prescribed over acircul ar boundary. of radius
a itsvdue f , a thecentredf thecircdleisgvenbythe
arithnetic nean val ue t heorem

f = 2padt Ak A

wher e q defi nes a boundary poi nt and dq
definesthe arc el enent at g. Nowl et us dividethe
circul ar boundary cintonequal subinterval o, j=L2
................ nand assunethat f isconstant over a
subinterval [x,its val ue bei ng associ ated wththe
nodal poi nt 01& Dx; . Under this assunption, the

expressi on (5) Ieadston af
2paf = af = Zﬁ )
0
Dc =2 N ja
o nf O:af @
J:1

Weref istheconstant valueof f over thejth
subi nt erval andD:|stheIengthof asubinterval .

The above formilaisvalidfor alarge va ue of
nsothat thevariationof f over asubinterval is
negligiblysnall. The4-point fornulaisaparticular
case of (6) for n=, inplyingthat f is constant over a
quarter of thecircuierenceof thecircleof radiusi.ef
isconstant over thelargeinterval I, =pal/ 2. 9 nce
the patentia fiel dhasahighgradi ent near the causati ve
nass, the 4-point formilaislikelytofail near the
causativenass. It isapproxinatelyvalidfor thecircle
lyingfar off thecausativenass, andit gradud |y distorts
wththeincreaseingradient of thefieldasthecircle
appr oaches the causati ve nass.

Further,as the continuationis carriedout in
successi ve downwar d steps, the error accunul atedin
thecomnutedfjal a shal | oner step becones mul tiplied
i nthe next dowward steps. Thus the function val ue
obtai ned at a dept h by taki ng several dowward st eps
nay not be of any practical use. It i s our experience
that for theinput datawthl|ess than 1%randomerror
the conputedfieldoscillates either at 39 or 4" step of
downwvar d conti nuat i on, irrespective of spacing of the
data over the datumline. This conclusionfindsits
support inalnost al the exanpl es furni shed by Roy
(1965)

Though the formil afails towork, sone credit
nust go to Roy for pointing out the downward
continuati on of observed datal eads tofinding of depth
tothe causati ve nass.

2.5 Anms-concept onoriginof 4-point formil a

g(r) Jag (I‘ 9, )

The 4-poi nt formul a of Roy (1966) is described in Applied
Gophysics (Tel ford et a 1975, p. 84) as anodificationof the enpirical
gridding formnulaof Giffin(1949). Giffinsformilastatesthat

\Mere gj(r, q) arethe gravity val ues onthe ci rcunfier ence of
acirclethat liesonahorizota plane, ¢(r) istheregond gavityva ue
a thecentreof thecircleandr istheradius of thecircle

Giffinsformilaisanenpirical onethat uses three-
di nensi onal gravity data specifiedover ahorizontal plane, say (X,Y)
pl ane of acartesianreference frane wth z-axi s upward. The 4-poi nt
formul a of Roy (1966), onthe other hand, uses the two di nensi onal
gravityfielddefinedin(x,z)-plane. Roy (1966) derivedthe formil a by
extrapol ationof thefieldindowwmard directionconsideringthefirst
threeterns of Tayl or's series and subsequent use of the Lapl aci an
property 1o/ 2= T°g/ X2 The two fornul ae | ook al i ke but they are
distinctlydifferent intheir derivationandapplication. Assuch, itis
wongly quotedinTel fordet a (1975) that the 4-poi nt formil a of Roy
(1966) isanodificationof Giffin'senpirica formla

3. Sgnificance of Roy' s work

() Wenit was apparent|y accepted, fol | ow ng Seel s (1947), that
a uni que dept h to the causati ve nass cannot be det ernmined from
its potential response, Roy (1962) theoretical ly arrivedat the
concl usi on that a uni que depth to the causati ve nass can be
obtai ned i f the geonetry of the subsurface causative nass i s
known andits density (contrast) is assuned a constant .

Hanmmrer (1977) denonstrated its successf ul
applicationtofielddata by deternini ng depth tothe basenent
at isdatedpantsinabasin

(i) The very concept of Roy (1966) that ‘ * downward conti nuati on
of observed potential dataw dely oscillates onreachingthe
target’’ is aturning point inthe phil osophy of depth
det erninati on fromobserved potenti al data. For thefirst tine,
after 1947, it was poi nted out by Roy that a uni que depthtothe
causat i ve nass can be determined fromits potential response
al one. Though the fornul a he presented fai | ed t o work because
of the approxi nations involvedinit, his conclusionin 1966
reopened the door after agap of nearly 20 years for further work
on dept h-determinati on. Application of the concept however
was not i nmedi at el y accept ed by t he geosci enti fi ¢ conmuni ty
probabl y because of the absence of an el aborate theoreti cal
discussiononit and al so probably the difficulties facedin
achievingit nunerically.

The concl usi on of Roy (1966) has nowbeen t heoretical |y
est abl i shed (Laskar 1980, 2000) and a nunerical |y ef f ecti ve t echni que
has been devel oped for finding depth to the causative nmass by
downvar d cont i nuat i on of observed potential data al ong a verti cal
passi ng t hrough t he causat i ve
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nass (Laskar & S ngh 1993, Laskar et al 1996).
The t echni que has been successful |y testedonfiel d data
of various basinsinlnd a(Laskar 1991, Laskar et al

19%).
4. ncl usi on

@) Wenit was assuned, fol |l ow ng Skeel s (1947),
that the depth to a subsurface causative nass
cannot be uni quel y determined fromits potential
response al one. Roy (1962) cane out with a
theortical conclusionthat it can be obtai ned
uni quel y i f the geonetry of the causative nass
isknownandits density (contrast) is assuned
constant. Application of the idea has been
successf ul | y denonst rat ed by Hanmer (1977) on
fielddataandit i s nowbei ng used as aroutine
procedure by the i ndustries to find spot - dept hs
inabasin.

(i) The denonstration of Roy (1966) that downward
cont i nuat oi on of observed potential data
osci |l ates w del y on reaching the target can be
treated as aturning point inthe concept of depth
det ermnati on fromobserved potential data.
Thi s reopened a near | y cl osed chapt er on depth
determnation, andthisfinal ly culmnatedin
devel opnent of a successful techni que on
determ nati on of depth by downward
cont i nuat i on of observed potential dataal ong a
vertical passingthroughthe causative nass.
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Sratigraphi c I nversi on For Ehhanci ng \Vertical Resol ution

A GPramani k, V. S ngh, AK Sivastava, Rakesh Kati yar

Godata Rrocessingand I terpretation @nitre
Ol adNatural Gas QrporationLinited, Dehradun-248195, UA, India

Summary:

Sei sniic i nver si on confi nes geophysi cal, geol ogi cal and pet r ophysi cal data t hrough a robust i nversi on schene to
extract thenorereliablestratigraphicinfornati onandreservoir properties fromthe sei snmic data. The benefits of acoustic
i npedance obtai ned after inversionarewel | establishedfor stratigraphicinterpretationinconparisonto conventional
sei snic data anal ysis and are outlined. Post stack sei smic i nversion techni ques work nostly onthe basi s of one di nensi onal
convol ution nodel of seisnic trace, whichforns the basis for inversion. Inorder to provide pre-i nversi on checks, possible
neasures to ensure the val i dity of assunptions and the conpatibility of the datawth vel ocity/inpedance constraints, a
conpl et e net hodol ogy i ncorporating al | the steps of practical post stack inversionisdescribedindetail. Inthis study an
attenpt has been nade t o denonstrate the appl i cati on of this conpl et e i nversi on sequence usi ng nodel based i nversi on
schene by show ng four exanpl es. F rst exanpl e shows that syntheti c sei snic response gener at ed fromt he wedge shaped
geol ogi cal nodel is affected by tuning andinterference of sidelobes and generateinternal fal se geonetry. The i nverted
acoustic inpedanceis freeof tuning, sidelobeinterferenceandis veryclosetorea geol ogical nodel . Second exanpl e shows
that gradational variations of i npedance contrast are not possi bl e tovisual i ze fromthe sei snic data but they canbeidentified
fromthe i nverted i npedance section. Thi rd exanpl e shows that acousti ¢ i npedance di spl ay provi des nuch finer | ayer by
layer informationincontrast wth seisnicdataandit bridges the gap between vertical resol ution of well | og neasurenents
and sei smic data, sinplifiesthelithol ogicandstratigraphic definitions of the sub-surface. Fourth exanpl e denonstrate the
ef fecti veness of acousti ¢ i npedance over conventional seisnicindelineationof thinsandreservoirs which are recorded as

conposi t e response i n sei snic dat a.

| ntroducti on:

Sratigraphicinterpretati onof 3-Dsei smic data
isusually performed on amgrated vol une havi ng
[imted signal bandw dth. The | ow frequency
conponents inseisnc dataarelimted by natural
frequency of receivers bel owwhi ch signal gets
distorted Thevarious processesineartheat upthe high
frequency conponent s and fi x t he hi ghest cor ner
frequency, whi ch can be achi eved under i deal
condi ti ons of acqui sition and processing. Thi s band-
linnted nature of propagating sei smic vavel et fixesthe
practical linnt of seisnicreso utionand seisnicrecord
containsinformationonly onthat part of the spectrum
of the stratified earth, which corresponds to the
vavel et’ s bandw dth. Wil e correlatingreflectorsin
nigrat ed dat a vol une, geophysicistsinterpret interface
geonet ry, whi ch depends upon the vari ati on of
i npedance contrasts andthinlayer interferences. In
spite of phenonenal grow hof interest inthe use of
seismic attributes derived from3-Dsei snic vol unes
topredict subsurface properties, nost often, it has been
observed that seismc attributes derived fromtine,
anpl i tude and frequency do not provi de adequat e
reservoi r properties onalayer-by-layer basis. Layer -
by- I ayer i nformation can be deri ved by nmeans of
strati graphi c i nversion of post stack and pre-stack
seisnmic datainterns of acoustic inpedance. Wil e
carryingout stratigraphicinversion, attenpts are al so
being nade torestore the | ost 1 owas wel | as hi gh
frequencies. Hgure (1) sumari zes the di fferent types
of stratigraphicinversionsusedfor i nverting post stack
and pre-stack seismc dataintheindustry. Theinverted

SEISMIC ]IN"u"ER:SI ON

I I
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Fg 1 Dfferent sei snicinversiontechni ques.

resul ts provi de an edge over nornal sei smc data (anpl i t ude vol ung)
instratigraphicinterpretation, especialyincased reservairs having
| ess thi ckness and/ or gradati onal i npedance contrast.

Present |y, acousti c i npedance obt ai ned frompost stack
stratigraphicinversionis bei ng extensively used in hydrocar bon
explorationand expl oitati onactivities. Post stack sei snicinversion
techni ques work nost |y on the basi s of one di nensi onal convol uti on
nodel of sei smc trace, whichforns the basis for inversion. Post
st ack sei snic i nversi on conbi nes geophysi cal , geol ogi cal and
pet rophysi cal datathrough a robust inversionscheneto extract
thenorereliabl estratigraphi cinfornationandreservoir properties
fromthe sei smic data (Van Rel, 2000, Prananik et a ., 2001, Mg et
a., 2002). Inpractice, stratigraphicinversionis beingcarried out
t hrough two appr oaches (1) |inear inversion using | ayer strippi ng
schene and (2) non-linear iterativeleast square technique. Nor+linear
t echni ques are bei ng w del y used for i nversi on because | i near
i nversionis highly unstabl e and noi se sensitive. Non-1inear | east
squar e i nver si on nini nm ses squar ed resi dual error between the
obser ved and conput ed sei snic data for the | ayered earth nodel
consi deri ng pl ane source. The starting nodel gets updatediteratively
wththe
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i ncrenental updat e of the nodel parangters.
Such approach i s | ogical |y appealing, but it faces
difficultiesduetoinadequate robustness that restrict
guess nodel to be inthe cl ose nei ghbour hood of true
nodel . Hasticinpedanceisthelatest advancenent for
convertingreflectionanplitudeintoel astic inpedance
usi ng gl obal opti nizat i on t echni ques such as si nul at ed
anneal i ng, genetic al gorithns, taboo searchetc., from
pre-stack sei snic data (Senand S offa, 1995, Gonnal vy,
1999; Ml lick, 1999; MQrnack et al., 1999; \erwest,
2000). Thesetechniques donot requireany initia guess
nodel and have si gni ficantly i nproved t he robust ness
of i nversion but require extensive conput ati onal
dfats.

Inthis paper, various benefits of usingacoustic
i npedance over conventional sei snic data have been
outlined. I'norder to provide pre-inversi on checks,
possi bl e neasures to ensure the val i di ty of assunpti ons
and the conpatibility of the data w th vel ocity/
i npedance constrai nts, theoretical background, a
conpl et e net hodol ogy i ncorporating al | the steps of
practica post stack strati graphi cinversionanddifferent
i nversi on schenes used i n the i ndustry have been
describedindetail. Further, to denmonstrate the
appl i cation of this conpl et e inversi on sequence andto
provi dethereal insight tothe worki ng geosci enti sts,
sone of the synthetic and real data exanpl es of post
stack stratigraphi c i nversi on have beenill ustrat ed.

Benefits of stratigraphicinversion:

Sratigraphi c i nversion provi des acoustic
i npedance fromsei smc data. Acoustic i npedance (Al)
i s defined as the product of rock density and P-wave
vel ocity inone dinensional earthnodel . Asaresult,
A nakes sequence strati graphi c anal ysi s nore strai ght
f orwar d because:

1 Acoustic inpedance is arock property and
represents | ayer properties where as sei smc
anplitudeis aninterface property and represents
acontrast between|ayers (rel ative neasurenent).
Itislessoscillatorythantheinitid se snic data

2 Acoustic i npedance i s an absol ut e neasur enent
using priori infornati onwhere as true sei smc
anpl i tudes are not al ways preserved and of t en-
seisnic datais not zero phased.

3 Acousti c i npedance can be directly neasured at
vel | | ocations where as sei smc anpl i t ude cannot
be neasured di rectly.

4 Acoustic inpedanceis nostly free fromnoi se and
thinlayer interference where as sei snic anpl i t ude

isaffected by the presence of noiseandthinlayer interference.

5 Acousticinpedanceis free of wavel et effects andis obtai ned after
integrati on of datafromseveral sources |ike seisnic, well | ogs and
geol ogy. Vevel et sidelobes are attenuated, el i mnating sone fal se
stratigraphic-like effects inacoustic i npedance where as they are
present in case of conventional seisnic data and mslead towards
erroneous i nterpretation.

6 Acousti c i npedance has been consi dered as an i deal paraneter for
vol une based geol ogi c interpretation. This al | ows fast and accurat e
delineationof target bodiesandcanbedirectlyrelatedtowvel | contral,
allowngthe use of porosity, saturationandlithol ogy | ogs to anal yse
their variationanay fromthewel | locationsin 3 Darea

7 Acoustic i npedance produces a hi gh-resol ution | ayer franework,
where the strata are deforned i n order to becone confornabl e to
sei smic reflectors. Understandi ng of earth subsurfaceinterns of | ayers
and | ayer propertiesis nore straightforward for geol ogi sts and
reservoir engineersthaninterns of seismcreflectors.

8 Acousti c i npedance i nproves t he vi sual i sati on t hrough | ayeri ng and
enhances vertical resol uti onwhere as conventional sei snic data does
n.

9 Acousti c i npedance concept can be generalisedto carry out the
inversionof angle or offset stack datato el asti c i npedance or el astic
paraneters. Hastic i npedance provi des AVOi nformati on and, in
conjunctionwith Al, inproves interpretationpower and abilityto
discrimnatelitho ogy and fl ui ds.

Theory rel ated to strati graphi c i nversion:

The i nversi on of post stack sei smic datato obtai ntine donai n
pseudo acousti c i npedance | ogs i s not new |ts basic procedure was
reportedfor thefirst tine by Lavergne (1975) and subsequent |y by Li ndset h
(1979). Inorder torecapi tul ate and provi de basi ¢ under st andi ng of sei smc
inversion, it has beenbriefly described here. Inalateral |y honogeneous
acousti ¢ nedi a, sei snic wave propagati on can be appr oxi nat el y nodel ed
by one di nensi onal convol ution theory. I none di nensional convol ution
nodel , aseismctraceisresult of the convol utionof earth' sreflectivity
W th a sei snic source function al ong wth addi tive noi se conponent. In
equationform asei snmctrace canbewittenas

§ = WR+n (1)
where S = theseismctrace
W = seisnic wavel et
R = eathréflectivity
n = additive noi se conponent

Besical ly, eachreflectivity or refl ectioncoefficient nay bet hought
of as the response of the sei snic wavel et t o an acousti ¢ i npedance change
wthinthe earth, where acoustic i npedance (I ) is defined as the product
of conpr essi onal
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vel ocity (Vp) and density (r). For nornal
inci dence, thereflectioncoefficient (R, ;) a theith
inerfaceisgvenas

Ri=Ugia- o) (g atlp) @)

where |, and| | arethe acoustic i npedances
inthe (i+l)thandi'"l ayers respectivel y. The acoustic
i npedance | , ., can be obtai ned fromreflectivity
equation (2) by recursive formil a as

IRi+1:|P,i(1+R,i)/(1-R',i) ©)

Fomthisequation, itisclear that if full band
reflectivity (R, ;) and acousti ¢ i npedance (1, ) of a
reference | ayer i s known, one can easily recover the
acousti c i npedance trace fromthe sei smic refl ecti on
anpl i tude. Due to conput ational efficiency, this one
di nensi onal convol ution nodel of seismic trace has
W del y been used i n nost of the post stack sei smc
i nversion nethods (Lines and Treitel, 1984, Q denburg
et al, 1986). Aschenatic di agramshow ng sei smc
i nversi on froma noi se free sei smc trace based on one
di nensi onal convol ution nodel is showninHgure(?2).
But there are several assunptions in the one

ECERMIC ROFLECTION CORSEDILLTION [ LITHOLDGE
TARCE GOEFMGENTE WIFEDSHIE

F g 2: Schenatic di agramshow ng post - st ack sei snic

di nensi onal convol UtYH Fodel , which require

attention beforeusingit for inversion. These

assunpti ons are;

1 Each seisnic trace represents true zero of f set
reflectivitydrectly bel onthe sei smctracel ocations.

2 Seismc anplitudes are truly recovered and
preserved during processi ng.

3 Therearenomultiples and all the seismc
anpl i tudes of trace correspondto prinaries only.

4 There are no ADeffects. If the sei smc data does
contai n AVOanonal y, the i nversion process w | |
attributetheentireeffect tothe changesindensity
and vel oci ty rat her than Roi sson’ sratio.

5 Seismcdatais free of coherent noi se. The noi se
conponent present inthe datais purely random
and uncorrel ated wth sei smic.

6 Seisnicwavel et isconstant ( preferably zero phase)

and does not change withtine.

Met hodol ogy for stratigraphi cinversion:

O fferent net hodol ogi es have been proposed

by the i ndustry to performsuch strati graphi c i nversi on
frompost stack seisnic data. Here anattenpt has been
nade to provide abrief outlinefor carryingout post

debgrarng sswmic mcta

Wil fog data INPUT e et By

| it fa it
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MDDEL BLILDING

INVERSION SCHEME

+

Fg 3: HowCart of post-stack sei snic inversion.

stack stratigraphicinversionandits flowchart isgivenin
Fgure(3). Various steps nentionedinflowchart for post stack
i nversi on are descri bed bel owsepar at el y:

A Sectra analysis: Greraly, It isassunedthat inthefinaly

processed dat a, seisnic anplitudeisflat and zero phase in
usabl e frequency bandw dthwhereasinrealityit isnot.
Therefore, prior toseismcinversion, it isveryinportant
tocarryout thespectra and ysis of seismctracesat dfferent
locationsin 3Ddatavd unetoascertainthereliabl e spectra
bandw dth, signal tonoiseratioandphasevariation. This
anal ysi s of anplitude, phasevariationand signa tonoise
ratioplaysacrucia roleduring wavel et estination, in
reductionof uncorrel ated noi sethroughfilteringtechni ques
for enhancing S Nratio and during phase correction of
processed seisnic datainto zero phase. The zer o phase
sei snic wavel et contai ns naxi numenergy inits central
| obe only.

Satistica andysis: Riorto thestratigraphicinversion, a
statistical analysisof vell logdatais necessarytoperform
for understanding the rel ati on between seismc
par anet ers, acousti c i npedance, vel ocity and density. This
anal ysi s uses pet rophysi cs, | og data and cross-plots to
determne the rel ati onshi ps and provi de a sol i d base f or
predictionof litho ogyindistinguishing reservoir and non
reservoir shaly facies. Further, it asohe psinestablishing
therel ati on between the reservoir property and each of the
acoustic properties that are affected by changes inthe

reservoir property.
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