnoot hed rati o val ues), cenfirm i beiND 2l | Y
separ at ed Qp MODEL | i 2
are not stati|sticall
as a guide to deter

using the_present | niion = =Ya <TI7- RN RS
usi.ng ond wave equati on based inversjon regsult to scal e anot her
inversiorl result leading to the conc
equat i on/|i nver si on- based hydrocar borg i ?gﬂparing
mul ti - parja L 20 iy 162 rf I'ons about the
resence lor| a erffain
P | "PABEISMICCCTE AN |\ AVELET INVERSION
DATA
1 234
UPDATED
WAVELET MODEL
l 236
WAVELET
l 238
—>| ELASTIC INVERSION [
»! (FIXED WAVELET)

l 240 l 242
INVERTED DATA
ELASTIC MODEL RESIDUAL

FIG. 6
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types bf hydr ocar bon§ Wai§ ShEeatidopeEyriknown. Good i nversion results and
good under st angli ng oREPLACEDf | uerjce of rock and fluid saturation

propertie ear 'y ——————very—mport ant to the success i que
can achleégﬁ&ﬁng parti cul ar application. Wen propg%qbaaﬁgﬁp t he
present invention tends to correlate high 25 val ues of ratios of thls
kind with the presence of hydrocarbonsy/igas and oil). Lower ratio

values tend to correlate with | ow gas saturation and/or poor reservoir
quality. Reservoir quality enters as an additional degree of conplexity

"because even known gas reservoirs wll not always display high
wel | bor e- neasur ed val ues : 77
WD 96/ 07935 @

g 8 . % .8.8 .8 8 2
PCT/ US95/ 10594 o ofaR[erﬁ/R[arr] . oA | oder vaj ue g;ay ogcur 4,n shal el y
reservoir sands§ SO iRbesia8. 454 23, #:2 _.ugontalns

4. i

significant fdH In such
situations, t®

~wel | nmeasurerf® of the
Rlerr]/Rerr] ; S : GunitQ
present). "; ; 2 Rt Ei T 1t s +¥he
i nversion re ' -_ges of the
ratio val ues yér3|on data
resi dual (ref% L I'é\‘ m;\ and
target Iocatlom ﬁgta and the

final inver; i this

S|tuat|on, t8 aiwoul d be
wi ndowed usi r§g it W as a

function of sTowigs R e L O BU Skt U i i on e ) focedures
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estimates over 2D s r fRReSHERSHARBERR f@eross |ine segnents. Qtherw se, the
sane 15 concepts n beREPPACED toO g I de the anal ysis and prediction

st eps. FHEROF OOy pregrett oNs usi ng the presegiwpd kd4oN
foll ow th%’os”g%”jeneral princi pl es as predictions of p?mg%m

saturation: 1. An el astic-property signature is identified
t hrough an under st andi ng “8/14 of rock properties. 20

2. | nversion nodeling at a calibration |location is used to confirmthe
identified |lithol ogic signature. 3. I nversion results at
both the calibration and target |ocations are. conpar ed

to predict the lithologic properties at the target |ocation.
The invention is not to be unduly Iimted to the foregoi ng which has been

25 set forth for illustrative purposes. On the contrary, a w de variety
of modi fications and alternative enbodi ments will be apparent to..
persons skilled in the art without departing fromthe true scope of
the invention, gs de |ned in the ai set fortgbelgw
78 00 o6) o35 8 § g £°%°'g 8
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[err] t he fTHﬁuﬁﬂﬂﬂ%&ﬂ&EEENf.te I n radi ans per second e

t he base of natura IoganEPhMGED Lerr] exponent used to wei ght
sour ce cqﬁ; g , , el astic factor gonidesiéngg | ayer
at depth hw an nldp0|nt | ocation Y as a function of
sl owness p depth fromair-water interface to the

wat er bottom I thdOH t matrix i

the unit inmaginary nunber (the square-root of -1) 10 J[ ...] t he
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WD 96/ 07935 : . .

PCT/USQS/§%§94 [err] ) P-wave angul ar factor in the nud | ayer at

depth hw Wi nt location Y as fBAEUSHWOE?
P-wave angul ar factor at depth z and m dpoi nt

sl owness p [err]
| ocation Y as function of slowness p 5 [err]
S-wave angular factor in the nud | ayer at depth hw and m-dpoi nt _
| ocation Y as function of slowness p 11[1¢rr] S-wave angul ar factor
at depth z and m dpoint |location Y as function of
sl owness p N the normal operator 10 NMNf

Fouri er

the nunber of discrete frequency sanples after
transformati on NI _ one less than the total nunber of
squrce coefficients which have i ndex- values fromO
t he nunber of layers in the subsurface node
N

to N N ayer
t he nunber of slowness values in the data
NT t he

15 Np
t he nunber of discrete tinme sanples in the data
‘nunber of discrete intercept tinme sanples NY t he nunber
of discrete intercept tinme sanples tinmes the nunber
of mdpoints 20 NY t he nunber of m dpoint |ocations
NX _ t he nunber of components in the nodel Plerr]
x-coordi nate |l ocation of the detector on the air-water or air-earth
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P(p, T,Y) seismc anplitude for sl owness p-and intercept T at m dpoint

_ P(p, T, Y, X) seismc anplitude for slowness p, intercept T,
m dpoi nt WQ 9&0T380 nodel X PCT/US95/10594
81 WD 96/ 07935
PCT/ US95/ 10594 P(p,[err],Y) seismic anplitude for slowness p
and intercept [err] at mdpoint Y . Plerr] (O WY) out put zero-phase
i nversion for P-wave velocity refl eC“li?P' 4t
frequency [err] and m dpoint |ocation Plerr](0,[err]Y) out put
zer 0- phase inversion for S-wave velocity reflectivity at 5 '
frequency [err] and m dpoint |ocation Y Plerr](0,[err],Y) out put
zer o- phase inversion for density reflectivity at
frequency [err] and m dpoint |location Y Plerr](0,[err],Y) out put
zér o- phase inversion for P-wave inpedance reflectivity at N
frequency [err] and mdpoint location Y 10 P[err](0O,[err],Y) out put
zero- phase inversion for S-wave inpedance reflectivity at '
frequency [err] and m dpoint |location Y Plerr]/vs(0,[err],Y) out put
zer o- phase inversion for Vp/Vs ratio reflectivity at
frequency [err] and m dpoint |ocation Y P(pX) nodel vector at
X of NT x NY conponents at slowness p 15 p sl owness -
the ratio of the sine of the reflection angle to the
P-wave vel ocity maxi mum sl owness used as the
normal i zation for source dependence Plerr](x)
Legendre f tipn of ¢rder I evalyated at x 2p [efr] angl e
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m dpoi nt |ocation Y Qp(p,z,Y) ) summed attenuation for P-wave

reflection at depth z and m dpoint | ocation Y as a
function WO %OMRess-p 25 r[err](p, h[err],Y) P- wa FETIUSIBIMRY o
reflection coefficient at water bottom at dept h hw
and mdpoint location Y as a function of slowness p R err]
-normal incident reflection factor for P-wave velocity R err]
normal incident reflection factor for4 vel ocity
82 WD 96/ 07935 Bf14
PCT/ US95/ 10594 R err] normal incident reflection factor
for density R err] normal incident reflection factor for
Vp/ Vs ratio Rlerr] normal incident reflection factor for P-wave
| mpedance R err] normal incident reflection factor for
S-wave i npedance 5 p density Pw .
density of sea water p(z) density as a function of depth
z. p(z,Y) background density as a function of depth z and
m dpoi nt . | ocation Y 10 p( hw, Y)
background density in the nmud | ayer at depth hw and m dpoi nt
| ocation Y Sx x-coordi nate | ocation of the source on
the air-water or air-earth interface
y-coordinate |ocation of the source on.the air-water or air-earth 15
I nterface S | ocation vector of the source on the
air-water (;irsai_r-earth
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interface S([err]) far-fiel d wavel et at horizontal angl e

[err], vertical angle [err], and time t 20
S(p, [ er r WO 96/§7935/) source wavel et for slowness p and fr cRERHSSH/1PEM |
So([err]) ~zero phase output source wavel et for frequency [err]
sferr](T,[],[1,Yi) source coefficient for source delay T, order 1, at
gri dded m dpoi nt | ocation Y[err] S
coll ection of all source coefficients1¢§P1é% [err] source coefficient
for source frequency [err] order 1, a ri dded -
m dpoint | ocation Y[err] Taper ( x) taper for offset x
83 WD 96/ 07935 '
PCT/ US95/ 10594 Tlerr](p, hw, Y) transm ssion factor for P-wave
propagati on through the water bottom at sl owness p,
depth hw, and mi dpoint |location Y 0 reflection angle
- angle between the reflecting ray and the , verti cal
5, t : two-way reflection tine tlerr] zero
. offset two-way reflection tine t(x) two-way reflection
time as a function of source to detector di stance x
intercept time 10 T[err] the j-th discrete intercept tine
T(P) intercept time for a reflection as a function of sl-owness
p .
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T(0) intercept time fQrREPUACTEMENT SWEST

Tlerr](p) I nt er cept timef%r a first reflecti ev&gwsg 10n5t90|4
of sl ovvnesa hate lé4mrm{?p) i ntercept tine
for a second reflection event as b=ftmets :

sl owness p Tlerr](p) intercept tinme formwust h r"eMALEEt‘? on
as a function of slowness p Tpp(p, Z,Y) I ntercept arrival tine

at - sl OV‘“eS%ﬂi‘m‘EQfatf SCAANE Thed a‘iﬁvcﬁher features and advantages of the in®éd t\hﬂi‘ from
depth z and m dpoi nt | ocation Y upper pt

l'ocation be appa¥eht to 0 persons skilled mﬁh%ﬁ%a!&i &f theMtethirigh Sed fo¥@hepdieat h t he
wat er bottom P-wave velocity of the |ayer above the
nth refl ector P-wave ‘vel ocity V[err] t he
background P-wave vel OCI ty 25 Vp(z) P-wave velocity as a
function of depth z DES ( HEDRAWINGS- wave vel ocity as a
function of depth z and m dpoint |ocation Y

84 5 WD 96/ 07935

PCT/ US95/ 10594 S-wave velocity,

S-wave vel oci tyThe pecsmmmmnmﬂlcb@menelzunderstood/gx yeferring to the fqihmgg ound
S-wave vel oci ty as a function of depth z and m dpoi nt

| ocati on vdetailed %@ppt}on and the attachesb dpgyings it Whichioveout vel ocity
I\/Lte;; l/al vel oci P&g 1% 950w Hhat siowitis a Svérkiew of the prferred embodiment of "
the invention;
10 Fig. 2 is a flow chart showing the various steps used in the preferred
embodiment of the pre-processing phase of the invention;
Fig. 3 is a flow chart showing the various stéps of the p-t transformation
. used in the preferred embodiment of the invention; _
Figs. 4, 5, and 6 are flow charts showing the various steps used in the
15 preferred embodiment of the pre-stack inversion phase of the invention;

Fig. 7 shows a black and white wiggle trace plot of P-wave velocity
reflectivity versus P-wave two-way normal inciden_ce traveltime for line 1 of the
example;

Fig. 8 shows a black and white wiggle trace plot of P-wave velocity

20 reflectivity versus P-wave two-way normal incidence traveltime for line 2 of the
example;
| . Fig. 9 shows a black and white wiggle trace plot of the density reflectivity
versus P-wave two-way normal incidence traveltime for line 1 of the example scaled

with the same factor as Fig. 7;
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el ocity Vlerr] '

V[err] P-wave Di x approiﬁ’@iﬂA@EMEN‘lEsHEET

P-wave vel ocity of sea water |0 Wp, L | g S r I ght, for
:sl owness p, intercept T, and m dpgigy ]Z-Z)MA %t.. stlg gﬁ] bnSYb 4
W p) - | east squares weilght= sow 5 as LX

Werr] (P) transpose of - the | east-squares wei ght }g&%jgt 3QOMAESESS
wp, z,Y) i nverse of the | east-squares weight for slowness p, depth
z, and 15 = m dpoi nt location Y w (YY)

source wei ght fKigciQ showssablack asdrsdith wigglp drace plot of the density reflectivity
frequency in radi ans per second [errJ. . the low end of the

sei sm ¢ f rveraue Reyayetweway normalzineidence traveltime for line 2 of the examplesealedi 20
[err] . the i-th discrete frequency value in radians per second
X with the samgfa¢teryas Fige 850urce to detector distance Xpp(p, hw, Y)

arriving offset_of reflecting P-wave for slowness p.from . L

depth hw and niKi§othshqwtheFswave velocity Wﬂﬁ?tbv,lﬁ',@?h&)lme) and depsiftthg of fset of

reflectin -wave fo owness p.fro epth z.25 ca . and

mi dpoi 5t &8&%"8% (qashed Em%a?“es along the m¢‘%§!¥?ﬂf°’c§%’t"&?“rﬂﬂ§’°§}‘| model
85

vari abl es . . . _ WO
96/ 07935 locations on line 1;

PCT/ US95/ 10594 g 12 flﬁ% the P-w?\lleo\rr]élocity féﬁ%&WityC@&ti@iiﬂé')%d%hsNi%del

vari abl es at sor%é' [ oca I'n el space
reflectivity (dashed line) values along the target horizon for selected midpoint

locations on line 2;
10 Fig. 13 shows ratio values of density reflectivity to P-wave reflectivity for
™ ' the target horizons for line 1 (solid line) and line 2 (dashed line); and
Fig. 14 shows ratio values of density reflectivity to P-wave reflectivity for
the target horizons for line 1 (solid line), line 2 (dashed line), and line 3 (dotted
line) of the example using only midpoint locations thought to have consistent fluid
15  type. |
While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not to be unduly limited
thereto. On the contrary, it is intended to cover all alternatives, modifications, and
equivalents which may be included within the spirit and scope of the invention, as
20 defined by the appended claims.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The following description makes use of a large number of mathematical
25 symbols, most of which are defined as they occur throughout the text.
Additionally, for purposes of completeness, a symbols table containing definitions
of symbols used herein is presented following the detailed description.
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“Ypp(p, z,Y) P-wave to P-wav hg\b@mmWSHﬁF@c ion factor for slouness p

from depth z and nidpoint |ocatfon Wat Mbﬁ(\%" PCT/ ud 3X5070r]d0 S g ‘

-l ocation of the m dpoint on th Bhbte—

“air-earth interface |na %lono‘f t he
m dpoi nt on the air-water or rMnggg
Y | ocati on vector of the m dpoint on the air-water or

air-earth 10 1, Plots normalized to{he rtir?éteevent P-wa%® impedance or P-waveP- Wave
| npedance, density times P-wave vel oci Zp( z, P- wave

i npedance at dept h zvelocityvatistions, dnacatlon Y Ze(p, hw, Y) P- wave
| npedance in the nmud | ayer for slowness p and m dpoi nt

| ocation Y 15 2Zw pRatio value plots usifg elwtic refleetivitycmeasurdsiat theataeget! ayer for

sl owness p S-wave i npedance, density tinmes S-wave
veI ocity z event. depth fromair- earth or air-water interface
| z | onpl ex absol ute val ue real part of
t he corfpl eBothuwhodsvaglwe the zero-phase output elasti¢ ﬁesgxonar \he sutpup P-wane conpl ex
nunber z | i, n i nteger counters when used_as subscripts

86 impedance’ or P-wave velocity section closely resembles a zero-phase stack section.

As an illustration, Fig. 7 shows the P-wave velocity reflectivity section for a 2D
seismic line in the Gulf of Mexico (line 1). The vertical axis is P-wave two-way
normal incidence reflection time. The horizontal axis is midpoint locatioﬁ along the
10  profile line. The area depicted in Fig. 7 corresponds to approximately 12,300 feet
- of midpoint locations. The magﬁitudes and directions of the wiggle traces are
related to the strength and sign of the plotted amplitudes. Negative amplitudes
appear with black shading. Displays of this kind are well known to persons skilled
in the art. This section has been scaled so that a white cycle followed by a black
15 cycle corresponds to 5 negative change in the P-wave velocity. In this area of the
Gulf of Mexico, "bright" seismic amplitudes often correspond to the presence of gas
and/or oil in sand layers. An exploration well at midpoint location 13,900 found
gas and oil in the zone 3.500 seconds to 3.700 seconds. As clearly seen on this
section, amplitude brightness is not the sole criterion used to make drilling
20 decisions. (There are other bright reflection horizons visible on this section. The
criteria used to evaluate hydrocarbon prospects include many factors. Among these
are gqologic structure, stratigraphy, visible fluid contacts, correlation between
structure and bright seismic amplitudé, as well as hydrocatbon source and seal.)
Fig. 8 shows another seismic profile line (line 2) displaying the seismically

25 inverted P-wave velocity reﬂecﬁvity displayed in the same way as in Fig. 7.
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WO 96/ 07935 | | REPLAGEMENT SHEET

PCT/ US95/ 10594 1. 2P4nMARAQ9T or ﬂwrfsh?st Inglgga

and fluid content at a subsdf Paige--t-ar-get- {Uca't
seismc reflection data obtained aFbotit 5 - sard suqms tgrzgw Q9
| ocation and a subsurface calibration |ocation having h I89y
and fluid content, said method conprising the steps of: (a)

creating nydeksrgef reflactibrsevent/is bRefecn . SO0 seRBAdCAld 12600 s@Bnd CThé IQ%%

(b) selecting a set of elastic paraneters representative of sa

l'i thol ogy depicted in Fig. 8 comspondsaodpﬁidxhﬁatemmmﬂ felet Sfilipditle Iodatiofie

calibration | ocation, said set of elastic paraneters

bei ng sel eEveny dffamhambeegrmaqe to (applysam identivh] iniversion process to both line 1

el astic reflection factors for P-wave velocity, S-wave velocity,

densi ty, Panghline 2npdmsntiee 1 sexvey to ¢alibeate tive 2. ahdiwam]?e inwerstonpracedure f

velocity to S-wave velocit erform ng an inversi on o
% sWags pseda Agqia, ﬂ@fﬁl -Bave yelogisy apflestlwg)szor the P-wave | impedance det er i ne

said pr
said set of gelastic raneters at each of Iural ity of
points in Eerﬂe F‘gc%d 08l € e ad ye yelgcitn reflectivitp shows

Tt e o e, SRl 65 AR
caly o | oAk iebt 8 Tegl et ap sy hgrond. Dt ok 15, 91 214
o o SRR AATIS T A bt e
From this example, it is clear that the P-wave velocity reflectivity alone
cannot distinguish between low gas saturation and commercial gas and oil in the
reservoir. However, the i)resent invention can be used to detect a difference
between the presence and absence of commercial hydrocarbons by examining the
reflectivities from other elastic properties. For example, the density reflectivities
15  can be used to distinguish between low gas saturation and high gas saturation.
Fig. 9 shows the density results obtained from line 1 scaled with the same
factor as in Fig. 7. Fig. 10 shows the density results obtained from line 2 scaled
with the same factor as in Fig. 8. (One scale factor for both line 1 results, another
scale factor for both line 2 results.) The density results, scaled in this way, show a
20  big difference between the two lines. This difference is visible only by using
properly scaled results. Scaling the density sections against their own backgrounds
would not show these differences. Well measurements made in the two exploration
wells, confirm the general correctness of the cerrelation between commercial gas/oil
saturation and "bright" density values when the density variations are viewed as
25 relative to the P-wave velocity reﬂectivity. Note in particular that the densiiy
reflectivity results for line 2 'do not display any "bright"
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magni tudes of said elastic paranetgrs c&rrz m
of - "said elastic reflection fjaDate £

2. i m.1, et T@IriEEB
The nethod of claim.1, wherejrRERIACEMEN j 'r:?ﬂggostl e'langt
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and calibration | ocat i ons. é 2 Msa a3
87 3. The met hod of claim1, V\:heI’GI n S step ofg'
conparing relative magni t udes of said elastic paranmeters conprises
sel ecting a normalizafion factor Zﬁﬂ 4or mal i zi ng each of said elastic
paraneters using said normalization factor. 5 4. The net hod
of any of clains 1-3, wherein said nodels conprise a series of plane,
paral l el |ayers and wherein said nethod further conprises perform ng

a transformation of said pre-stack seismc data to the
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inversion. 20 7: T egéﬁiN@QwEﬂTsﬂﬁEDr ceding claim wherein

said inversion is a danped, ||l east-squares inve
8. ° The method of any preceding cbgﬂenz dlmta]gmsal
conprises the steps of: 25

nodel, an initial estimte of the

tﬂ2€g$?i§n/'1‘o 5 9 4
-factor, and an initial wavel et estirrat<=8i‘i)4sa|d

b ground vel ocity
PEAVAIS °2 2 Mg 086
pre-stack seisnic reflection data,

88 WD 96/07935 PCT/ US95/ 10594

(i) usi ng sai d background velocity nodel, said initial estimte of the
P-wave quality factor, and said initial wavelet estimate to perform

an inversion of said pre-stack seismc reflection data to obtain a
refined wavel et, and 5 (iii) wusing said refined wavelet to
perform an inversion of said pre-stack seismc
reflection data to estimate said elastic reflection factors at

m dpoi nt Iocations of interest over said target and calibration

| ocati ons. 9. . The met hod of claim8, wherein data
col l ection parcéetergfo sai d pre- stacéselsmc roeflectlon data are
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tonputed from said known data co Ilﬁﬁhﬁ@ﬁ”ﬁ‘*

The met hod of any preceding claifp whepe met o] § 1
ronprises the steps of: Date : ?AIMATP-@ (PEF/ e‘? § thﬂ&gﬁng 4
(e) for a plurality of subsurfacetocations m/ § 2< MAR ﬁggel op
a data base of subsurface elastic paraneters and the
associated lithol ogies and fluid cont egz (9) obt ai ni ng
pre-stack seismc reffection data for 14 subsurface 20 .
target |ocation having unknown lithol ogy and fluid content;

(h) perform ng an inversion of said pre-stack seismc reflection data to
determne a plurality of elastic paraneters representative of said

unknown lithol ogy and fluid content at said another subsurface

target location; and 25 : (1) using the results of said
i nversion and sai d data base to predict the l'i thol ogy
and fluid cont egt atosal cbanotber sobsuréace bargeb b4 o S
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