; €3€916( () <, - 16H1T1! A METHOD FOR GRAVI TY AND MAGNETI C DATA | NVERSI ON

*USI NG VECTOR AND TENSOR DATA W TH SEI SM C | MAG NG AND 5 C;E%S@H 9

. PREDI CTI L, GAS AND M NERAL EXPLORATI ON AND PRCDUC!; y

A]oseph ngg?gs?%% Jerry Lee Kisabeth, Al an Royce Huff man, ghn S&:W%i%%ton,

and David W Bell 10 BACKGROUND OF THE | NVENTION Field of the Invention The
present invention pertains to processing gravity and magnetic data using 15
20 vector and tensor data along with seismc data and nore particularly to
the inversion of gravity and magnetic data and conbining with seismc data
f or hydr ocar AOMESHOB BOR0 GRAY ITS AN VARG NEFIE DA TAIRVERSION GEING

o ar ons under ne St LR SMTEERRD AT B Tr SR IMAGIS G Fngrmt i 0
“formaki ons. Rel atGHOPHRESSYRE PREDICTAON FOR OIL, GUE ANY PANER AL subsur f ace

envi ronments contai ning 25 anomal ous density variations has al ways

present ed probl ens for tradiXPERRATEONAND PRODVCTEINNI ques by conceal i ng
“geol ogi ¢ structures beneath zones of anomal ous density. Many nethods for
delineating the extent of the highly anomal ous density zones exist. United

St at es pat enGregofibRyseph MBgZerfzen,, Jdrry LedlKisabéts v lan Roged HuffafanSicbam.y 30

Di pping CGeologic Interfaces, jssued to David W Bell, provides an excellent
met hod for WP@V@HE- Belle boundary of a highly anonmal ous density
zone.wThi s patent locates and identifies steeply dipping subsurfaces from
seismic reflection data by first identifying select data which have

characteristics indicati ngBAGEKGROVND OR/THESINVMENTION been reflected
fromboth a stantially horizontal and a steeply dipping interface. These
data are anﬁéﬁﬂﬁ@ﬁﬂé@@ssed to locate the steeply dipping interface.
The processed data are displayed to illustrate the |ocation and dip of the

interface. This patent, while_ hel ping |ocate the boundaries, provides
not hi ng to i dent i¥hg AreRENEIRESRIEHPRITARF APIPISHRNSBIABEY And magretisfdaamsing

bou ndlasr Y- vector and tensor data along with seismic data and more particularly to the inversion

of gravity and magnetic data and combining with seismic data for hydrocarbon
exploration and development, and to detect abnormally pressured subterranean
formations in general, and with specific application to areas underneath and around
anomalies such as salt, igneous or magmatic formations.

20
Related Prior Art

In exploration for hydrocarbons in subsurface environments containing

anomalous density variations has always presented problems for traditional seismic
imaging techniques by concealing geologic structures beneath zones of anomalous

25 density. Many methods for delineating the extent of the highly anomalous density

zones exist.

United States patent number 4,987,561, titled "Seismic Imaging of Steeply
Dipping Geologic Interfaces, issued to David W. Bell, provides an excellent method
30 for determining the side boundary of a highly anomalous density zone. This patent
locates and identifies steeply dipping subsurfaces from seismic reflection data by first

identifying select data which have characteristics indicating that seismic pulses have
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There have al so been nethods for identifying subsurface formations beneath
wanonmal ous zones using only seismc data to create a nodel and processing
the dataw@ob@nsi fy formations in Iight of the nodel. By ﬂé@ /??,ng
Jorocessing reflection seismc 10 data, the original nodel Is nodified or
adjusted to nore_cl osel y approxi mate reality. An exanple of further
processi ng %@Pg?#?tﬁgf%%tbaﬁfw%%uaﬂxmr&on? apgh 2 stegP i ipRIBE BHEEE: nunber

4,964, 103, Tﬁéskesza"&@&%@yéehmﬁag&@ged%?fofaax%d%aeépnpa%@%jnwﬂc&.o?hpf Two

Di nensi onal or Three Di nensi on Dat a, " |ssued to Ja 15 Johnson. This
pat ent provpmesssed dase hudlisdlayadaailiusgrat théitosetioh amhdipof e integifake.f Thim t wo

di nensi onal _sei sm ta. ,This.ig done. by pravidi et had of ray tracing
to nove befBq'tﬁms%ﬁ?(gapﬁlgéogaéb%%@Q%ICF*EBYQ%BWB%Q’%@HP B di nensi onal
posi tson. TagshifAeFoRRAITNI LA HAfLsi8&A ke bourdaRL h, bi nned, stacked and
conpared to the seismc nodel. The nodel can then be changed to match the

depth trace segnents that will be 20 stacked better, noved closer to their

correct three-di i itio n i | |..compare better Lo the del .
Thi s patent usesqugrr%a Eég!rﬂs‘gggeéh@i:é}gg%éréﬁ néfyﬁ?gg‘g?‘s’r 44 b ?ﬁ*gf‘s&%’c&%ﬁ mc

nodel that agomlbusanties adife oAlySeRMid Gta € crgselaagode! and bavcadsinythd dbd 16 hat

has not been used_ extensiyv _IK in 25 the past is potential fields data, such
as gravity usautrforeetensdnight ofghempdel J3y Binther prosessingaeheciion saismig

pot engi al f} { i { i L S I A, nor e
accu? gte deg?h%nggggﬁlglr&to gaggﬁb\%ﬁeg%\f\gfl%dg?eta ?b?rl{ogégfﬁ)% 3@59?3{‘8%3%8 try has
been in existence for many years al though the nore 30 sophisticated

versions have been held as.ml|itary secret until recently. The pepasyrenent
of gravity has. bACHRIETIR Of HEbEAAhSnE RORHE Ja 1 GG morer B Es when
Measuri ng i Redesyiidi: fuibbdy, 064 £ 1iti3€ PPhiek Vilnén¥1BAA BHEYR!SUREDefth 1 OF tO
this time. while gravity coul'd be neasured, variations in gravity
caused by t Migeticaef Tovo Rimensipaaleraltsge Bbhensional Detad’ issieditp damesHe gravity
gradignt, coul d no L ably ne . nas, bee sin he time
of Si1 Isaag&ﬁéﬁ? 'o?heﬁ’gﬁeghg%gé%s ﬁé%ﬁ%%ae&r?ﬁcgé&é%%r*p% 4]:(# géég%ar% né%cf:éﬁfré%er.

The neasur epwodindénsidnabseismiic dagaThighiedohé Yy beoviding bjreshed bfval i@cimgehange in
density even thou?h the object is buried beneath the earth's surface or in
ot her ways &RRVeSeiars ek trags seaments 0 they approxipaicshigrsbmensional ppsitin-ace

envi r onment @EM %U@ Shinhey akdcREd aﬂﬁ} ks crmi
formations, %s%gg{a[é di apeﬁﬁgﬁl I grgég{r?léls)suse’ 8ilPe odto h8'sdismic
model. The model can then be changed to match the depth trace segments that will be
20 stacked better, moved closer to their correct three-dimensional position and will
compare better to the model. This patent uses a rather extensive seismic process to

modify a seismic model that is not accurate.

One source of geologic exploration data that has not been used extensively in
25 the past is potential fields data, such as gravity and magnetic data, both vector and
tensor data and using potential fields data in combination with seismic data to provide

a more accurate depth mode] or to derive a velocity model.

Gravity gradioraetry has been in existence for many years although the more
30 sophisticated versions have been held as military secret until recently. The
measurement of gravity has become more acceptable in the late eighteen hundreds

when measuring instruments with greater sensitivity were developed. Prior to this



_zones create havoc on seismc inaging techniques by concealin geol ogi c
structur th zones of anomal ous density. By utili zi gtl?i

magnet i c%g%g‘%}’gﬂgsor gravity field neasurenents along wt hn% é@%l
Jnversion process, these anomal ous 15 density zones can be nodel ed. The
Spatial resihéitwhile gpdlisi soatt be @Basubdds vpriames $n gmvitg camkd Yy thtcdfidcoved
resolution _than that obtained fromyreflection,sei snlcg %g}%a. . However, nodels
obt ai ned f ri#f8e GFADY OPIesht oRa fpretire: tas ZEVity 8rash e uidnstde &eligblir at e
starting myggls.fe@r the seismc processing. Using the potential fields data

nodel s as a starting point for two di nensional and three di nensional
seism c depth 20 imagi ng greatly enhances the probability of nmapping these

*.conceal ed geol ogi trugtures. beneat h the. zones,; of apongl pus, density. Zones
of andnal ous degléﬁ?sss/b%& 8%3%%8%&’8892?333%0 c“ﬁ‘%@?gg?ﬁﬁm%ﬁgsﬂ ui d
pressure. TyphGabick.onvdath 6thef.i Thd Meastferfd: o thigfstcd\&inl idediFR 1HeOShEMs Of t he

cdrilling 25 nmud nmust be controlled so that its hydrostatic pressure i s not

| ess than thavingor chanpge inidepsisy evanthpyghathe obisehistbupiad hennath thi eamtins sistage
borehol e. O herw gqu%t fluid may flowinto the well bore, and cause
a "kick." lﬁréggﬁ%gﬁ’ayég glggllgomouts if the flowis not stopped before the
formation fluid reaches the top of the well. If the fluid contains

hydr ocarbons there is a %eri ous risk, of .an _explosion triggered by a spark.

For 38 this _reas%ﬁ?b’(ﬁé‘PP o hydrogagbons in F%“WW“&“QF’F‘S‘F’FFC WYL of the
bor ehol e fl oﬁ’rba%&sc&kléi?y f&fﬁﬁoﬁ@&ch% Rt ERMhafibhd, dndd 8RBUsAnd high predtuted! g€

excess of the boreholefluid pressure over the fornmat urd ‘pressure, on
t he ot her hzomts ciegtediayoc amsismicdbiagingRechniques by icantehbng geaddgit strueties nay

result in lpss of circulation af the drilling fluyid, resulting in stuck
ri 11 strineeeBrehtd ot Pl dendy” o8 ol R ety ped BRE pid Blsdrom,
resul ting i pragite fitR meRsteeniedlbiiaith QIroBdst aivesi BéssMY¥setndhalisur -
Pressure prediction is done by estimating certain aranmeters that

. | ] ey,
i ncl Ude t hedensity Bames<ian &e m%ig{eér Thespatal sepolitiop odraing @cnniﬂys QETE$dE as t he
total litho ' : : | , effective
stress, whi géﬁt}%@é@?‘?ﬁgg’gggsélﬂggﬁg%hﬁloogagﬁgg& (%(Iﬁgr eg?@?% Sfe rgggn%\g!\%?k of the
rack at a gHesewrveteptodels bhairedtfram gedvityiand snagnetic Gata cars pdvide airhereTer zaghi

effective stress law to esti rrglt_le the fluid.or P}ore resslgézg. ggr aghi's | aw
states that A°GBEAPEARRETBOGE rdbe JeiRncPrRifsSIpgn P fhe BetPRiAl fiepisydaia’s he
stresses bopfhdbi ak ARt Pint RPEWE BiersidnlParkt the HimehdioddY sdifificf deptr-

20 imaging greatly enhances the probability of mapping these concealed geologic

structures beneath the zones of anomalous density.

Zones of anomalous density may also be associated with zones of anomalous

fluid pressure. Typically, while drilling an oil or gas well, the density of the drilling
25 mud must be controlled so that its hydrostatic pressure is not less than the pore fluid

pressure in any formation along the uncased borehole. Otherwise, formation fluid

may flow into the wellbore, and cause a “kick.” Kicks can lead to blowouts if the

flow is not stopped before the formation fluid reaches the top of the well. If the fluid

contains hydrocarbons there is a serious risk of an explosion triggered by a spark. For
30 this reason, wellbores are drilled with a slight excess of the borehole fluid pressure

over the formation fluid pressure.
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20 Some workers treat a special case of Terzaghi's |aw where the confining
-‘str;ass is assuned to bﬁ tlhg gean itr&ssdasdopﬁosedhto Ejh:‘af v st ser 200
confinin It shou e acknow edged that this di ts,
Jbut that W?B%@E? not effect the enbodi ments of the present %ﬁmg/ﬁgﬁas
they will pertain to esti ma{i n% t he tfﬁ;_al over burden | oad, which can then
be converted to “laTBRFXGrst of (hgDorehale thiid gresyreyepthe formation thid pessUFased on
the Stress .glal 6uas AT A9 uhdRiraflE S FERARes HYRe BUIMBIN will kndf rdllik iSed f of
estimating confrning stress Is to use a density I og from a near by

cal i br at i ofosseflciranktibmé theatrdling8uderesiltingdatstuckarititangs. Hven dideilling den

| oad. This calibration was .then applied.fromthe nudlige.do ta depths
usual |y bef%hefﬂ%“%&H‘%fl"%'&ﬂﬂf’ﬁﬁgfeﬁ‘guﬁﬁ &Wtqﬁggﬁvg?wggrﬁl%y from
the cqli br fahfage Wely also38cdut, has | ong been recogni zed that velocities of
seism c waves through sedinentary formations are a function of "effective
stress,"” defined as the difference 4 bet ween the stress caused by the
overburden and t Q fluid.pressure.. A.. . Qf t hods have en used
to measure the s%?%%“%grvegfcglggtlg % reosttf(f:'f{;A ugg erﬁél g‘ﬁ ﬁ%r}eg% |3¥g’°§‘§8 make
an esti mat ah®bvérbardearstrass sritohfitiing speas sdhich it definédss e aalrlRBosvRicq6ddt | es.
Plum ey (1980) and United States Patent 5,200,929 issued to _Bowers, (the
1929 pat enton oSk vobme atdg1ew depsh, A theaifecilyersiess gvhick isgefingdasdhanet at a
specified | j erlif f ' IS

ef f eil:é S duéB%%I&ﬁ%%oggbng o%ateﬁ(eﬁrtgéé{(&}i cci‘?y %ﬁgn&b?ﬁ%?h&{%ﬁoﬁg g%d a pair
of soni ¢ veheatisediaftheTerzaghisiffeetiee stresmiavotsestiOmate thelfhiid onsdre preissurd.or
formations |n %}i.,cgat he c%r.ent effective stress is the highest ever
experi enced:® & AW SRERSIMonshi p is used when the effective stress 10 has
been reduced fromthe maxi num effective stress experienced by the rock and
hysteresi s nust be accounted for. The 929 patent uses density data from
nearby wells or froma geolfsgiBatiBp similar well to obtain the overburden
streﬁs. I n nost &jhre unst ances, the overburden 1 S stress may be adequately
described by general conpaction nodels in which the density increases with
depth, giving rise to a corPespdrdonfininglsatson for the relation between
dept h and overburden. In th? absence of wel| control, determ nation of the

overburden stress even wi t Kf® BthesHesass PIm Py BEERHG-R00r obl enat i c.
Furthernore, there are cir Lﬁﬁ?ﬁé i Isp{mé he figq. model  of a density that
increases uniformy with nggzpt |Ssgng? Y |I(ej. I'n such cases, the
assunption of increasing density with depth is violated and a different
apprqach to estipation of the overbyrden ress.is needed, There are
Severdl types. of SOTEUNRERTEHAFDIRH o U SFARPLF bW RIche SR AT
i ncreasi ng W dsburePtdbethd réaunaess Roppssddab ti@bédicall ddnfilmgfstrest 1CASRId there
is a region 25 of abnornall ,(%&h density  in the subsurface, usually of
Ghuihis

magmat i ¢ or PyAFKnovHedged iffferenes risis: bt thas itddoes 0l affechihei nt rusi ve
vol cani ¢ MaLpbh@imdhysfide prdsdht iK@erﬁﬁH%Wey%ilﬁ%tnﬁ th"ésﬁﬁi.:‘ ing WieBapuch a

formation is present wmthin a sedli nentary sec eret relative
density is bpygbumiehyodk wisehncad thembelcchvefied tdheithersattical eonfiningnstessase in t he

over hyrden stress underpeat.h the formati on. over what d be determ ned by
o1 012530  ar FeE FREIS eSS U FUERS I RTRAIAS ot AN o BSRHRTEJ ow
density may . Qoopk ebtiRRiRAdnfitl Gfsé 'l?s-t&m-e 98e§§1§‘ lt%%(ﬂvﬁphhéarb* galﬁngﬁi?ma case,

the overburden stress is abnormally | ow conpare at wou
det ermi ned wellmnddntegrate thetdeosity datato obtain the overburden load. This calibration was

then applied from the mudline down to depths usually beyond the depth of sampling

to predict the overburden away from the calibration well.

It has long been recognized that velocities of seismic waves through

sedimentary formations are a function of “effective stress,” defined as the difference



either case. even if the effective stress could be determ ned from seismc
“velocity neasurenents, a formation fluid pressure detern‘i@@t'sgn sed on a
prior aryodepsshéy nodel would be invalid. 5 In prior art, pitakgssdgion to
extrapolate away froma control well to derive an initial pressure nodel.

Wen abnormal |y pressured sediments are present having higher porosity and

| ower denshatyedmig syesicaaseddyi the onerbaeienias thgapare fluideressuest donumherafasi ng
density wi i i COnf.i mnl E i resti mat ed.
There is a&ﬁtehgg%%re b%e}r{r:gtg %@éqﬁ%ﬁp%a%gggg% e#e@a%%gwggﬁg@% S Bﬁi ch are

r esponsi vefotfiationspodenikicadn dsiimacksofahel foraratipn fleid predsufel fedrd shedmeasuréthe

7t or mat | OHFIDHFS cb LR (ISP0) A BieD R Bt FEssieqio PvPEs hheed f or
a_meshod 1 anodnadeler il ehBa bt atink hdpdié ﬁaﬁ#,rsrie%ly&erht %%pwgefubsur face

that ( 1) not require the availabiTity of de | ogs™ an 2) can
nmor e accur kicetion. dét erathorkalsdhacodentsi foy passib sy ssandsis affeatsaduierto 2Bloading o away
from and degeper, than.the. Jimts of. density fromwell. control. Such a nethod
shoul d pr e&\gfa‘f}?_ rxggn%{m'ghetge&ngiath_zr:?aipa%ﬁ%écggijﬁo%%?ﬁmv? AE®Yr esence of
anomal ous {4titak] One rélBAénsAAVIS foefotnkliSss ifiiveHitH the didirént ettt Rl #Rks fsf om t hose
expected in normal sedinmentary 20 col umms or.t'hatﬂ{;redl cted by density

val ues i n Siedygkesbevergrparisheedyeh sscorpirelagprshimis used,/ when G effaeti v steess t hi s
nee SUMVARW N i ' J ilgpﬂ‘; S a robust
i nvceipsi on pr o}?:ec(é'?rsisr 4?%?& ggﬁé%n ni ﬁ%%a%@?gggésg\é?kggg%ggl C é?éjctrjc ﬁre
represent i hgstsrebis enustbeascotumeddivs. ons i ncl udi ng det erm ni ng subsurface
formation fluid pressures using seismc data in conbination with vector and
tensor potential fields data, both gravity and nagnetics. One or nore
conponents of paerdIPharddi@kéiSderRiy Qhtadhtiin hetBP welPbiiréht JBRYICEY at a
plurality of 30 locations over a region including the anonal ous fornation.
The pot ent istohildrivedlidte obtam the cvietbhurdenysteass.t In mhpssicitcurostanegtbe peerbimslens,

vect.Qqr and/or_ tensor.. A geophysi.cal, nodel .of reqi neluding the
anongl ous FBrPH0 eidgq’é%?l r ?{étﬁf% ; gepets] %‘%J;cjao“ “%dgfr%éﬁﬁvg\‘cl%c%‘e seismic or
a conbi nat idensigfintreases with depth) @ivihg tis€ toodorfespoading wintioq fenths rélhtiéthe

potential fields vector, and tensqor data at the plurality of | ocafions is
estimated PEWeERLepHIBa .°V¢Fb8¥dfeperléﬁ%att§§?‘iﬁégﬂ“°(”tf€n€a ﬁéF%’&aV%IFG €and t he

measur ed vy biirdth b Rkt Wl ¥ sinleAGR LAGSIiSpRBaiE N FdrndiforgDdel of

the region I's updat ed base erence. The estinmate of the val ue
of the one there awrarcomsocesrih syhich thedreodal of adensigy tioft indreasds efiorerig avithnd t he

dating of, the nodel..is repeated until the difference reach a ,m ni num
val R0 The dspilkis BoF Yatide in FOCK FRASER- (06 SASTBPHOTEY IRFIGSSI0R SFRSHE TP Br et

Abnor mal  defisihiel @6d hAiffétentHppERich 30 8aindtin B ithOt\eriirerC AFPRInted&B OCi at ed
with a salt body, a shale diapir, and extrusive or 10 intrusive ignheous

bodi es. I n one enbodi nent the paraneter of interest can be conbined with

seismc data re i SOEiREE r . N | vide a
geol ogi ¢ depth ?D%Zf&gﬁg&[r%qg%rl veltggt\r}e oc?t@iﬁgégﬁal%%ﬁh g?\%tdﬁg?f%ﬁg%}gi ment ,
sei sm ¢ datiacreasingwith depthénd edmipattiort isenot malad. dnole firsbcamesthere i aredien ref i ne

the Jover boBoama A Ry Bl BT ShhoBRe, ISP E0Ra ol gy O TRt Wil ! Oved
could consist of an extrusive or intrusive volcanic material having relative density of
2.8 or higher. When such a formation is present within a sedimentary section where
the relative density is typically between 2.4 and 2.65, the result is an increase in the
overburden stress underneath the formation over what would be determined by prior
30 art calculations. On the other hand, a region of abnormally low density may occur
from salt bodies (2.10) or shale diapirs. In such a case, the overburden stress is

abnormally low compared to what would be determined by prior art methods. In



15 by seismc imaging followed by another inversion and seism c inmaging
“step is repeated until the results of the gravity magnetici i M i,on and

t he sei w@,gwk i ng processes converge to a single answer f@gmﬁ mcally
determined velocities give an estimate of the effective sw iTe the
inverted density nodel gives the overburden stress. The difference between
t he over beithireasg§verhid tes ¢ffective stress ceuld bedletamained fram sgspiceedeni®. |1 n an
alternate_e i t M8}V i . i jn density
model o anf e Beteyaus RrmibFn SUSERkRk iR M ot Blor  BBR 0 MO0l £
di apirs, angliebwbuldshedavalid.i ntrusive i gneous bodi es, where seisnic data

al one is unable to obtain accurate velocity estimates or do accurate

i mgi ng due to ray path distortions. The geonetries and densities of these
anorgl ous bodi ; ﬁgﬂ r y sti mat es
corrprggr ed to thgﬁgﬁag?&’g?{é eroerE %nﬁaﬁgggbﬁa\?g@gggﬁlﬁzgr %égﬁgggd to
const r ai niitiel pressubaimddel. When sbomnmbldy piessurdtesedaents frepa¢sent lavimgt | ons i n

the @ulf of ,Mexico, f . t derived f i i i I .
wth a dessicy ooty S b ceRihn SoRut in 5 soht Bb AR ot ot cart
model fr O'Ihér-éé‘siﬁg"'élﬁfslﬁir %hpde?gﬁ%sfiolmhapm dRAfiHRE PréBuleNPYerbRiridlgd, Sei smi ¢

data to 30 obtain velocity _effective stress) 'information underneath
t he anormalThese s@msed BriARethoSCRIimAgeaNbERrarm fDrRjaussvtich are responsive 1 is a

seismic section.of-an ar havi n | gu Y h sal t
dorh, *: dapetdiladss SERmAY A HRER, ATkt BRER ATl

struct ur eqdabeypad 1 exhracEhoteusefil frifoymationaRan dithgtidsa Sypechas pesvided cal
representation of the overall nodel integration illustrating a chosen

wi ndow andeé®§er vati on points. Figure 4 is a flow chart of an enbodi ment of
t he invention for conbining seismc data and potential fields data for
nodel i ng geol ogi cal structures beneath anonal ous 10 density zones. Figure 5
is a flow char t Thdre & sdeddonametediforiaceprate détermtinationafiftuid pressurecionbi ni ng

'seismc data and, potensial fields.data for,npdeling.geologi,cal structures
benkat h arfgﬁﬁ\_‘llﬁh‘gfagﬁs?ﬁ {lb-%gm_reﬁlﬁa.fm%a%ax{agﬁ@ ?# %nggg%t‘_agﬁg)_nca@nbodi ment
of the i nvgpld LBudafily 8&ERhIAE Atk &kRYbEthd 3ubkutRcAmR D of SDlvaly ftdnehats dat a.

Figure 7 is a flow c¥1art of an enbodi nent of the invention for determ ning

fluid presdagper than therlimgitoef demsity, fromewel] canteplr Such 3 method|shonldrmaeferably an

enbodi nent, of e Jd.nvent i fery ni | 1 a
subterranel%l‘:hal%h%')E)n%‘%ti["1'icr)1(r?ﬂ}(i)(lf1 %ﬁ%@%gg ,ﬁltﬁig{eg%c 85590 leﬁ %Iﬁészﬁgﬁgﬁguss%o density
or vel oci tyaveldehéiRbSSigddNcOktlyTdiffefinEfrEmMREbs cFevipeiddvitNAorabseqalimsetaty | nvent i on
utilizes a very robust formylation fqor cal culating, 2 ravity, magnetic and
tendbr fi efQiumgser &’6‘ Bregist t%%&ﬁ%ﬂ&s‘%w ’aglt’é’iq g’eﬁ% r% PI6¥2! enbedded
in a knowny ggnmééﬂgﬁlﬁ%ﬁtﬂeg@_uti on of sedinents. The enbedded nodel is
conposed o¥1 an upper boundary, usually napped with seism c nethods, and a
paraneterized | ower boundary to be determ ned by an inversion process. The
paraneterized | ower boundargy S e s gnetic data to 30
predi ct paraneters. Then, .MMghﬁch |%M§?g§$g to provide a depth

i mge using the predicted paraneters as the driver. Further, a velocity

nodel, can be derjved using the predicted paraneters. In the alternative,
t he28ei smi ¢ dat ADfrRIESERE igdeadion dngpgporates a robust inversion process for determining

parameters and geologic structure representing subterranean formations including

determining subsurface formation fluid pressures using seismic data in combination
with vector and tensor potential fields data, both gravity and magnetics. One or more
components of potential fields vector and tensor data are measured at a plurality of
30 locations over a region including the anomalous formation. The potential fields may
be either gravity fields or magnetic fields, vector and/or tensor. A geophysical model

of the region including the anomalous formation is determined using gravity,



1

_additional constraint in running the inversion process again. This process
-of inversion followed by seismc inmging foll owed by anot hqer i_nver si on and
seismc \bm&gﬂﬁtep may be repeated until the results of 9 9k gzuﬁali ty
Jmagneti cs i nversi on and the seismic imagi ng processes conVErGEWREL 5ingl e
answer or a point of dimnishing returns is reached. Qtherwi se, if the
process r eaagresichagismit or dcambigationafithasei Agvdlhadf thhene ot siore0t a uni que

solution, the proce is dis t.i nued. -pendi ng United States Patent
Appl i cat | SRNFRCTIS P B %’f@‘}“aﬁﬁad%ﬁy g L B1SQR HARG! 3@9%‘%%%%50%39%9 the
same assi ge&iAmndd FOnE HYENT L diferdiie HRrveR thdlbdinat VAEQIRAMA ed here by

reference, discloses a nmethod and apparatus in which a gravity and
magnet i cs measgres aluaset e pjumsligenfddeapions fsaletamséned. tThegnedei ofjthe Fegdidn Tensor

. Gradi.onetr, ETG) . gravit magneti ¢cs. can used a driver for
bui I di ng elér"‘i’ﬂatﬁ%ggﬁeg% eggﬁcﬁﬁcg‘ Eﬁ? 835?33%85@1%"&?“ O FHRGi scl osure
~of the " 57@mpohbtsaiid deteriidRbh bf fhleiddféreRdetandithe UPRAiInB I thefM6de RNVENI ence.

15 This fornulation of the present invention nakes it possible to build an
i nver si on TsPerted untlshe diffarence repshesaminimyonring Phg updsiedimgodsd issused ¢o

i ze ¢ g dhL Bene, Bl YRR ANYAGorgll olddiSn HREbiLhelels ment i oned

above and eir mezf ounterparts. nce this inversion process is so
robust andforatiomsadre eommaonty assowiated withra satt Hodg) dshabadiapie raadtegtrudive oS
proving to, be useful or at h regi onal. and Earl'{o‘? ect scal es.

for . .ex ion.at baqt
The 1nver sitgRisiyF SeRRoys Bpdieh dn g sabpdimant i R Heo LIPS B 8 st r engt h | n
sever al ar@&ﬁbin&&“ﬁﬂ%e&hﬁ@d%r&ﬁ%%ﬂﬁ s38d DRt etf P&t ﬁﬁaqiﬁi‘@o density

and 25 susceptibility can have "any i zontal" variability including
di scont i nuptovide a gaedogie gepthurndebaridan defive Axslocpy opslel. i loanpthenssumed to be a

Thut. Tor. pes Pl “Biomh dae 8n BERROS TR0 dhd HetoiTeBlss W RERE! o ¢ ne”
vari abi | i t yefie tReler boandhrp bae@plet piedictivn&STRE pRickss of drksied follgwee

i nherent resolution of gravity and pmagnetic anal yses.., JO For three
di nelisi onaby seis@icRAging fodlopsd R pectherdayersiop e SasN GBS RISsensi ti vity

matrix co ; rid [RYZ=Y ; fy it hrespect to
9 P B o B, e B e e B
i nver si on prazesss convergretocadinglé anssetr.i Thesetsmicallyndsiermined veloditieprgive am

routine sinultaneaysl This fact.makes t hree di,nensi onal ipversion

tractabl e. .eg“ﬁ?ff 0? \%I%B3 %‘F‘i‘i&ﬁ%f‘bﬁ%]’”“}lﬁ r‘g?’?f%% c{c&g} P}?ﬂF%ﬂH’fgf © B‘éerg‘brﬁ‘f’? act ed

to a one di@RRSTRBAEifféreh@Hetlécdthé SvbrbiideRhhOWHeNfchVEsRsOR the ABR t 0 be

done extrenely rapidly. This inversion is used to nodel single groflles of
lo

fiel2d dat apreFawrepdn ar aerpate smbpodimenpof e inveptans the meghaddn ybesrialobtaiver si ons

o 20 SRSt LA B E5  UakBE LR, S ARSI
diapirs, and extrusive or intrusive igneous bodies, where seismic data alone is unable
to obtain accurate velocity estimates or do accurate imaging due to ray path
distortions. The geometries and densities of these anomalous bodies are then used to

25 generate improved overburden estimates compared to the prior art where only nearby

well densities were used to constrain the overburden. For example, in the case of salt
formations in the Gulf of Mexico, a top of a salt map derived from seismic imaging
along with a density model and bathymetry, are utilized to produce a base of salt

model from the inversion process. This may be used as input to the seismic data to

30 obtain velocity (and effective stress) information underneath the anomalous zone.

BRIEF DESCRIPTION OF THE DRAWINGS



10 the two point five model has finite but equal extensions on both sides
~of the profile, whereas the two point seven five dinmensio eel gpdﬂ] has
unequal pylosReI7oNs. Both types of inversions can be proce%tq%,gﬁ%g?m;api dly
by utilizing the three dinensional framework. Furthernore, this allows off
profile variations of the nodel to be entertained by either predicting them

in the inversion process or by setting thema priori based on seismc

and/ or ot VAL e 1 i EC@E[%% j | el

conput i ngrlﬁggﬁen?aguég%l%ircg e%%‘?t#&%%e 0 %Opgérﬁtlﬁgé{gﬁ}( géeheg?&rr%lnés?ieaosﬁgl case
si nce the domesdi mensi onal, two point five dinmensional and two point seven
five dinensional .inyersions _are already fast. It turns out that the 20 way
t he i nver st 5t gwi@agé’tfﬁﬁ?ctﬁ?‘”e% ”%/clfigng\gB?loﬁ’scf‘LW?Si?ﬂnéa‘brocessors.
Thuss the Sl apiifd dehi®y poyi ously required for large three di mensional

i nversi on processes can be greatly reduced. This is especially inportant
for regi onkiguse 3ds @ graphinabreprasgrtatien of the pyerallenoded integatiorpibluftpatingat a

preparation, the.forward .nodel.in rtion of this inversion software is
al so used_(iri\?s"d’ow W?‘Pfgolﬁsl"%#‘?ﬂ},%oﬁgsgneti c and tensor data for conplex
bat hynet r i gigfé £¢3 & floROsHARETT 26 @hitRAIrh & 9f eHeSAnPBARNNDS bothbiding sERRIA
dependant density as discussed in background sedi ment properties in order

to obtain ¢asaand potaptia! fipldsdaty fosmpdeling eeolagical saicturecbanaath aBemAlOPY ocess.
Thiz reprg&%g{?sz ubstantial inprovenent 30 over the standard use of a
con Pant ouguer density. Those versed in the art would recognize that
nunmer ous cPighee Siina flosr ehasgflanadtedate eribodimentoofithg irtentonrdfol aombpméng enment s

to get a better representatiaqn of the magnetic field. These. include a

di ur nal co?‘?‘%’&‘f’idféﬁp"lﬁtﬁl %s‘—rﬂt@iﬁelﬂafdaﬁ&aw@?a 108 EOUOEI!SHSTBISS PaREatthg t he day,
an | nt er nafi pnah,{RIRGPEAIC Reference Field (I GRF) correction. and a

| eveling correction to resolve msties between data acquired at different
ti mes. TheFiguee 61is a flovhciriwfransendudiment ofighd inwprtidrefor gpmbisingsseisadect i on to
pol e _correction,is ”ﬁdﬁ'l ucgagaa correction corrects for the effect of an
anomdl ous SHAFHRBERHE Qf@% its position with respect to the nagnetic

pol es of t Rgru@artiba fRAEhAL oft dhceniBiddheft 0P thLitve ot fop dbletginidperi@pp! i cati on
of any nodellng 10 15 technique applied to potential field data is the
removal of PICRBIIe EhR BRRAPD ©F BIEeshnd, thus, the isolation of the field

bel i eved 1 pigite 855 AN et b dh drfdboctinBhio e IiRnABIR): dORIAGIRATIned. By
properly f.f ering the data between successive Iterations In e inversion
process, ppessue bdlomessuinetrarfear fatmatian obinterbstalikean body witk agerasiouy and
nag&%ti c data.sets fi nmul t aneously, thus allow ng convergence to a common
moded’ st r ubFHIE A Y5t°®pl ai ns both the band-linited gravity and magnetic
fields associated with the anomal ous body. The resulting regional fields

t hen can be nodel etho D diIct d%e eat e(lj? strutﬁresgeneath t he area of

i mredi ate interest. ‘ Rish RE MR B DK VIBO DAV |

i nproves the convergence and 20 efficiency of the algorithmis a predictive
filtering procedure that reconstructs the regional field fromthe inversion
itsel f. At each Thepe¢sshoimvsitem, utilizes a vergrrobadt feshulandetor chleulatingral ous body

h . . fi h .
n‘odeis that glra.svit;',e g\%‘gtrleetﬂ: a:[.n% terllstor %eFds %%E’. ?o 2 ggra&%@neazgg ?ncgcm ssuch?z’i(s) salt

formations embedded in a known or assumed distribution of sediments. The

embedded model is composed of an upper boundary, usually mapped with seismic
methods, and a parameterized lower boundary to be determined by an inversion
process. The parameterized lower boundary first uses gravity and magnetic data to
30 predict parameters. Then, seismic data can be combined to provide a depth image
using the predicted parameters as the driver. Further. a velocity model can be derived

using the predicted parameters. In the alternative. the seismic data may be used as an



nodel response to the observed fi el d The differ ence bet ween the nodel and
“the observed field is treated as a "residual"” or "error" 22{]1['1

wavel eng ‘?O(l)wénent of this error field is calcul ated and tributed to
the regi PEl d that nmust be accounted for in the regi SV This
1ong wavel ength residual is used to reconstruct the regional nodel and this
reconst r uctéditivediconsttaimod elinrisg dweripesrsidntpoodebeagdaon gitay ploeery toffi invegicnal

conponent repoved early. jin the raocessi n f .the. potential
e e tnt Bt S TR B el s d e PE B IR SR B S G DAL BB & BT oper | y
separ at ed heatyvu%erepédtmul ki RESE §fQnd Feav&o BN iDRGLES aDthe lsBighid €l at ed

to the regional field The present invention also includes a step for
processi ng impging pracgsses aorvergs ekenglaaswirar atneint 94 dinisishingorwitstient i n t he

y rmdel- t hat where a flat
model® i s usrée ﬁédn\é\bﬂ'lee# ﬁggh ocg%eesgtfgégéﬁh? gwe%cﬁ&q gatto gﬁ%g@??ﬁ’}? term ne
t he | ong- waumigrgbhution| theprédeas isdisiontisueppl i ed to the data so that the

* Lapl ace Equation is not violated when the inversion is run. This contrasts

with prior art nethods that use a sinple band-pass filter to renove the

| ong wavel engt h%@gghdﬁs‘geume@sfa%és'ﬁ&@mﬂ fcstion Mo (0Plss1 5700020 | 1

the same way for e nsor conponent tpe answer W | I” 'be wrong Because

the differeant Nmﬁﬁ@ﬂéﬁﬁﬁ haf/mghhe $apmesansighat and/\ihlelcoinentsloﬁwhmhsareﬁtllyvm th each

ot her . and not sati t.he | ac uat ion. The new net hod determ nes
the ¥ oper ‘F‘?W%‘F‘te‘a(f‘?ér CW% rg glsélﬁﬁ'i?g%’é’ﬁfh°aﬁagf‘?f@ﬁaq“? ’I“t‘@lﬁlﬁhf‘ﬁé%"“&orrponent
so that th%@%&gﬁeﬁ@.ﬂﬁber&%ﬁde&@u&de'de@élob@@fcﬁ ubE AR GRAD! FLIETENOS | S

internally consistent. Wen this is done properly, it assures that the
tensor resiGradiomesydFEGHrgravity and magestics san havisediisy deiyer fophuiidige eurth a
single eart i used to
renove the lﬂldﬁg rgélglgyg&tvﬁ o%éssgu%%&ggﬁ%@é}b}%@?@&ﬁ?% (1)?% e the
entire freqﬂé@aypltmnmsaweiﬂneudedmmlﬁir cbhedndencensi stent. All tests of this
invention have utilized base functions equivalent to those used in half
cosi hd transforms for paraneterizing the |l ower boundary in the inversion
code. 20 Howeverppif orffhlch S1neBRIGR it Réhuib lakess Bpisiil tobderOr t Nogonal
set of functions can be substituted with m ni nal fort. For exanple, it
may be fouridversiah progsssmerpredici the lwembagmd@m@amqmm a3 t© muymijredhd de better

conver gence t he inverse ess. O ho onpal. basi s
functions h %reﬂﬁ P‘itS’SEP e, Iﬂﬁ%@%ﬁi’%os ‘Y ‘é*?%‘}eﬁﬁg“ seat %ggt%f%lmeasured

par amet er i zdougterpretsl Givide thisunekasiyn ptodebeissubbirsst anieapplitalertt doafarhf

interest. A sliding boxcar function with vari albl e width has al so been used.
An i #or t antarigd fis msr-surwgntf AV AP UAS ta be Hapfl fRpexpierationatbofh eiangl ons can
be distributg r§§ gfegly thus removing the need to have the data in a
gridded form e same datum This is especially inportant when

si mul t aneously | nvertl ng data sets from various contractors. Al so,

i ndi vi dual fiel d}.ﬁbser vations ca? htvegl cl’ n,the knver Si on _process
according to t helP° ENEBIPLRTRESS of 91° P‘C?-“'ngtﬁs Yor demonsirates, it suength g,

i Il ustratingvanl akesd Bfthé Biedof ShckpamirtUsedingdtlt propraiss) e dedesiny zones such
as a_salt dones. A rounded interface can _be seen as masking the formations

bel 0% For $usFeptipiity canhave any hosizentabyemabality le%lhdlﬁéfhss@nta@neqsmmeéew
normal sei S?Qr&gﬂﬁ%?ﬂﬁ%?ﬁ@%%#ﬁg iSRS g& 0 B@L‘ﬁaryne&mwté Brdet SNty demsify T 1 OW

chart illustrates a ne provi
and order five for susceptlbxhty Thus, for pract1cal purposes, there are no apparent

restrictions on the variability of density and susceptibility especially considering the

inherent resolution of gravity and magnetic analyses.

For three dimensional inversion, the forward model fields and associated

sensitivity matrix components, (partial derivatives of the model fields with respect to



‘nodel upon which derivation of subsurface formations can be based. At bl ock

-12 reflection seismc data is received. In general, reflec E@emmn c data
is nore % 10 than other forms of geol ogi c expl oratlé!g&i@ #] nost

fi tuati ons because of the extensive work and research that Bf devot ed
o its use and application. At block 14, the reflection seismc data is
used to derths/eamm@tqrwpmspmmhéﬂowrgmn@gy)eumddelthe ngersiomt pracess ext bris| y,
reflection ation,

for determ %ﬁkﬁga%aoclr?ode %12:}]}(1%9%?1&3 e%%gloﬁ (r)%u%o ﬁ,ﬁgaﬁ%ﬁ% l%uiéglai'%“iﬁ eiones
Geol ogi ¢ bauwndasd mdmemaltlhx&rb@ntr@maere_the anomal ous are not as easily
nodel ed. While reflection seismc data is generally nore reliable than

ot her forms of geol ogi cal surveying, anomal ous density zones, such as a

sal t §iorre bl OCk v%g éﬁs%.lnﬁltlﬂ(lérs1oﬁf4hg§gdb%}n hB{ L g@rg}a%&dqgla%\get he zone.

In this type of area re surveyrn econes unreliable, as
shown in t himessiengiliategtation comtineadiosing xlneersmhlsmps tmue dmesentmmﬂ:@t mphﬁyaorres

so unreliable that.no.lnf r mat i, Qn beI

obtained £ Bs IBERIGR ised i Snpel ke Bt Reld A oEb 6 NS e ni ng
to the det ﬁ;{/ t%%x?ﬂv@ﬁnﬁéiﬁxdngm%ﬂ?f&ﬁ‘Qﬁra\lso' a"f)phé&fdaélﬂgg *prc;mb§otd@it@ may take
the forma potential fields data, vector and tensor. In th

f or nul at i onRatberthan hssuming tigfmaetiel to b%ln&hltd(ﬁ esgnded on b‘bth@edtamﬁﬂmmﬁhat i on

of th abo menti 0 dat b roc sed simult t heugh t hese
typeégof dat'a t\g?goagﬁlg'e (%lﬁ?sg(‘ﬂ% Fﬁt&ﬁ“ﬁ? gfﬁlﬁghﬁ’ﬁﬁf ?@1% seismc
data, in thiyRereastie tbd p@mt@a&aﬁ&mqﬁn@eﬁsmdl ynodelteas upeh @ ekthsibhe! Boat a

provi de the nost 30 reliable starting point. The data received are used to

formul at e ttyges ofinyversipns cambe m@f-'ssm)ramaawdlwdw ytidizing the gareg dnengianahpdel
olock 18. ThEnaghHal rdelntatd, 8 Alod gfmr yRRAa0Y e SadlRfe By Predi cting
paranmeters representing the [ ower ound roug an i nversion process. 5
Al t hough va¢ntetgined vy eghearprédicthny therasn mnnmsmn pracestorty shetirey themen t he
pararret ers (coefficients) .representin wer. boundary, the particul ar
one tlésted PROR @se& 1 ﬁ@ﬁf?@ﬁ?@é@e@% 1% ccessive inversion of a
single coefficient at a tinme until all coefficients are determ ned. The

total nunber of coefficients is set a priori at block 18 based upon the
m ni mum wavel engQempwiations hased egparalle] cerapytingdechmiques weze inyassigatasondwr y .

R e i T T

exanpl e, ifaxd tvenpoint sever fivbdiri@igional inlversidns afalieady Gisat It @irns But ther the
direction and y, and y, are the spatial Iimts of integration in the vy

di rec0i on, #dY %mwe@&ﬁ RYRCESS S 5€§1Paff‘é5 isaldfor yyine mukpele paqceﬁwmﬂ?t@qmer ed in
the x and y, bge%qhheaﬁevﬁ&ﬁgﬁﬁh?lvfd ﬁérieﬁ'%e fhrce aﬁm%ﬁbﬁamwgflsh%@%&e%ar{ err)

mn are: 2~ xz
be greatly reduced. This is especially 1mportant for regional studies where large data

sets are required.

(3]
n

For data preparation, the forward modeling portion of this inversion software
is also used to correct the gravity, magnetic and tensor data for complex bathymetric
effects. Bouguer corrections are made assuming a depth dependant density as
discussed in background sediment properties in order to obtain better input gravity
and tensor data for the inversion process. This represents a substantial improvement

30 over the standard use of a constant Bouguer density.

Those versed in the art would recognize that numerous corrections are applied

10



a'mm 20 Thus the total nunber of coefficients representing the |ower
boundary is nx times n°. At block 20, the first coefficierggrsEBredenting a

uni f or m xywysogpundary (1 ongest wavel ength conponent) is W&c)%ﬁoﬁ,%ﬂThi S
oefficient is based on the received data and represents the best fit

possible with |i m't%g information. At block 22 another coefficient is added
t hrough t hé® MRFRFUS R FICAREERENALO gof a better 15prrsgniztonef the miagpsticifisitt s added

thus far a ' &t iSi 27 Etid e k Qufi rder in
ahi o £ hey e . ReCd T oy Rl

short est walapl anigtemavesf Georoagre}ic Refirsngsrioeld{§GREhedrregtion. and & llevalihg
coefficients X tinmes.,ny).have been .predicted. deci sion., bl ock 26 a
Geter m nat CORCTPrRdEoARY PiEH Bearn afe SR Bt e b T oE AR et eat
‘If they haygethéd wotliteeqRAE KaINviRkie: B8 nbta REGGond3 poledoereativi i atadeoef f i ci ent
is added. If all coefficients have been predicted, the program proceeds to

bl ock 28 wiskekea chmEItRsOTISsts derthy effsctif 8pragmalouT hpdy dapepdiag UpeR/its ake any
“formecurrently. in . i Ll nitor display, a hard copy
pri nt out o&og?eﬁobgvolthpreﬁgééc\cttlrté(;tnhite(?rgﬁ%&%ﬁgltgggfeﬁgf ﬁl'sc. The nuneri cal
integrations necessary for each step of the overall inversion process are

acconpl i shed using a di mrensj onal ussi a uadrature for e two 15
horizontal vari abff8&° II%aJPWé‘ob@mSice To ?ﬂgeg‘Fg'PS]b‘f?t‘logog%‘E}'a‘lnPéﬁq%ne _

anal yg i cal gxcmﬁ’@)e &plitll o Ptetitlt FRATPRANANKS rédioval 6f RRUEAbAA Feld AldguE, el ds
vectors and tensors, alone with their respective partial derivatives (wth
respect to thaddolasfontdf¢he Heldfbelieendito baassveiatadevwithitherscalesf thomedehbeingary) are

integrated simlt ﬁg?%&fyg{ﬁtgﬁ%@ﬁ%% é@%%&r?&ccéﬁﬂ?e i%%%i S&Qst anti al

conput er tife™ I'verst on for estimating a

gi ven coef fjn¢éeith procdspdnrédiciel Mgz fields canbk obminpddduhedravityaedt ri ct t he
integration to the anOTTB.LOUf densjty regi on of the nodel. Another sk (not

shown) is URPEREEAAITEISHER IBIOBEY atud Al PHING(COPYSIBPRACIO A RRTABRIIMR al
extens of fifichitt 8 dkbiaths 'bBuOhE Sand-Anditdh gRlin CARTRIMEC ATRLARDCibkHE.  Thi S

1
is especially Tnportant since as many as dne hundred thousand nuneri cal
i nt egr at i onwitheéhe aivsealews bogy. Jhiemesulteng regiopalnfelds hensaebpmodeditad, each

usi ng about one hundred .t housand Gaussi an nodes. [Thus, for typical
expl or at i onprgglﬁf Bﬁﬂaﬁ%ﬁg,sgﬂ%ﬁs%ﬁg‘f a\er‘?f%ag%ﬂ%?%g&‘%ﬁﬁgcessar y. For
Gaussian integration the integral is broken up into k intervals and the two

poi nt Gaussian quadrature is applied to _each interval. For exanple, the j
th interval 30 i Rartofthe inversion process that dramatically improves the convergence and

20 efficiency of the algorithm is a predictive filtering procedure that reconstructs the
regional field from the inversion itself. At each inversion step, the inversion
estimates the anomalous body model that is required to fit the data and compares this
model response to the observed field. The difference between the model and the
observed field is treated as a "residual" or "error" , the long wavelength component of

25 this error field is calculated and attributed to the regional field that must be accounted
for in the regional model. This long wavelength residual is used to reconstruct the
regional model and this reconstructed regional model is compared to the long-
wavelength regional component that is removed early in the preprocessing of the
potential fields data to make sure that the signal used in the inversion was properly

30 separated between signal related to the anomalous bodies and that related to the

regional field.

11



bl f (x)d (x) -- ~b~ak ~Zw f (x) (3) I ~~~, i=1 wherew, =1 .0, and
*X.-~b~-ak~~~+~b~+ak) 2 . -2 () 5 with x,' being sinply: 2 6SERNI3 t he

total irvego&n3ies 10 | = ~ jbk f (x)d (x) (5) k=1 k This iTPasuclog7¢ext ended
‘totwo dinmensions as follows: XL bt br I =~ ~7j ,~f (x~y)~dY (6) x=~ |=t

ak a~ where bk : L X=X ) LocfH o f(xct
T ek oot brpsert il 2l Tftudes agferirbrobbosle e oty UL

+~bk +ak~ make sur ttancheldata are condistet. inYhe-thoded thatdhey Willinverf tavhere x, = y~',
and x 2 = - x 1 = 1/J3 Thus, the entire integrgtion pr.ocess is controlled
by det er i Rifergivelye tHe Hireprosgssaviert & Flatnedek 1npsgd and ggrsitigsare fabeddsd i pr esent

the overal . I M ROABLPE Y 4MinTin® theioRSl%a¥elength filter that must be applied to the

5 data so that the Laplace Equation is not violated when the inversion is run. This
contrasts with prior art methods that use a simple band-pass filter to remove the long
wavelengths and derive a residual field. If thatis done blindly in the same way for
each tensor component, the answer will be wrong because the different components of
the tensor data will be inconsistent with each other and not satisfy the Laplace

10 Equation. The new method determines the proper filter for each tensor component
and then filters that component so that the earth model used to filter the 5 independent
tensors is internally consistent. - When this is done properly, it assures that the tensor
residuals are correctly treated so that they can converge to a single earth model in the
inversion process. This approach is also used to remove the high-frequency white

13 noise as well, and is used to make the entire frequency band in the residual field

consistent.

All tests of this invention have utilized base functions equivalent to those used

in half cosine transforms for parameterizing the lower boundary in the inversion code.

20 However, it should be emphasized that essentially any orthogonal set of functions can
be substituted with minimal effort. For example, it may be found that a power series

or Legendre polynomials may provide better convergence in the inverse process.

Other tests of orthogonal basis functions have utilized the Daubechies wavelet
25 set DAUB4 for parameterizing the lower boundary of the subterranean formation of

interest. A sliding boxcar function with variable width has also been used.

An important aspect of this invention is that the observation positions can be
distributed arbitrarily, thus removing the need to have the data in a gridded form on

30 the same datum. This is especially important when simultaneously inverting data sets
from various contractors. Also, individual field observations can be weighted in the

inversion process according to their uncertainty.

12



and, therefore the values for the ak, bk, a, -and b,. Referring now to
“Figure 3, the overall nodel integration is illustrated. e I

i nt egr atyweojsdss,. ~ X, and y, ~vy,. As illustrated, each%q%};{,%%ﬁp poi nt
A can 10 have a chosen wi ndow of integration bcde that is equal to or
Snall er than the nodel integration window. The nodel wi ndow of integration
is broken up into Ktines L, a two by two Gaussi an quadrature. The

di mensi ons are g a Eismic Xoddd1BirkiSngih & o) fkvid@ niniy S. Thus,

il 10Y dof int

the interval for %"ﬁe Gaussi an points x, a y,evﬁllfl%e approxitat el y one

hal f of t hesenalespdansity ednes suldhl asi adaltrdvatdsort mipoddd inteefade san bdsdenan of t he

Gaussian points is calculated prior,to the actual cal culation along wth

whi ch Gausg}aé%mﬁg?er@gnmtbfb“geﬁ ‘Uttp’lsidf@cﬁcf’g}?e f'éﬂ'e %‘E}davn?aé’g?‘)&gﬂeon_ at each
* obsernyvati Oﬁeﬂaﬁhﬁ%dbgﬁb&iﬂ%éi&%id%;?pﬁﬂessﬂ{ k@pypf doing inversion in the

spatial domain tractable. For a given distribution of Gaussian intervals

the variabl e boxcar function can straddl e any nunber of these intervals in

the x and y dir ion W.di.hs o e i | .in direction

Vel di ng 1 our GReerag oL Eiete® 2, 8RS ot SiueRs e PR Racte b PR e ¢ e

base or | owjdebopurcwhivh iderifdtiah oflsGbsefaed1Rirgaiigietan be daskdptAx sletle12n ned by

the inversion process, For a region covered by. 500, by 500 Guassian
i nterval s 6#RecHon PHSTRIGAtDIS pecgigdp dn gemarals eflegtiansieismic data igmaze reliaflendow

si ze uld j : 3 Lot HaAR4 | et

func d|N(c))n tr‘itgﬁirﬁ9 ﬁ%ﬁ%ﬁnggﬁ%ﬁogggwé%hégu%g?%rﬂrggl%two flort%v\ocl nt é’ﬁ% S wth a
50% over | agxthsiwe modwnand tekaasch that has bepm delvntedty ipse end apylsationhe sane
nunber of unknown paraneters which. in this case. are the coefficients of
the 2-D wavel ets. The vertical integration is acconplished by either
solving for an a0@adydd CAheNERRDY L3ndiO dhdKeudeA kO d@SEROUB oY Poivalofat i on of
sedi ment properties with depth or by nunerically integrating an anal ytical
or digital gsripgismpdal. Asrstatedaevipngpaetieetion stisaeldap iavery xpiabisiabieasioul d be
in the form of. a i . cept il ‘ +~d REL & of
tec h{r]ﬁ qgues T gﬁlg 0 n%‘ggg‘r %% fi%g%u\ﬁm{{%ha 'ﬁh%%é: P g{a?nﬁﬁél ﬁlg t?%ﬁgino?:?c{ﬁaggg%‘l%%g&& A

si npl e net ded. Géolegiv Bsundariys iganedthrtes tpt of theaomalouisedre nonasoeagilf0 par anet er

at a tinme chosen ndo .. This renoves | arge nenor nd c requir nts.
A pouedo: arHesisth  BIegeBIuon S Fa SRy AT Gy B8 Rk TR Re. | n
each par amglegiogh@l bib&yiRg, 366maldhs _Blgns?@%nbst, S dsAMsaltAbhR! bREL omg@;g ers

have been processed, a Iowpass filtef is applied to the surface.”
i teration pligosseflicioninfoimntied bekaw theaaonac beisaipeohwdeteflestiobseismad. The
r and%‘n zat Is%pveg)zgnog &idmes unreliable, as shown in this example. In some cases, the

reflection seismic data becomes so unreliable that no information at all below the salt

dome can be obtained from reflection seismic exploration.

At block 16, data pertaining to the determination of the lower boundary is

(8]
i

received. This data may take the form any potential fields data, both vector and
tensor. In the formulation used, the type of data is of no concemn since any
combination of the above mentioned data can be processed simultaneously. Although
these types of data are-generally provide less resolution than reflection seismic data,
in this case; of an anomalous density zone, potential field data provide the most

30 reliable starting point.

The data received are used to formuiate the limits of the lower boundary for



15 between each iteration is acconplished via a random nunber generator.
“Typical inversion tines are reduced with this invention prgogepigay and hours

down towp bRsosey of minutes for typical study areas. Refeptitngofoyysi o
Figure 4, a flow chart |IIustrat| ng a rrethod for conmbi ning 20 seismc and

.‘potential |eI s data derj vati on qQf

subsur f acé ?BF‘ﬂﬁgicdﬁgd%glﬂg ?Bﬁamfﬂ ‘ﬁB E}ée S¥Fh OW?Q?’WdEIg € Figure 2
with the agddibiRbingh fafa@dé@ér@lrageﬁhﬁgm IHAkPbABEar! fRfougAWRinReYBLary has
been predicted by the potential fields inversion. The nethod of Figure 2

w || be brprefésy. repeated to illustrate how the conbination with seismc
data is acconplished. At block 12 reflection seismc data is received to
begin the nodeling procedure. At block 14, the reflection seismc data is
usedsto derive Albotgpvaivusiiaversibn techfiguegean bevstiiized As dabmibiael tier evi ousl y,

reflection seismc data . is reliable for determcg{yng t he top of highly
anomal ous PRIBBELYS @Qﬁﬁ'@eﬂmlfF@m@WE&ﬁ loBiet bewn prepaticyarge tesigd Be

accurately e harder
o model bLEPHHfnRnh BCLARL e Bl ineilE SRR O AR IS SRIIAR oBR 2, 011
reel ect i ontimefuntiball boefﬁcn&htstﬂredkteﬂrﬁmedlaﬂ'he pmaltm:mbengf tmefﬁtientdéﬁm @i nati on

f I d. Thi t tial
Fi el ds. dat aotht WogR ¥ Bseponahe Brniopie wutlEne/B Pt e dtareh) fepired
formgl ate ifige '16»%1150&%3@ I)MEal RV AR MRS v&m%oa@ﬁ{ dhsnymdghe for the

area of interest at The | ower boundary is predicted through an
i nver si on bumh'e@soefﬁsled§§or tmwdm@namow@dmmn eaqahahmzogtal disedtionci ent

representl a uni.for.m|] o nda vel. is

predi ct ed. gﬁ’?‘“&%@’f’fﬁb%ﬂe aFg Mé&“ﬁ:&eﬁk’g\l@@gllg ﬁg'n&&br esent s
the best passiire the éparial limits asfhgegrmfmimm iy @irectidn, bh@hklfﬂ&sms&ileeare
coefficient is added throu h the inversion_process. At block_ 24 all

coef fi ci entacda HiaimbRyof Feé?nsa'%ulfeé‘dﬁjﬂﬁf‘s’f%dYﬁﬂrﬁﬁbqpsﬁsr?@f"é" fx et er

i nvefsion in 4he ch ey were added to the | ower boundary (from
t he I5 Iong{eis tOQ{t; renh‘glr%g'tm"\/%é\}el ength coefficients). This process
continues until all coefficients (nx times ny) have been predicted. At

deci sion block 26 a determ nation is made as to whether all coefficients
have been predu%(’éd ¥i) _E_tiey have not, the program returrz to block 22
wher e anot Hbr =coefficient 5 s added. 20 If all coefficient i) have been

predi cted, the prodM™am proceeds to bl ock 30 where the predicted | ower
boundary is conbined with seismc data representing the area of the | ower
boundary. Thg result of the inversion process produces an earth nodel that
contains the geonetric description of three dinensional and two di nensi onal
l'i t hol ogi ¢ bodi 2¢yyi-t fr, pnonal ous density and velocity. These geonetries
and t he ass#gre ek and densities can be used as @h input to pre-
and post stacki ng fxecessing steps that require a geonetrically correct
velocity nodel. At this

20

Thus the total number of coefficients representing the lower boundary is n,

times n,.

At block 20, the first coefficient representing a uniform lower boundary

(o]
(¥ )

(longest wavelength component) is predicted. This coefficient is based on the

received data and represents the best fit possible with limited information.

At block 22 another coefficient is added through the inversion process. At

14



time, the predicted paraneters for the | ower boundary can be used as a
driver for depth imaging. 30 The output at this point is a dsdp bggg Whi ch
t he | ower wwomears es of the anomal ous zone and its density ﬁ-}ﬂgsmﬂﬂ
determ ned. Knowi ng the density of the anomal ous zone and known

rel ati onshi the. densi.ty of .diff t ot f. 19 k t
hnd the vol Gy bt BpdrEiebR Rt i s e P B e ng B et 1y rotier
nmay be obt aiif@stsiohlih $hd Srddomeniath eplerddddeling th@er BBMdaRefodS@Ee as i nput

to seism c processing nethods, for exanple, velocity analysis, Kirchhoff
m gration. Dppeasbieebashompaopavelergth eoeffiefeatsendbismreess faviinues yatihilyr at i on.

etc., to inpr . ci.ty estinmates as i | ages of the
subsurface. ca(%gfgm%rg\%v&nﬁg‘}e(?ssak g%/% b%ee%ﬁretd}(l)&% I gf‘é%,%@é@g’? %gg P gﬁﬁegﬁg%&}d s to

bl ock 34 whek enddeas newhythae il vestficiente havs bew jrodicgdalf thyy hmgnet.ilee data is
di spl ayed. This displ ay maly take any formcurrent|y in use in the art, such
as a noni t orPrARKEH EUNg ta b ork 24 whersangthes caefficnt saddedt el ectronical ly on
tape or disc or other suitable storage nedium Referring nowto Figure 5 a
flow chart illustrates a second nethod for conbining seismc and potenti al
fields data to prHalideetficionte havgdman phedidicdiahé pragiaom psesds ts bloskiz8 ace
formations. This hod,uses the,.nethad-of FEigure 2 and a portion of. the
method of Fi WS B 18 CPRAaRh vy ooy GenBe R T aray B8 SRl e e

| over jgoundags iAdse eanck b indnfer difpley Rokdrg copf ngﬁﬁkoa@‘ orftiedi¢pEelcndhichlipe
repeated briefly again to illustrate how the conbi nation of the inversion
process withomstaps®r disdata i s acconplished. 20 At block 14, the reflection
seismc data received at block 12, is used to derive the top portion of a
geol ogic nodel. At block 16, data pertaining to the determ nation of the

| ower boundary ar &he aamieyieal inttBasionghtdcassapy for akeh staeof the wveral inpetstoit i al

fields data, both vector nﬁgﬁ# ensor, xt, at E&ock, 18, the dg}%ggr ecei ved
at bl ock 16 PHCEFSHSEPMRISHE: et B¢ AEnTISHAng _B‘Fss’a?nlo(%é‘la‘% rWOf or t he
geol ogisc MAgbrifkalvafaBes WhAE teVePti@P Intdsrabe s RUSY dsIRSGhk Ry, Alnyrock
20, the first coefficient representing a uniform|ower boundary” (Il ongest

wavel engt h calhpbtherromponepts @f thetpotentizhiiglds fiefdsivertors andgensarsegiongwithe 30
recei ved data _and represen t he..best .possi fid ssible. wth |im.ted
| or i on. e st RUE RERLP Al E DT R BB B cabh 0PRSS clhoc|

process. At biithake bwerHdundary) are integrated simultaneously for each observation, thus

saving substantial computer time. Furthermore, between each inversion for
20 estimating a given coefficient an updated integration mask is produced to restrict the
integration to the anomalous density region of the model. Another mask (not shown)
is utilized for each observation point to limit the horizontal extent of the integration in
order to further conserve computer time. This is especially important since as many
as one hundred thousand numerical integrations per observation point per component
25 are performed, each using about one hundred thousand Gaussian nodes. Thus, for

typical exploration applications, billions of integrations are necessary.
For Gaussian integration the integral is broken up into £ intervals and the two

point Gaussian quadrature is applied to each interval. For example, the j th interval

30 is:

13



all coefficients added thus far are readj usted through single paraneter

inversion in the order in which they were added to the Iomer ndary (from
t he Iongg&}m%ﬁ jghe shortest wavel ength coefficients). ThIS e@@
gontinues un 77211 coefficients (nx times ny) have been §°5@““At
decision 26 a determnation is nade as to whether all coeff|0|ents have
been predidted. |If the{Ehav§ E , the programreturns to 22 where anot her

coef ficient f ts have been predigted, the program
proceeds tojgﬁx?§Q§j mherézTheEEQLVF{yahhgnetlc Inver3|o:ﬂ("GM'ﬁ final
nmodel is conpared with the 10 evoIV|ng seismc interpretation. The GM
nodel provides as an additional constraint to refine the velocity nodel
used for imging the seism c data. Conmbining the gravity magnetic inversion
result mntwﬁﬁﬁ%‘§e1bﬂiﬁKHata represents the beginning of a sub process that
uses the inversjon results as a starting earth nodel to derive an inproved
sei snmic i mage bdneatd) f he déﬂS#&%_Enonaly . 15 At block 36, the seismc
vel ocity nude#'rS‘Epdat | may be obtai ne®)as descri bed above
with reference to Figure 4. In2this step, the result of the inversion is
used to drive the seismc imaging process. At block 38, depth imaging is
performed using the updated seismc velocity nodel to better define the
base of the 20 anonal ous body and underlying structure. However, portions
of the subsurface may still be poorly i maged by the seismic data, partly
due to errors that still remain in the evolving velocity nodel. At bl ock
40, the sei%ifh¥'peirg 88nlyn data fromthe base of the anomal ous body 25 is
interpreted and napped to produce an updated nodel for further analysis.
GMI can be perfornmed again with the new nodel as a constraint to solve for
the renaining portions off the anomal ous body that were not inmaged in step
38 using the, seisx c=da 30 At block 42, the base as interpreted fromthe
seismc reflectlon datav'3 conpared to the base predicted by the gravity
magnetic data inversion process. A determination is made in block 44 as to
whet her th selégl ﬂDde| and the gravity 21 magneti c nodel agree. If
t hey do not Ydéss proceeds to bl ock =16 where the GM nodel is
updated with the qgm1se|snlc constraints in regions where the base of the
anongj ous bedy ﬁgkxguggﬂed The procesg returns to block 20 to perform
the |nver5|on TOGE with the new gnstralnts This process of
inversion 5 foll owed by seismc inmaging followed by another inversion and
seismic imaging step is repeated until the results of the gravity-magnetics
i nver si on dhds iswasiye eswehded toago tidmpishas s dsllawmaverge to a single answer. |f

the seismc nDdeI agd the gravity magnetic nodel do not converge or begin
k9

L
I= Z J [ £ e, yyaay ©)

where

by —a, \b, —q, 2
”f(x y)dxdy = . Z( - )Z Z ww, f(x,¥,;) )

a, a; i=l j=1

15 with w, = w, = 1.0, and. as before,
(bk-ak) ' (bk4~ak)
X, =——"x/+——>
2 2
and
N



.10 to diverge, there is not a single solution consistent with all the input
data. At this tine the process nay be termnated since the rz (‘ﬁissgms not
havi ng de%&oq IE sults. This nay be due to either poor qual.i _§ sei c data
or some o ®PBbl em wi th the received data. If the sei smECTHOWMBAG t he
gravity magnetic nodel do agree, the process proceeds to block 48 where the
process is endedégnd the no (gl may) be 15 di splayed. Turning now to Figure
6, the main stepsZf % /net 1 f'ft conbi ned i nversion of potential fields
data and sei &wi¢ daba are howp. The region of earth being studied is not
limted to areas of anonal ous density. 20 Seismic data in block 10l are
used for deriving an initial geophysical nodel in block 105. This is done
by form ng awheeX g’ dapt-h2 Fnage=dfvi he subsurface structure and using
subsurface velocities and/or well logs for an initial estimte of the
densities. Based upon the geophysical nodel, a prediction is made of the

gravity/ magnetic ks : azd ot t4eC
“data, block 103 ,gg‘%ﬁ%&?‘%@é@@%@?ﬁ%@%P’?"rbefieg%%‘\’r‘te?&/i‘g‘@%a‘%{é gg[%gi&sdtnade
bet weef the jmterdale Keahdiathaeareafed tverepreaerit the onegaibintagratmndimngof handaet ual
values and this difference is.c ared to set threshold in block 111. If
the differ enth her H‘Eﬂtﬁ?vﬁlluﬁ%f?r%l ,k’}fkh@r?“fl%e density nodel of the
subsurface is suitable for additional interpretation of the seismc data.
If the 30 difference is large, then an inversion of the gravity/ mgnetic
data i s perfor medRefertingraw 19 Biguge §i the oxerallpaeded tntegration/isilbustratpdd dlhe bl ock
115, and process;n e ck to ck,109. : . Of odj nment s
of the preseﬂYer?frll\’fg%%?%nn }r%g(\‘/e %éaezﬁd }g‘es(‘{’r'i%%H%F%te%’negéé%%ggﬁrﬁlgﬁ 0 ﬁ‘[{%egin
predi ghed pahavet eiosemivindoondt inrdratioh bcdeimniseqdatta ot emaldérahan the depeh | nage
and a velocity nodel for delineating formations of interest. In a second
enbodi ment, HHRERAWRP WMdOWe seisnmic data is performed using a | ower boundary
5 determned fromthe initial inversion. This seismc result is mapped to
determ ne the position of the base of the anomal ous body and is conpared to
t he nodel paranet ghs malebwimsiow of idiegfagiosncleroken we into Khemesb. 2 thebyptwanet er s
are adjusted to provide a best fit..A new.npdel ,is forne ased on,the new
ot edi ct e pariaers disddte] TBe aihbusicts 35 GRPER! (g BKIRES B L8ar 8 unt 1
the sqlsuti onugRVERGSthe idirBefe@ilid GgussRinfpoitits €, ahd yi Wil BRbFprokigfRsell Byl ved
in the present nmethod of determ nation of subterranean fluid pressure are
shown. The mbelefthesersspestiveli n types of data. The first type of data comes
froma seismc survey, block 801, acquired over the area of interest. This
may be in a land or marine environnent and,

All information about the distribution of the Gaussian points is calculated

prior to the actual calculation along with which Gaussian points have to be utilized for
20 model integration at each observation point. This helps make the problem of doing

inversion in the spatial domain tractable.

For a given distribution of Gaussian intervals the variable boxcar function can
straddle any number of these intervals in the x and y directions. Widths of one
25 interval in each direction yielding four Gaussian nodes in each window or cell work
well. Assume the base or lower boundary is flat and parameterized at a depth
determined by the inversion process. For aregion covered by 500 by 500 Guassian
intervals one would have 250,000 parameters to solve for, given a window size would
be one by one intervals. For the case of a DAUB4 wavelet function the minimum

30 window size would be two by two intervals with a 50% overlap of windows. thus



15 using methods known in the art, the seismc data are processed to give
‘an initial nodel of seismic velocities for the subsurface,?2Bl 8&k 2895. The
second tWee00ab37data is acquired froma potential fields datersdiv®ys: bl ock
803. This type of data that has not been used extensively in the past for

component sPoF PR dP RGN ER ot Alupi ot iR PR oG 55 oot

i nf or mat i oBasesdt€ thedsoeldibnts @@the PDogdvelds), Thayerditddntegratisads The use of
density logs is discussed bel ow. As discussed below, the potential fields

data are usesg@mphishra by pitharselvingefor pupealpiical Sxprassion KuBseimaaecotarthat i ons.
The spati al,, kesql Ut | | r. ' r I | ower
than that BRG] SPAMERbRRIARs SR o B Sfatetl 3aR R e, | 05
fromsgr avi bydighal expressiondordiese praperienvTkedizitabrgrasomnrwbwld detretheifomh i on of
subsurface gvgr bur deg | oads, .. The initially derived seismc velocity nodel

i s used toObBAEASHY ARAiSHAGEPHPILIBHCERS: | nat e of subsurface structure.
Additionally, it nmay be used to obtain the density distribution in the
subsurface using known net hods, block 807. For exanple, Gardner ( 1974) has
derived an enpi Thew are aInambenobtethvw guestth gokye psotlgme fwithommmobery in2Be tens
observed suhgurface sedi nenta rock.types and the velocity of propagation
of seismi COag\? T 8??%@5%91553 gbff%é’f’ﬁ'agcfc(%erf: IS IR L0 frwleﬁio&'o al ues of
densjdy nayakehetddtadhtiett eosBOraadBRlE Bl dmovts g8 manos el cgg densi ty

| ogs, block 802, fromnearby wel|s. Density |logs may be used directly as

i nput to tHequiremsntsy Arpsngdomnnealing POGASS if Wll@gby yn&a%lépwmgﬁismaa

| ocal | y-cal | t, I i [Fol . i fi se of the
wel 1 cont r GPieR 1 Sacbapal & Bl AR i badh imRERl | ACB BRpard MBS 01 )l ¢
t o extrapollavebsbabtdsesd, farlowrgabefiited ik appliedtthehasweacef Thetieraioh prddess he

present inyention, the nmethod of Figure 2.is ed wi.th.the initial 10
Gensi ty modBFONUBHEE RnBORR Scgrpiable RsEhisQHIRT] TIST2BHOTHAEHAR PERREHY ¢
densjiies iyanidag caBly REfation [PAR6RDAsHA 2Ph Brfioth ARRBE JenBRAS! T_fyg]{caf he
subsurface in 809. The constraints in the present invention Iimt the

al | owabl e \invezsien timeslaee reduesdswith this vestion Hom daysgad bpussalomasto armatted t he
initial densit. el. 807 .15 The result of the inversion conprises a nodel
of the densq%wx%tfngf?{etyglg%lsstﬁ%%r%Of the earth. This density nodel is then
integrated with respect to depth using known nethods to obtain values for

t he overburden stresses in the subsurface 8I5. . .
Referring now to Figure 4, a flow chart illustrating a method for combining

20 seismic and potential fields data to provide a model upon which derivation of
subsurface formations can be based. This method uses the method of Figure 2 with
the addition of combining seismic data once the lower boundary has been predicted
by the potential fields inversion. The method of Figure 2 will be briefly repeated to

illustrate how the combination with seismic data is accomplished. At block 12

25 reflection seismic data is received to begin the modeling procedure.

At block 14, the reflection seismic data is used to derive the top portion of a
geologic model. As stated previously, reflection seismic data is reliable for
determining the top of highly anomalous density zones. While the top portion of the

30 model can be accurately derived using seismic data, deeper geologic features are

-

harder to model because highly anomalous density zones block or highly distort

reflection information. At block 16, data pertaining to the determination of a lower

18



_Using the velocities derived at 805, the effective stresses in the
-subt erranean 20 fornations are determ ned 813. One nethod f g rsfba d]:pg t he

i nterval wigh®gozty V to the effective stress is a rel ati onspEpyQbosdshg form
Y=C+A(err)B (g) where Vis the interval velocity, and A, B and C are

determined enpirically fromobservations. Typi.cally, .the value of Cis
appr oxi mat (-,blogg o3 Ecg’é'."'d'zg}“@ldﬁ@rm?ye?eala% RS egﬂﬁﬁi@ﬁs ?eﬁ%‘?\%}} FEEEAnd t he
effective sifgss could also be used. For exanple, Gassmann ( 1951 ) showed
that for a packing of elastic spheres, the bul k nodul us of the packing
(err) is proportional to the two-thirds power of the effective stress. JO ~
(Pe~~13 (9) 24 The ressional velochty.Vp is related to the bul k
_nodul us by the rgl?eaﬁefﬁwegga. ?wegt#°%§a?%{%@% ?)tsflslovf’fﬁebo @1@ %%ﬁhe

-Enpi rcal | ygeoldpee MalduiEfopthetdien sPiRRARNAL Hlodin18:0URE lower b8)ndasy ispralidyd f ound
to he close to 1/3, which is consistent with the value predicted by
_Gassnan' s nbrhaigh@aliBYATAION BFESess 28 8erariPehabqve) and (10). Wile a packing of
“elastic spheres is not a good representation of sedinmentary 10 rocks, the
power |law is neverthel ess generally accepted to be a good enpirical

rel ati on bet weenAebloek20ythe Sirstessfirivit tdpecsentiny & saifomalowsabeurdary wave)

vel ocity of a rock. For exanple, Hamlton (..1976 shows enpirjcal data of
conpr essi ondenggsigvayrdensth eprmporengds BFdWé‘?derTlé‘éfﬁ‘lz’fgf’@E}t ’\é@ﬁﬁgp %h% functi on

of efifecti Ve SliLasn ahll feleleAtsIEDEPPSIHIE L WithiinRePB¥Gmatigl ' el ati on
between velocity and effective stress. 15 Returning to Figure 7, the

di f ference between the overburden stress 815 and the effective stress 813

's determ ned 817 {03 2%%nBhePEbdeiBbR 18 hAlfntdPhnP R R W prblbss. At

block 24 all coefficients added thus far are readjusted through single parameter
inversion in the order in which they were added to the lower boundary (from the

15 longest to the shortest wavelength coefficients). This process continues until all
coefficients (n, times n,) have been predicted. At decision block 26 a determination
is made as to whether all coefficients have been predicted. If they have not. the

program returns to block 22 where another coefficient is added.

20 If all coefficients have been predicted, the program proceeds to block 30
where the predicted lower boundary is combined with seismic data representing the
area of the lower boundary. The result of the inversion process produces an earth
model that contains the geometric description of three dimensional and two
dimensional lithologic bodies with anomalous density and velocity. These geometries

25 and the assigned velocities and densities can be used as an input to pre- and post-
stacking processing steps that require a geometrically correct velocity model. At this
time, the predicted parameters for the lower boundary can be used as a driver for

depth imaging.
30 The output at this point is a model in which the lower boundaries of the
anomalous zone and its density have been determined. Knowing the density of the

anomalous zone and known relationships between the density of different types of

19



the subsurface 819. This estimated fluid pressure nay be used to guide the
drilling 20 process by, e.g., selecting a suitable nud vvelr?g tSEiPn e

bor ehol e W@ 0&¢B7Y the risk of a kick or a blowout. Under rg ﬂ‘njsoé j tions,
the mud weight is chosen so that the pressure exerted by the col um of nud

in the borehole is ightly i xcess of.the fluid pressure in th
formation rﬁﬁgquggnfﬁgﬂieﬁc}%typogggassﬁ? SARAP S@%foﬁﬂégﬂ@g&tﬁﬁﬁ]tof%ﬂﬁjgﬁlage by
forcing drihy boebilddl Mhe isldent of BBLL 92, The MH rdyadtn ueed Riihpigo 25
Accordingly, if the determned formation fluid pressure at any projected
dept h dur i $stpnip erapessing mythodss fios exasmplacyedogiy anplysis neireRhofiomigratien. Rip wei ght
is reduce } I i L f : 1 h

format i on MeuratSPRAQn AR Py SRR Rers Sl F X Sfitioh, e B RIS
dril$ing iéstiniatesesseddl dsadepttoant fife imtagepaf tid subsiefack. 30 25 In drilling
operations, the nmud is circulated down the drillstring to the drillbit and
returns up to the surface through the annul us between the drillstring and
the borehol e. ThasenYehRild Mhvk BeeRFdmititd HelhogRiRotRat (SYRBK BF the mud
weight is selected so as to not cause formati on danage under static

condi t i onsyheteitse nawlyrdsriveed mndel usingtite gravitwinagrgtio datariedisplayedit Bisi t y under
dynam c condi tions. ring drilling. the d pressure at. th ottom of the
bor ehol e hdisPiey My ke 105 é%cwngﬁérb}‘%@ Tﬁe ?Fg(ﬁwﬁleﬁsuﬁrﬁf’ﬂﬁmfcﬁ YRe bottom
of fhe borghalpy Brifitar 6LBRKI efdctrBRRhllY 65 &8 ot Bist BEother /AR stergd hat the
bottom hol e nmud pressure w il exceed the hydrostatic pressure of tThe

f or mat i on. miEdiwm.may be sufficient to fracture the formation at the bottom
hol e. 10 Accordingly, it is necessary to nonitor a nunber of different
paramnmeters) such as flowrate of the nmud, in addition to the nmud weight, to
mai ntai n the i nRe@rtihy nod tb Riginer 3; adleav cHareillubtoatesrageeond mettdrford i n turn
limts the weight on bit, the ra‘tﬁe af §enetrat'on %‘i‘ the torque on the
bit. TheseCYRPERIRS s&isnigand poiential fields Aafa QPN UmRR! BYR WSl 478 VA& mt i on
fluiyd pr esgf‘g‘gﬁggxga@a faﬁqaéfiéhst M8 PR R BRIk HE e of Fifufd DiiEa odbAGFOses an

alternativ I'ment of the invention wherein the Subsurface includes an
anomal ous thegnethod of Wiguria 4t wigh thei sxidtition/ef] cooibining seigroic datmernceythd ower
significantl ifferent fromth f .the,nei or.i regi ons. .exanpl e of
sueh an’ anoRndsn heUSRh it o he Bttt o FRre BT BR s RS Ve ced
in the art agsin$alifusireHodythaasmbiftidRiof tieaifiéryiof bfdceiewith SEkHIE daty Bl OCi ty
t han ot her sedinentary formations which surround the salt, nmaking it
di fficult eecomnlished-seismic i mages or seisnmic velocities below the salt
body, Starting with the seismc data, block 901, an initial determ nation
of seismc velocities to the top of the anomal ous zone is made in bl ock
905. This, as disdlesel!,thd tefleetiar saismictdataFecpived af blokd@, is ssedsedetive deri ve
an initial 25 geophysical nodel to the.t f, the anomal ous.zone, bl ock
907, The oY SOEHIR SLERCIREHE FAdel AIHTH - Braing o fhedciramminn, od
ei ther froraRilsWefbd@ldas) irkOcived.l PReseRhia thiiOEke the F64n Qgﬁgoéﬂﬁfal' nitial

0

nmodel also includes an initial estimate for the density he anonal ous
zone. Thi s fieldsgiatpe bath yectnraad dgenspor Mextdatddoaknks, ithe data neretied st blockfl6t he rock
in tfae ano : | &£al considerations. For
xar o oATt 346 Y 15 i 0P el RO AERN I B8 e BRI " 200
ElI's. 26 area of interest as previously described.

At block 20, the first coefficient representing a uniform lower boundary
(longest wavelength component) is predicted. This coefficient is based on the

30 received data and represents the best possible fit possible with limited information.

At 22 another coefficient is added through the inversion process. At block 24

20



Usi ng the met hod descri bed above with reference to Figure 2, the potenti al
‘fields data. block 903, are inverted in block 909. The di ffeygnser PBBM t hi s
st ep andvolee/603T9er si on step, block 809, of Figure 7 is thaCThse&)s7she
inversion is carried out to define the base of the anonal ous zone. This
overted MRILerRRuGANS hal B3 o RN ELAR Yy PEke befarl e | ANUBA G700
as noted above e selsmc veloci |es es 0 anomal i es
are known. oMermwhmhrthcam/éxy,adddftbtolﬂwm\amrbumglav;ee"rmtmlbnmte)uh'é t he | ower

boundary of the ano Ious ne th can be incl uded nproved velocity
Todel ot 1 FOTERE VR R dageahetif P segtnies thtl S BRI R 1o use

the invert g andeiave be ﬂeﬁ"E{eQV d@él@fbﬁ%'ar&téﬁmﬁﬁﬁn%?hﬁﬁb &s fAbReth& obtain
. 10 better estindte of seismc velocities below the anonal ous zone. The

" densisty nodilepefficeaks igive bednspredictedr 3f thdy havetniodahe prageamiretgmano @%er bur den
stress, bl o%g 912 Thatffoverburg?# can be conmbined with the seismc

vel oci t i es WHSFOROtRET SOCEAEISRLISAAER- ne "f or rmti on f1 uid pressures using the
nmet hod descri bed above with reference to Figure 7. Were the anomal ous

region is a salt body, it is commonly a result of gravitydriven diapiric
flow of the sal tf alhp@efﬁplgwémﬁehwwe%@d Fah PEogranm pEasedste Slpckid4t he ar't

woul d reco%ﬂeﬁa?he?ﬁere m%ﬁ.n&h Thiedlih e “dl\gr’ﬁ ﬁtngl,?mﬁﬁél QUMb R4 S&MI et ary

f ormati ons é an un e overburden stress and
hystigr esi s eebliviy seismis int@rdusticac CPherGReid niodel prwminsas froadditiorh corsstiainti ed and

subj ected to increasi n dep of .byrial agnd stre t he ,vel oc |ncreases
5 expect ed0 TS HoUEPCio ERIS S8k (A TPBRnE B BTS paaEaT R REEH Pt e

stress is hgdie ﬁsl invRksidiEreshy with thd deidific RiftalrBiredthits e BEgiRAinG dfAatiphas > a
| ower density than the surrounding sedinents, the vel omty only partially

decr eases, psoceshtiat uses thesinversion resilts agheﬁartmxamrthmdegtw@mre@m improved
normal | y- conpacted r th ef fective stress. This hysteresis

ef fect has? gtggﬂ 38%%096883355 o‘}eféls%(/\wérnéali[ he anomal ous body is a volcanic
intrysive or extrusive body that has ' 30 higher density than the
surroundi ng sedi nent arx@for mations, the overburden stress will be higher

than woul d be expeRleek36: %seéwﬁa{rebsl%nwésklﬁ updatedqi hemedelmanbks. The
Bresent | DEMihAad &she by RRRYErchOE o guRd 4 CFf tyierf OB 0O OUS

density 27 eterm ni ng t e act ua nsity, er as prior art

met hods assumsmhas usﬂ:drte;dtiye ihecesadesnagng moodsy. Wit blocke8t temh imagingss wi t h

dept h based o nf or mat i on n illustrated
and descri HEE° f:‘ﬂg iﬂf%?é%%vslf’c%amf}?‘etgi’ﬁfw %ﬁﬂ?% eof WG || be

appregi at e%bh@louamp aﬂ&uﬁ&@m@ss@ednémﬁbm@@t pSrasndbs the ee&sur-fa&@mwose
skilled in the art. and it is intended in the appended clains to cover all

those changéidl kerpporiydmpEedby heseismicdate.sartyduerp ermorsther il repiain in thad scope
of the 10 28 CLAI M5 What is clainmed is:11. A nethod
for deter mpe[]:ﬁﬁﬁf?%vélg&gpﬁmtogg of interest of a region of interest of

t he2earth, the net hod conpri sing: 3(a) measuri ng at | east one corrponent of

potential fields,dat l.uralitydof |oc ns over n of .interest
i ncl udi ng a subt@f glﬁa]égh Lﬁ%?‘?’rﬁf‘icdﬁé%:lﬂof‘ﬁf‘ r %%58053{5&?9 O“F%inlﬂs dat a
sel eg4 ed frigmEReGed hid Aappedan ?}@&fu@é! hﬁ)& &Lﬁé@mZﬁél)f@Pﬂk‘!h‘éf 5‘&1@”‘9 aweegssi ng

seism c data over the region of i nteres and8det erm ni ng therefrom an
initial gedphgesforaied r&gmmthbfth@ newmeefebad ersistrainhtp sohes Hutheaemairing

formation o e Q value of .said at

| cast one CSTEBRERTRS pIBELI e A0t BB fRbd TR I8 BB S R0

| ocati ons; tdat4.d) determ ning a difference between said estimted val ue and
sai d neasuredl3val ue of said neasurenents at said plurality of |ocations;
1~4{e)updati ng t he geophysi cal nodel of the region based on said

di ffepence; 15(f) | i fference is
Iess-g? han a16pre Et8 ré)?frcn“%‘?gy pa%%ee eé(% grgﬁms@ﬁéelgrg?e}ehleﬁg e(gatgrlodel to

det erm ne td:tenpmcchweﬂhebasrfpredlttedéytﬂeZgraTﬂn\emlagmdtmdiam invk®ian ﬂrow!seral n
processing the seismc d

Vel ot b1 9 S4SFRGTEYS SHCF FORCE R 48 U RERS QR SHiP Rt A Sk SR °
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(i1) using an enpirical relation between seismc velocities and densities
=in, 5 determning a geophysical nodel of density. 1 3. The) geddpogogef claim
1 wher ei W dagoes@9i on of interest includes an anonal ous subjEfiigRRs1
formati on and deriving the initial geophysical nodel includes an upper
“boundary of the. anonsl ous terranean formation. 1 4. T od of claim
O r thr BG4Sy T ey derer AtRednp RicsABresss BPodtds Bherd: or ot
for procesgienMy RoReisSiPdated 3ith MY flw! BBi8dbRratits INYeBloRS twiete #RHALN an 3
i mge of said region of interest. i S. The nmethod of claim 1 further
conpri si ngofiteagomaloud body is welllimageddihe predesoretymerte block @0 tpperfermsi ng of
the seism ¢ data 4 Vi ng Su%)dat ed ism codsgt a.tsi gﬁi's Tcr)lesrrettihod of claim1l
further cofrPET R PE? né %“8@% HPReS ’b PRt er = HFOT5T ALY EEP 1 or gui di ng
a drisl | i ngfaliowedssy sespsic ﬁma%iﬂg ifbllower By Rrvtedrdheersion bhé séistgicqmagingfstep
interest. t 7. The nmethod of claim1 wherein the subterranean rormation of

i nterest i & ©peated untilitharespisuef the gEavityrmagnstics inversiofiand thesgismici i ) a shal e
dianir (L) . " s ve | Dy and,
s Bt usi aheile ERIESRS Soldel o bt aBfled ™ TU0) 1 T Y et 1 Sabt

one conponent conprises at |east a two conponents of potential fields data)
and the nethod further c¢onpr.i sesﬁgilteri ng the at st two conpagnents to

| e
give filtered ddfths seisPioROAeisandihe SRVEY MaghRYs Bodnk dQRQtFORYEEELRIegIn
equalq on. Sy abfeabdes ol A dSE Sk Snoen Ay el ds 3t e 15 a
| east one o? (1)°Z vector gravity 3ata, (r1) vector magnetic data, (iii)
t ensor gr avimeythe precessmdy be terminaterhsinee tha gpredessisdat havidg desiretnesultet hod of
claim1l wherein the parangter of interest. is. 8elected fro i) . | ower
boundary oﬁﬁ’és @ﬁ%?@ rdﬁ?iﬁoegfg‘ef 8??}'&‘1‘-}3@}}’, e ‘%tat iSRS erc?fcr’%elglgdﬂﬁ’é&‘? anean
formation, rédeived datdlentthé Yeifthiciiedel Whd e @raedy nfaghi¢tRimeds] doiagleepthggneti c 4
susceptibility of the subterranean formation, (v2l a vol ume of the
subt er r ane @E0esss pogeads o blacki4B vivese HerrIasess is@ulsd and theanodeymsn b§f i nt er est
(vi i?S effe%ﬁ%eﬁtress s inthe region of interest, (viii) formation fluid
pressure in region of interest) (ix) overburden stress bel ow a
subterranean formation of interest, (x) effective s stress below a
subt erranean forgmtjon of interest, and étxi ormatign flyi.d 30 AVENDED
SHEET 1 pres nSé’l%wOa‘ﬂgHm rthe,madnste mgfhod fog pedinversipn  The
method o f o??@{emiﬂd 4184 &dth abdGeidthic! BBSAre SRGWH O TRO RGAn Gfemt&n{g'ﬂdiéd elds 2
data is a gravity conponent) the nethod further comprising applying to the
at 3 | east 1onet lunnebiosareasaif anbmalous densityt wel ds data for at | east one of
(1) ,?qlatitude 4 correction, (ii) afree air correction, (iii) a fixed
densTty Bouguer correction (iv) 5 a variable density Bouguer correction)
(v) Eotvos corr e3didrnio dagiel blook) 10daire 136 oo devihg @n inifiallekopHysecaBioderinof
claim1l1 wherein the at | east one conponent of potential fields 2 data is a
magnet i ¢ coleRnkde | Thinis dese by domping RerISEUGHARRIE IMasLRiihy Sepuriace simichire 3
| east one j Lel . §; : 0 f. (1)
i urnal 4 caang tuellcplel SeRRiERahGb W10 BPREId R HmdE W nolielies ') )
bat hynet r i Bded oporetheigenphysical friodeld a pesgiietiancs mesle ef thebgravity/magimetieadataon, sad

[ i ahl [ tibjilit t.ion. 13. Th t hod of
G al A T whdpear g Ssherdi SElvairEnti 115, H10% Rodei PR & 2.5
model, (i 1ides@ibed2dbveOARompasor is\ad bﬁt\%éﬂdmlebredictéfval%\seoﬂﬁé hod of claim

1 further conprising incorpdorating in the nodel one of ( 2 land

t opogr aphy)sgrayity/inagnetieedatanendsthe agunk vaduesand thisdifferpaetionppaig prasst. 1 15.
The et hod I i 1 £ sj,cal del includes a
density fort&ges%%lratl%g?cgﬁ? ﬁftg%}eecgl?%%%%gfsg"gégtb ec(?(g Ll t{e}ﬂnghee WS%FW@H%ﬁ

expressed 3hasuluffaty/Rcuitable forndditionalihtedpretdiionnst the kéik@icaddty, faa/i ng
density. 1 16. The nethod of claim 15 wherein the density is based upon at

S

| eas#0 one dtitferepcqs lpree oger ar Brvession the igravityimagnetic atade peforedn mat i on,
(111) sel snyjgeyt PPQY APIYn updated geophysical model, block 115, and processing goes back
to block 109.




3 (iv) prestack seismc inversion of seismc data) (v) post stack seism’c
inversion 4 of seismic data, and (vi) regional conpacti on

17. The Wyebhadspf claiml wherein density of the subterra %létl on is
the 2 determ ned geophysical nodel is at |east one of (i) |xe ensity)
(ii) alaterally 3 varying density, and (iii) a_vertically vary| ng density.
1 18. The net ho‘é ngmber af embodimentsion thersesgat @Wﬁﬂ%ﬁh@’@&ﬁmé‘ﬁéabe%ﬁel

i ncl udes ut si de
the subt erVEsnguahis, SEHERLL bt e ToRBIAE il GEL 8B T C8 o1
of depth &i’tﬁﬂ'ﬂnﬂ@%&hﬂdV)eldbltyaﬂiqdehg"osdltﬁmemniﬁokmhtyonslcﬁ' 1nfEhs@t rtatah;e@bndf claim
1 wherein e determ ned geophysi cal npdel .includes a 2 nggnetl C

suscept i bi§mhodiment, Fﬁ%glg&ﬁf e BRIt ISREEoFRed BSing @elo QuidaBt ed that 3

. is ag |eas e i r i ng
susceptlblcflf%m?%f &%a?% égﬂ\ygﬁtﬁ)ﬁc?ﬁge\#gﬁ%ﬁ%&%scggt|§Jcﬁleltr§“ﬁéq%o. The
met hod of misaiamdf thdnbas&qu thdmodmlmmodedn@mmr@ato the delde] prcdmoeters a base
of the subterranean.for |on t rea ept h. 1. Th net hod of
claim 1 f P agilerencs, t?’ﬁ%f' §g%P 8RG e\}'\,a%‘% gﬁ‘ﬁf‘%%? PEIVYEA l?eisgm t he
measur ed afjt, | £asl o] @pfasae@ BasedfonfBd W ﬁﬁdﬁt&:&bﬁ&nﬁﬁﬁ and thRGMT et et hod
of claim1 further conprising filtering e at | east one conponent z of
potentlal sqxsemmmaartnsaww t@gmnhthp@ﬁ@tlﬁa\?@mwgw regi onal conponent of the
olential fields data prior to step (c) of claiml. 1 23. The nethod of
cIa 13 further conprising using the difference at step (d) of z claiml

for additional Refdrghg tOFipuré Nethe aagh ywepscihesigedin tgipeesaht methpdoent . 1 24
The nmet hod of claim 1 wherein a base of the subterrane n formation in the Z

det er mi neddgjempRgtioraf subtraraneansthuid presswe 3rg shopay pthegpethed ysegdpaamait of
basi's 3, T Uk 8aen 320 AHERERR of ath cOfhes oy HSE80 Qg Bl BdLuner ol n the
set of basi unctions are selected from (i) hal f cosine functions, (ii)
Legendr e paiquiredioaesthe @rdaiof igeteytn dﬁnamgy bairia éand) orgngginecednyirenmentiang,

Daub Chl es_wavel idin n ns. With.variable

w dthe. 1 wEnE e s aRBlmaN e o TrSsr e AR miotBkl R Bt Pl e

sel ect ed f paeRMdBAmic weloeities firuheibeirfae] blodk 2805. Tie seeddAagpodf dutaism 24
wherein in stepdge) of claim1l the base of the 2 subterranean formation i $

riot all ow@QﬂU!fG A@oraliaiieids daspsusvert piocky B0 r Thisdwpe of detytheithaspnot | 2B,
Th thodyo I f
claim 1z pery e e MOdh Akt £ Shustiinde AGRGALLIE ReAR T reldfy ©

sol vi ng f oboth wleowe and tédnast oniponients of 2évity land n&tghenlc dita-@ptionail P Henkier ei n

afte each. iteration |Low freque c onen are filtered out. t 30. The
o ot A el S 0 SO S fe Biedpateast o sy lnssner -
corrprl ses aSdikdisearsdibwn of the determ ned or updat ed geophysical nodel. i
31. The nethod of claim 30 wherein the integration of the determ ned or
updated _ z geophysi cal nodel is canned out by a sot of parallel
conput ati ons. i or each
paraneter to be A%quﬁé&gr%dr%q%lgqggggtg%@arﬁﬁ ‘9@6&% # %ﬁ‘g[&%{r‘*@éé 3 (1)
al | owi ng opi-e;ssure $uabsucfhesfpematioriso Tt sp&trﬂmsbhmodwbtxige&ﬁsxh ﬂuts@f&bsson 4

and ii).a a.lowpass fil t he sur.face aft araneters
have— ((-:,en) @%?rg@gg@léph gglep Sla.n that oLtaxned om re ectlon selsm];c fata owgver

models obtained from gravity and magnetic data can provide a more accurate

determination of subsurface overburden loads.

The initially derived seismic velocity model is used to obtain an initial
30 estimate of subsurface <tructure. Additionally. it may be used to obtain the density
distribution in the subsurface using known methods. block 807. For example,

Gardner (1974) has derived an empirical relation between the density of commonly



1 33. Anethod far determ ning the boundaries of an anonal ous geol ogi cal
:structure, 2the nethod Conprising:3(a)receiving a set of n@a BP9 al

field daweQ4dbisdet er mi ni ng an upper boundary of the anonmal pggshépkr €
usi ng sai d5nun-potential field data;s(c)receiving potential field data

indicative Qf a | ower boundary of saj d7anonml.ous, strugcture; 8(d deling a
: oui/er LgurfgﬁF?’eﬁél\f%“ﬁéF%ﬁg‘é‘BX%tﬁ% IGF{(QJPSF G‘Pngfhie'lt{’)?lofﬂ‘ty gg%’?’?%%#?&%q?gns !toggi ve
a nodel of dehgnil QWREs DEsPRARY rdds € JORERRERNOthS ikl wiues ¥PasiRy maf st i al

field data fromthe nodel of thelll ower boundary;iZ(f)deternning a
plurality ofbteieedjhsing seprdemenjalinformatien sechasdignsittlogs logk3¥idfmwimty of

basi s functions by,lteratively addin 4] I i . t ased
on said rec® dwg%%'ﬁ??@ Yoﬁ?é’f%dl?fa?sgfl%gn‘&% glﬁ?jl{et# Q?‘{ﬁ]‘%ﬁ%‘g‘; ?’ﬁéélldg\r/%?&)
boundary of with&eldRRY dgiaga lfit & i6datl Watibfate Girdadrslatiensiipfod a wpédifit areand t he
basis functions. t 34. The nethod accordi ng to claim33 wherein the

det er ni ni ngThtaseafithhwvell contraldn ¢onjupriomwith ¢ SeismERSITUSTUre M@PIMAkss ftur t her
conprises: 3 (i 0 ' ' i i; ata to said
expect ed po?%s%{bla%fo pgl?% %g%lgie% gr%gtgig%&lgﬁ(??%r%ﬁcd;ﬁﬁg%ggbet ween said

received potential field s data and said expected potential field data; and

6 (ii) nodifying the plurality  of i ghts e upan said difference data. t

3 5 . The nethod Iag‘%%gr&?%“fvﬁgef%ﬂ‘ﬁ?ﬁ _ |‘$|“r§§!‘ uﬁ%{i‘f"l"@#ﬁg‘“’t‘ plurality

of ajyeight a%ds%'m, HGLK e B3 B&haRh cOfEin®OS Bk 2RbwABIE HeniRdsAn tle 36. The
|

met hod accor to claim 34 wherein ends of said upper boundary are 2
masked. 34 RivENEDprocess t@btaifhadensityonodet fuithi swpsurface imBO9. 3Thavpenstrints ai d

potential fields data includes. at | east. qne .of, (i .ect 0 efic data)
(ii) vector lrbg’ﬁ\PF‘TsfinH‘&Y%fﬁm q}q“)t%?eeﬁgoéya%ifa‘éﬂﬁsil%h? lﬂglﬁré,gn BH e%na {a‘gggor
gravity dat 3fyaldesarBundihe inEh@hsRy ntddi 8083 wherein a boundary of the
subterranean formation in the 2 determ ned geophysi cal nodel is expressed
interms of as ordered set of basis 3 functions. 1 39. The nmethod of claim
3 S wherein the . S: : ' ie
Funciions, (1) oS Ea AR ol i o SR O Tl of RET gt
wavel et's, (‘ofthe caethbdhid densityarmidel is themidtegrdted Witk résgeat ¢p Septh asingknownons

with q. variabl e wi dihs. 40, A nethod.for _deterpinin eo i cal
structures &#etBPdsdy Ph'r?"ngIF‘?f‘tf@F ét%eto‘ieﬁ%ﬂrﬁﬂ} HESSeA “bﬁ’]ﬁ NERUIES gfﬁat i on
conprising: 3 (a) obtaining and processing seismc data indicative of the
region of interest; d (b) formulating a nodel corresponding to the region
of interest; g (d&)singthgyelositiesdevizedalBSethemifective siresses irotesubierrgneanam
upper,,bounday f .an i i . : ) i ni ng
pot edli al fi 8%&%‘03%?3%’ (?cécs :gxglgsadl %t%gégﬁ%%l\?/g? °‘Ib‘§}j“%‘g§9§p1 gﬁt\’saéizlﬁl%g?%g%%gg? c
model ; g ( e)effestivegstress istarehitionship of érefoan t echni que for determ ning
paranmeters of said 10 | ower boundary from sai d obtained potential fields
data; and 1 () wsidog’ t he determi ned paraneters of €3id | ower boundary in
processing 12 the obtained seismc data for providing a depth image of the
geol ogi cal Mghest¢ Vs theriaterval vélbcitFhandvit Badd &cce deteminedernpaicailst fromher ei n
processing the obtain sej,sm c _data 2 further P at | east one of
(i) derivi nPPReryaigs: ¢ prﬁH%’l%?SFﬁ‘ﬁOﬁé‘fiaBW(’é’fm{iﬁg%PQ@ﬁ%n 3 of interest,
(i1) prestack mgration of the obtained seismc data, and, (iii) post-stack
a mgration of the obtained seismc data. 35 42. The net hod according

1
to clai m40 wher €Pthepslations patweeathg veleciphandrthe efective seessicquld alsp bher

conpri ses: i) LGh f i i.el t he
nodel ; 4 (i ﬁjs(:%.b?g{ ni néqéﬁil%s}['?é#’gﬁlgé%%m%ﬁh?h%é* %h%"j}aclin eﬁ%é%? E%Pllfl{ar?ﬂl el ds
data and t hehdbplkadodilesoftat pecking Ptik propottivnhi wlthd ived-thérdd pbaver afuthe6 (i11)
nodi fyi ng said paraneters of said | ower boundary in said geol ogi c nodel 7
to reduce saiffpcHve ft8¥sence. 1 43. The nethod according to clai m 40 wherein
said gbtained potential fields data 2 further conprises at |east one
conponent of (i) vector magnetic data, (ii) vector 3 gravity data, (iii)
t ensor magnebi& (dpel)ap and (iv) tensor gravity d%)a.
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1 44. 'The nethod of claim43 wherein flue at | east one conponent conprises
~at least z two conponents of potential fields data, the nethod further
conpri si n@ofohk[)ﬁgi ng 3 the at | east two conponents to gi v& 61 %8R @By dat a
conponent S that are consistent 4 with Laplace's equation. FCTFS04PI6het hod
“of claim43 further conprising filtering the at |east one conponent 2 of
potential fiel dsTHatempressienawelogity dhds wiared wrihe bulkegyddubad bycthepdawnt of t he
3 potential fields data prior to stop (e) of claim4l. 1 46. The net hod of
claim40 wherein a | ower boundary of said geologic nodel is 2 expressed in
terns of an ordered set of basis functions. 1 47. The nethod of claim46
wherein the set of basis functions are selected from(i.) 2 half cosine
functions) (ii) éAdre polynomals, (iii) polynonmials; and (vi) 3
“wavel et s, (Wi&)(t%%ubechi es wavel ets, and (viii) sliding boxcar functions
with 4 varialfl e \wodths. t 48. A nethod for deterni niE(Eg)a par anmet er of
i nterest of as anonmal ous subterranean 36 AVENDED SH z345678)9
“to il 12 13 14 15 16 iT is 19 20 21 22 formation conprising: (a) neasuring

at | eagst ono conwﬁent .of tential fi hi:v of | ocations
over regi on of ?rgrpelgtth%)‘%élf%i ﬁﬁlp{rhcghg’ﬁg?rg%‘@%??’%renéﬁe%h? l}s{é‘flg 90 | east
ono conponepy) i§ a5etkduhd & hd didseuB8aYNfwiiel B consistentiwith fiRNANIe prédided bP)
acquiring seismc data over the region of interest including the anomal ous

formation afwsgmer’s maseherlewationsingaeationn(Diaad (YBophysi cal nodel : (c¢) for
said initial geophysical nodel, estimating a value of said at |east one
conponent of potential fields data at said plurality of |ocations and

gi vi ng esti mat ed Whilei@ packing af elastic spherss isawe a goop mapessenmfiopof sxdirmaltarfyi el ds

data; (d) determ ning a difference betwe sai d estj mated, val ues and said
measuid valeRk- de TOSIE 193 trneveRieles eriraly aepted B bepaasd #PEKeEl nodel of
the region basesh soweeh drfeédVeai@OCHd thé dorhprebsidral SaVe (TRRRA) DElo&HEPE C - @
until said difference is |l ess than a predeterm ned val ue) giving as updated

geophysi cal redddior exginplesi Hemiltes (Lt Bevasawiriqabdatsof cempreagortlandei sni ¢
dat a nmeasur t al ' ' - Si

updat ed geo%ﬁ@%&ggﬁagt%&g%%@gé?%gﬁ%ggF %émﬁgﬁgﬁe@g@&gfé P?ﬁ?sgr gg? d&‘!a}ée The
met hod of clcahsistéfit witk agiowet v retmivalbetigechorlveity and efecidlesated from the 2

group_ consisting of a salt body) a shale diapir, a nmagma fl ow and a

magneﬁ c aintrusiont 50. The nethod of claim48 wherein the at |ast one

conponent conprises at |east a tw conponents of potential fields data, the

met hod further conprising filtering 3 the at |east two conponents to give

filtered data corpenemngta Rigura?.tthe diffsrence betweenithenoveapirdeestese§ldandn. 37

AMENDED SHEI%t-Il-e effec]tivze stress 813 is determined 817 to give an estimate of the fluid pressure in
the subsurface 819. This estimated fluid pressure may be used to guide the drilling

20 process by, e.g., selecting a suitable mud weight in the borehole to avoid the risk of a
kick or a blowout. Under normal conditions, the mud weight is chosen so that the
pressure exerted by the column of mud in the borehole is slightly in excess of the
fluid pressure in the formation but less than the pressure that could cause formation
damage by forcing drilling mud into the formation through fracture failure.

25 Accordingly, if the determined formation fluid pressure at any projected depth during
the drilling of the borehole is abnormally low, the mud weight is reduced to avoid
formation damage. Coaversely, if the determined formation fluid pressure is
abnormally high, the mud weight used in drilling is increased to avoid the danger of a

kick.



34567s91z3S1 . The nethod of claim48 wherein the paranmeter of
interest is selected from (i) a lower boundary of the subj grggne

format i OWP QQi6b379a t hi ckness of the subterranean fornmation,pdiiéao/ogzgdensity
of the subterranean formation) (iv) a magnetic susceptibility of the

subt erranean f i tiom:. (Vi)
over burden strgésﬁﬁﬁlﬁ%}%éé%oéﬁgbﬂégo |%?{é?%l§t?d%?\%ﬁ§lé gﬁggg?é\%ﬁgt&rx@gg in the
regi on of andtretestup tovhe surfate thrabgiothe bhonlds peressnitle driilstrivgg areighen of

interest, (i over burden. stress bel ow t he, subterranean fqrmation of
| nt er est § B0 f LRASEVETER FoibE AHFOHIE FHROERR (UA FLFRIT BHARYIBH Lot

| nter est, 3faghelshas hOhoRlFobhitidh W@ e DAV S AR cHY DB th AP R&K e
formation of iInterest. 52. The nethod of claim48 wherein a base of the
subt ®r r aneaffidionnamaistainbordhe laimtegrity neder ggozhicstonditioms.dBuring delngessed i n
terns of ap ordered set of sis,.functions. 3. e t hod, of claim 52
wherei n t e S ofospirca 454 vities Sree Bpih8Bhas o B ppfel b Sofigthe 8 e
functi ons, refirihg ERGe B RHBA] SMBEbaleRdle tb bidrcp@k Yromoral Fossadnd thevi ) 3

wavel ets, (vii) Daubechies wavelets, and (viii) sliding boxcar functions
with 4 varbicagicle.spdhatshe bottong holemuskpregsars will prassil thy bydisossasicrmssyrarafct ur es
beneat n Ay2RRNALRHS THY ) boRhc EAM b0 ok GPLAN LA BRI 111G dat 2
over a region includi'ng tfre anoral ous Tornmation; errving an initial
geophysi cahcdordiaklyi, itds Hebesgrps mpiesr axunbise of diffaentchasansmenspdushias flownat i on
usi ng said obtajned seismc¢ data; 6. .(e) .obtainj ng ot.enti.al tIgLeI ds data

i ndi cati yefaEﬁOféh#HW:é‘r‘ . H%i‘rt?tquélﬁi“&’%o‘t?dp_@)‘&ga‘? BIEBBH, 0%t d) i nverting
the obtai ngdepgl.th Aow'fafd dIndila il B ofikint WeldiRonSROMANSEGR! O nMDdel

&l
for obtaining an updated geophysica i nc ng paraneters to of the

| ower bounpkmeyratién airbthanenqué onl thefbot. nEdse paraggtars areveongolded based upathni que
i ncl udi ng sequent i addi ti.onof . terns i.n_a delin rocess; 38 _ AMENDED
ST o ESop e md initiB i peEisTRe OllaRed B e LR RV RN 2 s g o o

updated geophysical nodel to obtain an inmage of the subsurface including
sai d | ower boundary anqlﬁgeri ving therefrom an intpr oved geophysical nodel;
sad (t] invertiRigaed & %eﬁ%lalgﬁm%tﬁtei%quiﬂéliw dhe iveaieywherein ther oved
geoghysi ca bEqul : Ry : i i 3 i~pald:L.0)

pr ocessi nggl% e gsgeei l;sl%ugésd%t%Ott}‘}sélmndé%%%éﬁ;dewggﬁgg%%’ﬁ%/ﬁ@(‘:%c{m%%g@r%T{gsnl(ygrrage
geol ogi ¢ stisrsigificansly ifferantfrérh eha o thel reighboangatgions. An 2x@ngle ®5 sucbhan net hod
according to claim54 wherein inverting .the potential fields data further
conpri ses Wﬁ‘i‘%ﬁggndfﬁﬁ& Qﬁ_’fb’e ‘b_%‘(vﬁ}égrpe\r}%"g@bt"&%‘oica‘f%egd‘i‘ iy Sﬂte! ds
dat ggsad vabdiemsQf sighificariyifreht §eis%iesveget@;meaheﬁs%euéén%%mmys' cal
nmodel , and nodi fying said geophysical nodel"if said differehce exceeds a

pr edet er m waithsairgund ghersal, Balgpg itpifficulstth oltait sxismicrimages @l sismiSS wher ei n

t he potent| rise . -Qne nen f data,sel ected
rom (1) velpghshau Al Syt R gl A2 00T, SRR bof o BiRL oy
magnet i ¢ ddétarmieation §f sejsmie velocitigs evthe yopaf the ahomaloud kenaiBtnhiaid &f bletlai m 56
wher ei n thg gt | east ..one cov@{)n nt conplises at |east 2 two conponents of
potential PPl Gasesdiscussed eRGEIP NABUREOTARAVE) 15gseq 1o EsTiv§ @nanitigh  at

| easly two SBeRtt sholdol ©itNErah ﬂ?’ﬁé t si stent
Wi t?SLapl agéewg?equati on.tg_ lto gfh%ggrret %dﬁggpgpgg?n%S ugﬁ?gl?'ﬁg%rrpri si ng
filtering medebinchidasdensite irformativarthata$ dervesindithet fibimedetmidatcitiesoenove a

| | engt h i onal t . of t tential fields dat ior t
SR T i SRR R AR S i A
satd di ffeugneg df e Afddlodndhe 2Thisli$ SérensllyOstrdi iR rdrRALl NAKELRRGNLA r egi onal

conponent. 39 AMENDED SHEET
density of the rock in the anomalous zone would be known from geological

30 considerations. For example, salt has a density of 2.10 g/cc and a seismic velocity of
14200 ft/s.
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1273 60. The nethod of claim54 wherein a base of the subterranean
ormation in the deternined Geophysical nodel is expressed §rSEPe2®8 of an
ordered ¥ 04603hHsis functions 1 61.. The method of cl ai mECrvkwroetdl t he
set of basis functions are selected from (i) 2 half cosine functions, (ii)

Legendre pol ynomjslcShe Gidthdd B9 r@?&?ﬁgwbﬁ@&eﬁeﬁbé tooFigR¥ED &hs ﬁot(eﬂﬂ-ié-l)

Daubechi es wavel ets, and (vill oxcar functions wth vari abl e
wi dt hs. 168¢cldAdatat hiodk 963, aeimertedimodko?itat Thendiffewnce fromsbissepianda

SUbt e { Nl LR ) RLNE SO SR 418,10 S LA Ry e

| ocations JvRiie thebAsH Stht BRdHAILRYzIRE Thiy iARértedmoderibRehRRA?L fi el ds data
. selected, frommagnetic data nod, gravity data; 6(b)using seismc data

" acquisred atvelgcisy model foy tht anopalausgase:iah natgd @bey thaseiwiiy yploaitiss fy the

Chitial ¢ . . S : et ¢
. nglns: ? y Fgrqgl voélrtgﬁ %;6é%18h{a3%1£$%52(? %’2@8%@€%n§ Hg?ﬁglﬁ)&g& gﬁ@‘gg‘gg{j%t iOaI
fields dat astiramd ofeieclomenboghdary ofrHabmiinalemsidng tnoaebe kib(wiedsihag t he

updat ed density nodel  for determ ning an overburden stress, inl2the

f or mat i on; 1BpEOvedvelositymagebef the eatireiapemalons zane; Block 180 Ihisthapassibia t he
sei sni c data; %%ge 1 ] | Micfhs f£romthe
determ ned&%gél/elel‘%gur enagﬁcggfsﬂ ngn tr%%é{r eeg%i%%gﬁg{ersgigg{l@%ﬁ%gyéﬁﬁe nmet hod
of clGai m 6dettbreastimate dfsesmit gelstitios belowrthboaremalods zoot e lhe denditvehati®l,2 dat a

is at |east,on f. .(J onpo t of vectqgr cavit i e (i), a
conponent %l?ﬁke%l h?d&%?%?ff‘f%ﬁ‘fq?&qa ,gw(eiainic}ve% %%Wéﬁgﬁ‘l%ioﬁkcb\}ab:rb%t magneti c
field) and)oveibardeh hnGRPAIVEYI With tHRRESMidRIeE ies; bidcRI9ES , dDdetermin® 1 64.
The nmethod of claim62 wherein obtaining the initial nodel of density
further z dompationdiuid pressyregjusing thermethod dessribed qhove ayith reterence g Eigurgi on
fromthe acguired seismc data; and s (ii) using an enpirical relation
bet ween sei'smc velocities and densities in 6 determning the initial nodel
of dehsity. 1 65. The nethod of claim 62 wherein obtaining the initial
nodel of density, uref&per zZ conprises Slgg H{g&ng.densiti s fromwell 1ogs
near said, and (VIFTHNERARIIPUSRSSANLS 2 SalL QMY & I3 EOmnogly & resylt QgAY

| 'ocal | y- cal drivenidesigdMbivi T dhe da8lidlo 19ghek ABns9NEEiidn) ThoighemkLiniRbk Qri ti es
to densities. 1 66. The nmethod of claim62 wherein inverting the at |east
one conponéfRuldtrecogpigectindesaltiis ghier than thetsurpwrding sadimprtery fosmadprshe
initial no ! t i § Nt J | i rsion
schemp. 1 o i el byl infBpdind o3 e (YRRAG ol o oy s R LR T
conppment dfe atcpwitedforal fiel ds data further conprises using constraints
derived fromthe initial 3 nodel of density in the iterative inversion
schene. 1 68. The nethod of claim62 wherein determ ning the overburden
stress further z el ; L1 i i j ot updat ed
density nodel . “?lgggfb?ﬁ%m%g% %gﬁmoémcs?gflé%{egig\?\rlﬁééag%%g%gﬁﬂes%?ﬁbgl{lﬂia%g t he
ef fective sitreasshd veloditr inreggasas expssteddiyramadelsheh ad epiatior (Btor (Hshi p

between th etermned seismc.3 vel qci.ti e the effectiyv ress. t 70.
The. ot hod BPeh i eeseaih sk s et Sitoe B 8P BB e ofRa s AR, |
conppises: Bldver defdityshadt theuirbahding skilimems,theraélotigy enly ParttallgfdesRbsbsat

| east one conponent of potential fields d{at a at 2@ d plurality of

| ocati ons; $pithat the vglocijty ys Rgherthamthatgienyor edoaRrley-penpaded sk @t ©8t i mat ed
val ue and sgj 1 i : id plurality of

| ocati ons; %“?ﬁ?ﬁ‘%ﬁgt@?ﬁ% m%ggé?ﬁﬁéf&tcﬂgéfdgg?gﬁﬁ 22@3"%?‘ said difference;
and 8 (iv) iteratively repeating steps (i) - (iii) until said difference is

less than a 9 pr %ﬁ%’g {hgarr]l%g:a o%ls %dy 'avo &ngchﬁ&lljl 1%3%?&:%?5?& osdlyctﬁeln hrans)deI '

30 higher density than the surrounding sedimentary formations, the overburden stress
will be higher than would be expected in a comparable depth of sedimentary rocks.

The present invention is able to account for the effects of zones of anomalous density
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_71. The nmethod of claim62 Rather conprising using the detez'gn'g@d dgr mat i on
fluid 2 pres9ukes7d 0 guide a paraneter of a drilling process E%ﬁg°g’ﬁ§7 1
drilling a borehole 3 in the subtezranean formation. t 72. 'F e ne og of
claim62 wherein inverting the at |east one conponent of poteatial fields
dat a furt herbycdsigominieg thgacwgl densty r whereas préeriapietiethpdmassime thet deedity3 nodel

of density i.n_the it.erative.inversion. sch sl 7 The .ngth of claim62
further conﬁpfrgfsﬁﬁu?} ?nr?gl)y Wltg %Eﬁ‘e?fn‘{%‘é‘-a »\Fg{ﬁe r’?gfq %ar?gq Prﬁlﬂg‘l%%ﬁ?eggsure to _
anal yzt st aljhforintisef. a wel Il bore drilled in the formation. 1 74. The net hod
of claim69 wherein the formati on has been subjected to an 2 unl oadi ng of
over burden about the formation, and wherein determning the 3 affective
stresssfurther conprises a correction for a hysterisis effect related 4
thereto. | T5. The nethod of claim64 further conprising using the updated
model for 2 obtai Whilp therphaybebndHustrdted aed desctiberspannichl arsnmispdiments iofiiteov ed
seismc 3 velocitjes in determning.the effective stress.. | 76. The t hod
of ol ai m 62 PRGPEINCTI e e APPHGIAFE thet RITTAUICARRS Ridemediicarers Miat o

i ncl udes one, @,y kithost skRAS) ?d&hdrtfz aﬁ&'itﬁ@?x?ceﬁc!%ﬁ’iﬁmgpgﬂdédh&aihﬁﬂg c8Veraace,
and, (ii) a bat ynctric surface for marine data. 42°.

. AYA. A{ 9. Ah. thSte changesind mundifidatians ngnick fallrwirtn thex@e shiritandscopeef tha{ yr . A(r.
A@ AS9, A; 9. AFL. A h% A(S. A. AAl . Aa. A; . AYN. Al (. AN' 2. AY(R A; . A(,y.A3u. Al; ", . A

.. Aa?l0s] . ARRSeRTipgPOYon,: ()

K~yt oj e [ V] ca] ca] ca] ca] ca] ca] c: a] cRa] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca] c”a]
cMa] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca! KC1

~'TS)y' x% 8} xsni d_Z] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]c
a]ca]ca] cal]ca]ca]cal]calca]lca]ca]ca]calcalcalca! FEn!'t5:V_ i (s$ |

'} xsni d_Z] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]ca

V+++, {vgl gb] X] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]

cal ca] caV] ca]caV]ca]ca]calca]ca]ca]caJca!,h, -a--i..//

070000=122: 33334%$5k6671 899C;

; <==_=|wrnhc"X]]c”a] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca] ca]ca] ca]ca]ca]ca]ca]calc

aJ cMa] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! _=d=e=g=P?b?r @GB\AA3BBCDc DDDDFF7 GG

HH Q I 1 RIgJJKK| wr mhc”Y] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca

] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca] ca] ca] ca] ca] ca! KAdLLLL>MCVDVEMHMMVNeNOP™ Q

QQ<RRRESSSTKUUUUUUUU| wr ngb] X] ] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca]ca! U

XTXWKZXZO[ 3[[[/\0\3\\ "~/ a"bccclddd6eee(ftffggg}xsnid_Z]]]ca]ca]lcalca]calc

a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca]lca]ca]ca]caJca]c

a] ca] ca! qgggghh"ioiij kjj kk

mXnmmydnnoo8p>p?p@ppplqgdrr-s}xsnid_Z]]]ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]ca]calca]calca]lcajcajcal-sMRt\tatc

thtut{ttttttttt=uuu#v)v*v, vlivv

wwx Qxxyy{vql gb] Xni d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]c

aJ ca] caV]ca V] c™aV] ca] cal] ca] ca] c™a] ca] c™a] ca] ca] ca

yryyzV{{} X} } } O-P~S~T~U~-W-g~~~~~~~~~~~~~~~~~ {toje [Vnid_Z]ca]ca]ca]ca]calca
c”aV] ca

a c’\aa caljca]ca]c:a]c:”a]c:alcaV]ca]ca]ca]ca]calca]ca]ca]ca]ca]ca]ca]ca]ca

]calca ~T*y (, 24~xgkd_ZUP{toj]ca]ca]calca V]c*aV]ca V]c™aV]ca

V] cMaV] ca] ca] caV] ca] caV]ca V]c"a

V] c™aV] caV] cal] caV] cal] caV] ca] caV] caV] caV] ca] ca] caV] ca459>BFRy" Wh~zt 24" - . {

vgl gb] Xca] c] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]l

cal ca] ca]cal calcaV]ca V]c”*aV]ca V] cnaV]ca

.0@yp5¢cX 6h_}xsnid_Z]c]]ca] ca]ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]ca]ca]ca!l _F+/ fRQWxsnid_Z]c]]ca]ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca

]ca] ca]ca] ca]ca]ca! q' ~JH SH | wmhc”Y] c] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]ca!jb: >9A: 5ps

ZZ} xsnid_Z] c]]]ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]calca]cal

ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal

No<*| ' xcB6}xsni d_Y] c] V]ca] ca] ca] ca] ca] ca] 2:861] ca] ca] ca]ca]ca] ca]ca]ca]ca]ca]c

a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! oUuz#&05d" | wgl gb] Wi d_Y] V] ca

] ca] ca] ca] caV] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca] ca

WV] calU] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca] caV] ca] ca

" ZOW PH, 2-}xsni d_Z]V]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! z,' aaghj " dznzuoj d_Yni d_Z] V] U]

ca] caU] ca] cal ca] ca
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{upj e_ZToU]] U] ca] cal] ca] cal] ca] cal] ca] cal] ca] cal] ca] caU] ca] ca] cal] ca] cal] ca

- ] cal] ca] cal] ca] cal] ca] cal] cal] ca] cal] ca] cal] ca

WT>AORS] _acfrux~|wgl fa[ U e_ZToU] ] UU] cal] ca] cal] ca] caU] cag #E:FF &caU] ca] ca]

caU] ca] ca] caU] cal] cal] cal] caU] cal] caU] caU] ca] caU] caU] ca U ca7d eh~

- xrngb\ VPoU] cal] cal] ca] cal] ca] cal] cal] cal] ca] cal] ca] cal] ca] caU] ca] caU] cal] ca
U caU] ca] cal] ca] ca] cal] cal] cal] ca] cal] ca] cal] ca8NDFW/, / 0369<EF M g

{ vpkf " [ UoU] cal] ca] cal] ca] ca] cal] ca] cal] cal] ca] ca] ca] cal] ca] ca] cal] ca] caU ca

] caUlca] caU] ca] ca] caU] ca] caU] caU] cal]caUcalUcag hi p !I!!!

“d"f"h"j """ #DEK#Y#0$0$ER80888088888at 0] e_ZUoU] ca] ca] cal] ca] ca] ca] cal] ca] caU

] caU] cal] ca] caU] cal] ca] cal] ca] cal] c%a} cal ca] caU] cal] ca] caU] cal] cal] ca

J]cal]ca%@"' (()) +1+e+,,,,,,,,,, @®@--. = 11} xr |1 f [ UoU] caU] ca] cal] cal] cal]

cal] ca] caU]Wh@tasatJ]mm]daa:U] ca] caU] caU] ca] ca] ca] calU] ca] ca] ca] cal] ca] caU] ca] caU
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12 (d) dcten:mmng adifference botween said estimated value and said measured
13 value of said measurements at said plurality of locations;
14 (e) updating the geophysical model of the region based on said difference;
15 £ iteratively repeating steps ¢ - ¢ until said difference is less thana
16 predetermined value; and
17 () using said updated model to determine the parameter of interest.
1 2. The method of claim 1 wherein processing the seismic data further comprises:
2 (1) determining seismic velocities in the region from the acquired seismic
3 data; and )
4 (i)  using an empirical relation between seismic velocities and densities in
5 determnining a geophysical model of density.
1 3. The method of claim 1 wherein the region of interest includes an anomalous
2 subterrancan formation and deriving the initial geophysical model includes an
3 upper boundary of the anomalous subterranean formation.
1 4. The method of claim 1 further comprising using the determined parameter of
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1 7. The method of claim 1 wherein the subterranean formation of interest is one of
2 the group consisting of (i) a salt body, (ii) a shale diapir, (iii) a volcanic flow,
3 (iv) an intrusive igneous body, and, (v) an extrusive igneous body.

1 8. The method of claim 1 wherein the at least one component comprises at least
2 two components of potential fields data, and the method further comprises
3 filtering the at least two components to give filtered d...4 components that are
4

consistent with Laplace’s equation.

1 -9 The method of claim 1 wherein the potential fields data is at least one of (i)
2 vector gravity data, (ii) vector magnetic data, (iii) tensor gravity data, and (iv)
3 tensor magnetic data.

1 10.

The method of claim 1 wherein the parameter of interest is sclected from (i) a
2 lower boundary of a subterranean formation, (ii) 2 thickness of a subterranean
formation, (ili) a density of the subterranecan formation, (iv) a magnetic
4 susceptibility of the subterranean formation, (v) a volume of the subterranean
formation, (vi) overburden stress in the region of interest, (vii) effective stress
in the region of interest, (viii) formation, fluid pressure in the region of interest,

(ix) overburden stress below a subterrancan formation of interest, (x) effective

® N

stress below a subterrancan formation of interest, and (xi) formation fluid
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s a variable density Bouguer correction, (v) Eotvos correction, and (vi) datum
'3 correction.

1 12. The method of claim 1 wherein the at lcast one component of potential fields
2 data is a magnetic component, the method further comprising applying to the at
3 least one component of the potential fields data for at least one of (i) diurnal
4 correction, (i) IGRF correction, (iii) leveling cormrection, (iv) bathymetric
s correction, (v) fixed magnetic susceptibility correction, and (vi) variable
6 magnetic susceptibility correction.

1 13.  The wnethod of ¢laim 1 wherein the model is selected from (i) 2 2D model, (ii)
2 a 2.5D model, (iii) a 2.75D model, and (iv) a 3-D model.

1 14.  The method of ¢laim 1 further comprising incorporating in the model one of (1)
2 land topography, and (ii) marine sea surface and water bottom bathymetry.

1 15. The method of claim 1 wherein the determined geophysical model includes a
2 density for a portion of the region outside the subterranean forrmation expressed
3 as a polynomial function of depth and a laterally varying dewsity.

1 16.  The method of claim 15 wherein the density is based upon at least one of (i)
2 well log information, (ii) seismic velocity information, (iii) seismic tomography,
3 (iv) prestack seismic inversion of seismic data, (v) post-stack seismic inversion
4 of seismic data, and (vi) regional compaction curves.
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1 18.  The method of claim 1 wherein the determined geophysical model includes a
2 magnetic susceptibility for a portion of the region outside the subterranean
3 formation of interest expressed as a polynomial function of depth and a laterally
4 varying susceptibility.

o

19. The method of claim 1 wherein the determined geophysical model includes a

2 magnetic susceptibility for the subterranean formation of interest selected that
3 is at least one of (i) a fixed susceptibility, (ii) a laterally varying susceptibility,
4 and (iii) a vertically varying susceptibility.
1 20. The method of claim 1 wherein the determined geophysical model includes a
2 base of the subterranean formation that is at great depth.
1 21.  The method of claim 1 further comprising subtracting a long-wavelength field
2 from the measured at least one component of potential fields data.
1 22.  The method of claim 1 further comprising filtering the at least one component
2 of potential fields data to remove a long wavelength regional component of the
3 potential fields data prior to step (c) of claim 1. '
t 23. The method of claim 13 further comprising using the difference at step (d) of
2 claim 1 for additional filtering of the long wavelength regional component.
1 24.  The method of claim 1 wherein a base of the subterranean formation in the
2 determined geophysical model is expressed in terms of an ordered set of basis
3 functions.
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2 wavelet function sct.

1 27. The method of claim 24 wherein in step (e) of claim 1 the base of the
2 subterrancan formation is not allowed to extend beyond a top of the subterranean
3 formation.

1 28.  The method of claim 24 wherein iteratively repeating steps (c) - (e) of claim 1
2 further comprises solving for a higher basis function after solving for a lower
3 basis function.

1 29.  Themethod of ~'aim 24 wherein after cach iteration low frequency components
2 are filtered out.

1 30. The mcthod of claim 1 wherein iteratively repeating steps (c) - (e) further
2 compriscs an integration of the determined or updated geophysical model.

1 31.  The method of claim 30 wherein the integration of the determined or updated
2 geophysical model is catried out by a set of parallel computations.

1 32. The method of claim 30 wherein the integration for each parameter to be
2 inverted is chosen randomly, and further comprises: -

3 Q) allowing only a small change in ¢ach parameter during each iteration;
4 and

5 (i) applying a low-pass filter to the surface after all parameters have been
6

processed.
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- (<) receiving potential field data indicative of a lower boundary of said
7 anomalous strueture;
8 (d) modeling a lower boundary as a weighted sum of a plurality of basis
9 functions to give a model of the lower boundary;
10 (e) obtaining a set of expected potential field data from the model of the
11 lower boundary;
12 ® determining 2 plurality of weights refating the lower boundary to said
13 plurality of basis functions by iteratively adding one basis function at a
14 time based on said received potential field data; and
15 (8)  determining the lower boundary of the geological structure from the
16 determuned weights and the basis functions.
1 34, The method according to claim 33 wherein the determining the weights for said
2 plurality of basis functions further comprises:
3 @ comparing said received potential field data to said expected potential
4 ficld data to obtain difference data between said received potential field
s data and said expected potential field data; and
6 (ii) modifying the plurality of weights base upon said difference data.

1 35. The method according to claim 34 wherein said modifying the plurality of
2 weights includes an inversion of said potential field data.
1 36. The method according to claim 34 whercin ends of said upper boundary are
2 masked.
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data, and (iv) tensor gravity data.

1 38. The method of claim 33 wherein a boundary of the subterrancan formation in the
2 determined geophysical model is expressed in terms of an ordered set of basis
3 functions.
1 39.  The method of claim 38 wherein the set of basis functions are selected from (i)
2 balf cosine functions, (ii) Legendre polynornials, (iii) polynomials; and (vi) |
3 wavelets, (vii) Daubechics wavelets, and (viii) sliding boxcar functions with
4 variable widths.
1 40. A method for determining geological structures of aregion of interest including
2 an anomalous formation comprising:
3 (2) obtaining and processing seistnicdata indicative of the region of interest;
4 (b) formulating a model corresponding to the region of interest;
5 () using the processed seismic data for obtaining a an upper boundary of the
3 anomalous formation in the model;
7 (d)  obtaining potential fields data responsive to a lower boundary of said
8 geologic model,
9 ® using an iterative inversion technique for determining parameters of said
10 lower boundary from said obtained potential ficlds data; and
11 ® using the determined parameters of said lower boundary in processing
12 the obtained seistuic data for providing a depth image of the geological
13 structures.
1 4]1.  Themethod according to claim 40 wherein processing the obtained seismic data
2 further comprises at least one¢ of (i) deriving a velocity model for a portion of the region
3 of interest, (ii) prestack migration of the obtained scismic data, and, (iii) post-stack
4 migration of the obtained seismic data.
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3 Q) predicting values of the potential fields data from the model;

4 (ii)  obtaining a difference between the obtained potential fields data and the
5 predicted values of the potential fields data; and

6 @iii) modifyingsaid parameters of said lower boundary in said geologic model
7 to reduce said difference.

1 43.  The method according to claim 40 wherein said obtained potential fields data
2 further comprises at least one component of (i) vector magnetic data, (ii) vector
3 gravity data, (iii) tensor magnetic data, and (iv) tensor gravity data.

1 44.  The method of claim 43 wherein the at least one component comprises at least
2 two components of potential fields data, the method further comprising filtering
3 the at least two components to give filtered data components that are consistent
4 with Laplace’s equation.

1 4S.  The method of claim 43 further comprising filtering the at least one component
2 of potential fields data to remnove a long wavelength regional component of the
3 potential ficlds data prior to step (¢) of claim 41.

1 46.  The method of claim 40 wherein a lower boundary of said geologic model is
2 expressed in terms of an ordered sct of basie functions.

1 47.  The method of claim 46 wherein the set of basis functions are selected from (i)
2 half cosine functions, (ii) Legendre polynomials, (iii) polynomials; and (vi)
3 wavelets, (vii) Daubechies wavelets, and (viii) sliding boxcar functions with
4 variable widths.

1 48. A method for determmining a parameter of interest of an anomalous subterrancan
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190, 5107 () SOkl s Ry
10967 & ()--1090& ()-+ mmque; gfegionblinterest iending He(@nomalous formatién.- | H
F#10%1>u>& ()-1'0 F#los(yi@%swn_e cox%glnent selected from (i) vector data, and (i) tensor

6 data;
7 ) acquiring seismnic data over the region of interest including the
8 anomalous formation and d'ctcrmining therefrom an initial geophysical
9 . model;
10 () for said initial geophysical model, estimating a value of said at least one
1 component of potential fields data at said plurality of locations and
12 giving estimated values of said at least one component of potential fields
13 data;
14 ) determining a difference between said estimated values and said
15 measured values at said plurality of locations;
16 (e) updating the model of the region based on gaid difference;
17 ) iteratively ropeating steps ¢ - ¢ until said difference is less than a
18 predetermined value, giving an updated geophysical modecl;
19 @ using the updated model for processing the seismic data measured to
20 obtain an improved geophysical model;
21 ) using the updated geophysical modcl to determine the parameter of
22 interest.
1 49.  The method of claim 48 wherein the anomalous formation is selected from the
2 group consisting of a salt body, a shale diapir, a magma flow and a magmatic
3 intrusion. |
1 50. The method of claim 48 wherein the at least one con;ponent comprises at least
2 two components of potential fields data, the method further comprising filtering
3 the at least two components to give filtered data components that are consistent
4 with Laplace’s equation.
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3 wavelets, (vii) Daubechies wavelets, and (viil) slidirz boxcar functions with
4 variable widths.
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54. A method for imaging geological structures bencath an anomalous formation

comprising:

(a) obtaining seismic data over a region including the anomalous formation;

®) deriving an initial geophysical model including an upper surface of said
anomalous formation using said obtained seismic data;

(c) obtaining potential fields data indicative of a lower boundary of said
anomalous formation;

d) inverting the obtained potential fields data using the initial geophysical
model for obtaining an updated geophysical model including parameters
of the lower boundary of the anomalous formation, said inversion

technique including sequential addition of terms in a modeling process;
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12 O] processing said sejsmic data using said updated geophysical model to
13 obtain an image of the subsurface including said lower boundary and
14 deriving therefrom an improved geophysical model; and
15 ® inverting the obtained potential fields data using the improved
16 geophysical model to give a further refined 'geophysical model; and
17 (8) processing the seismic data using the refined geophysical model to image
18 geologic structures beneath the anomalous formation.
1 55.  The method according to claim 54 wherein inverting the potential ficlds data
2 further comprises obtaining a difference between values of said potential ficlds
3 data and values of the potential ficlds data predicted from a geophysical model,
4 and modifying said geophysical model if said -difference exceeds a
5 predetermined value.
1 $6.  The method according to claim 55 wherein the potential fields data comprises
2 at least one component of data selected from (i) vector magnetic data, (ii) vector
3 gravity data, (iii) tensor magnetic data, and, (iv) ‘ensc: gravity aata.
1 57. The method of claim 56 wherein the at least one component comprises at least
2 two components of potential fields data, the method further comprising filtering
3 the at least two components to give filtered data components that are consistent
4 with Laplace’s equation. .
1 58.  The method of claim SS further comprising filtering the at least one component
2 of potential fields data to remove a long wavelength regional component of the
3 potential fields data prior to steps (d) and (f).
1 59.  The method of claim 55 further comprising using said difference for additional
2 filtering of the long wavelength regional component.
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The method of claim 60 wherein the sct of basis functions are selected from (i)

half cosine functions, (ii) Legendre polynomials, (iii) polynomials; and (vi)

wavelets, (vii) Daubechies wavelets, and (viii) sliding boxcar functions with
variable widths.

2
3

—t

62. A method for determining formation fluid pressure in a subterrancan formation,

2 the method comprising:
3 (a) obtaining a measurement of at least one component of potential fields
4 data at a plurality of locations aver a region including the formation, said
s potential fields data selected from magnetic data and gravity data;
6 (b)  using seismic data acquired at a plurality of locations in said region for
7 obtaining an initial model of density in the region;
8 (, using the initial model of density for inverting the at least one comg - .ent
9 of obtained potential fields data and determining en updated density
10 model:
Il (d)  using the updated density model for determining an overburden stress in
12 the formation:.
13 ()  determining an effective stress in the formation from the seismic data;
14 and
15 H determining the formation fluid -pressure from the determined
16 overburden stress and the effective stress.
1 63. The method of claim 62 wherein the at least one component of potential fields
2 data is at least one of: (i) 2 component of vector gravity field, (ii) a component
3 of tensor gravity field, (iii) a component of vector magnetic field, and, (iv) 2
4

component of tensor magnetic field.
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2 comprises performing a vertical integration of the updated density model.

- 1 69. The method of claim 64 wherein detertnining the effective stress further
2 comprises using an empirical relationship between the determined seismic
3 velocities and the effective stress.
1 70.  The method of claim 62 wherein determining the updated model further
2 . cornprises:
3 €)) for said initial model, estimating a value of said at least one component
4 of potenrial fields data at said plurality of locations;
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(ii) determining a difference between said estimated value and said obtained

6 value of said measurements at said plurality of locations;
7 (iii) updating thc model of the region based on said difference; and
8 (iv)  iteratively repeating steps (i) - (iii) until said difference is less than a
9 predetermined value, giving the updated geophysical model.
1 71.  The method of claim 62 further comprising using the determined formation fluid
2 pressure to guide a parameter of a drilling process used for drilling a borehole
3 in the subterranean formation.
1 72.  The method of claim 62 wherein inverting the at least one component of
2 potential fields data further comprises using constraints.derived from the initial
3 model of density in the iterative inversion scheme.
1 73. The method of claim 62 further comprising using the determined formation fluid
2 pressure to analyze stability of a wellbore drilled in the formation.
1 74.  The method of claim 69 wherein the formation has been subjected to an
2 unloading of overburden above the formation, and wherein determining the
3 effective stress further comprises a correction for a hysterisis effect related
4 thereto.

75. The method of claim 64 further comprising using the updated model for

obtaining improved seismic velocities and using said improved seismic

3 velocities in determining the effective stress.

76. The method of claim 62 wherein the initial model determined from the seismic
2 data includes one of (i) a topographic surface representing the land surface, and,
(ii) a bathymetric surface for marine data.
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