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generally to the field of geologic nogeling. Mre particularly, the
invention is a process for constructing a three-dinensional (3-D) geol ogic
nodel of a subsurface earth volume in which the positions of geologic
interfaces within the nodel are adjusted as the nodel is being 15
constructed in or BROCGESS EQR)QQNSTRUQ'HNG?TH@-DME\NSIONA nodel and
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In the oil and gas |ndustry, MlClmERFAGESB often used to aid in
activities such as determning the | ocations of wells, estinmating
hydrocarSL)on 25 reserves, or planning reservoir-devel opnent strategies. A
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vol ume, such etrol eumreservoir or a depositional basin. Geol ogic
nodel s may QOA‘%@Z g@PﬁﬁﬂP‘E‘PW@Pe?\? 9%.0rns. Most conmonl y, descriptive or
static geologic nodels built for petroleumapplications are in the 30 form
of a 3-D array of nodel blocks (cells or _| ess commonly discrete nodel

poi nts, to which geol ogic anﬁf&b-gﬁegiﬁmm perties such as |ithol ogy,
porosity, acoustic inpedance, perneability, or water saturation are

assi gned WO 01/ 333hvérabn'felatds?GektPally 18 the field of geologic modeling. More

particularly, the invention is a process for constructing a three-dimensional

(3-D) geologic model of a subsurface earth volume in which the positions of
geologic interfaces within the model are adjusted as the model is being

15 constructed in order to improve the consistency between the model and
available geologic and geophysical information regarding the subsurface earth
volume.

BACKGROUND OF THE INVENTION

20
Geologic Modeling in General

In the oil and gas industry, geologic models are often used to aid in

activities such as determining the locations of wells, estimating hydrocarbon

25  reserves, or planning reservoir-development strategies. A geologic model is a

computer-based representation of a subsurface earth volume, such as a
petroleum reservoir or a depositional basin.

Geologic models may take on many different forms. Most commonly,

descriptive or static geologic models built for petroleum applications are in the

30 form of a 3-D array of model blocks (cells), or less commonly discrete model

points, to which geologic and/or geophysical properties such as lithology,

porosity, acoustic impedance, permeability, or water saturation are assigned



(such properties will be referred to collectively herein as "rock
properties”). The entire set of nodel blocks constitutes the geol ogic
nodel and r s the subsurface earth volune of interest. Each nodel
bl ock repr eg‘gh?i/%}gl uni que portion of the subsurface, so tHfe WOYE4%| ocks
shoul d not overlap each 5 other. Dinmengi.ons of the nodel blocks should be
chosen so that the rock properties within a nodel block are relatively
honbgeneous, yet w thout creating an excessive nunber of nodel bl ocks.
Most conmmonl(guchmpdapertidd wilkise aeferred taroeliectivelycheremuaai'rock popertiss'¢w and

have t hi ckn Lt her onstant, or, variabl e t_any sha may be
leed. |10 A gt Sate ssbabroR bk EnR e tof BebRels o erdbpaRiR: Tor
structural taaréme;sfaoﬁeeegnh \fdlmm@huﬁgntfemrsft acEach sugiet biozki nﬁpﬁés‘emxaa, fI uid
contacts, faults und s (e. s, changes se rfaces
and boundar i ‘ﬂge‘?‘?'ﬁ no @’ |sb' hf?\&eﬁ@%ﬁ&’ Ckf’ﬁﬁ?gg&%%? f?’

ﬂl fferents r(I;Ilkerpr omerﬁsms ofT ?ne mb&élmlo@lﬁoihgﬁllw berdrﬁsém;se that tHe hﬁ:kuﬁed
erein to refer to |nter ween t subsurface regions having
ot ant i ai |y RPPALSS Ao TG ReBre TREREY D5 RnerE YotTHtat: o
structural angktiig ahr@tdegéna@mm\wrdfaﬁ\@ael brekes Mesthdemhmly, mbdelt he |ike.
In the geol %g?fg( nodel i ng process, geologic interfaces are generally

i nt erpreted S SR TSFangUIa N Rlad ‘G?W\ﬁ@pIhaﬁﬁg"g@%ﬁt@t(ﬁﬁ'@erand are

20 i nt egr at e@nktzhOot ViRiaBRObAtArfy sSRpelmasbsusdace grids, polygons, or in
ot her forns. Typ| cally, these geol o%c interfaces are fixed within the

geol ogi ¢ nodel ; A 9%} 'Br"g’deh@ggqujf 'Vé’oﬁﬁ(E@P?%P)ﬁlsffa'f‘QfaPlﬂ'élqr syysiudlon is
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interfaces are inaccurate, t he resul tlngegeo 0g i ¢ nodel may be a poor
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reservoir-devel 0{)ment strategies. 30 To mnimze the risks associated with

i naccurat e Pyt bmiteg te Ftryetbra gnelor isatigrapblessuriares fiagies @h‘ﬂd?r@a%e nmade to
ensure that ghhenPpad tions of the geologic interfaces within the nodel are

consistent wth all "avail abl e o
In the geologic-modeling process, geologic interfaces are generally

interpreted and positioned with the aid of well and seismic data, and are

20 integrated into the geologic model as surface grids, polygons, or in other
forms. Typically, these geologic interfaces are fixed within the geologic
model; therefore, negligible uncertainty in their position is assumed. If this
assumption is wrong, i.e., if the positions of geologic interfaces are inaccurate,
the resulting geologic model may be a poor representation of the subsurface

25 earth volume of interest. Moreover, the fact that the model is inaccurate may
not be apparent to the persons who constructed it. Use of an inaccurate
model could be very costly, potentially resulting, for example, in inaccurate
estimates of hydrocarbon reserves, missed hydrocarbon-reservoir targets,
and inappropriate reservoir-development strategies.

30 To minimize the risks associated with inaccurate positioning of geologic
interfaces, an effort should be made to ensure that the positions of the
geologic interfaces within the model are consistent with all available



WD 01/33481 PCT/ US00/ 28146 -3 information and target assunptions for the
subsurface vol une bei ng nodel ed. For exanple, the posrtrons of geol ogic
interfaces_jn the nodel should be consistent with all \&2:1 l&he seismc
and wel | dg’f%?méﬂgd with target assunptions such as freq r?@% 4% i but i ons
for rock properties within.regions 5 dgefined by the geologic interfaces.
-Such efforts to ensure consistency are rarely pursued, however, as they
can be expensive, tinme consum ng, and subjective. The goal of the
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i nterest tguldetivedel bl ocks within the geol ogi ¢ nodel . The assi gnnment of
a rock- property aI ue, i L%rocess known to persons skilled in the art of

geol ogi ¢ nodel i 1§e opgLolhe geofqgig-modeling procy isdﬂéﬁs'gﬂ raslk RTIRSHISS 20 bl ock

i's cal cul atg®ads inietedBiocRlin B Yeblog meas|i tiHad the RishREg, mbdsiughat he  nost
commonl y used net hods are geostatistical. Geosta |st|cal estimation nethods

(whi ch Way 856Uigte fepregentation of doe cﬁh@rsurf?ﬁeoﬁﬁ'ﬁh |vome ot t1gtesestnt d Misc count

di stance, Qirb&sshsi @i ustNafp AifePbntCith itypdst YcRidindBut A imifidoRerik)- bei ng
nodel ed. Determnistic estinmati on nethods calculate a 25 m ni num vari ance

estimat e ofPreRRItY, datR ghtajped fipmuweliscseigniscliata pptgiciyal Aedstratigeaphiat i on
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quanti fying the_ variability of a rock property as a function of separation
The geologrc-modehng process uses these data to assign values of the
rock properties of interest to all model blocks within the geologic model. The
assignment of a rock-property value is a process known to persons skilled in
the art of geologic modeling. The value that is to be assigned to each model
20  block is calculated using one of many known estimation methods, though the
most commonly used methods are geostatistical.
Geostatistical estimation methods (which may be either deterministic or
probabilistic) take into account distance, direction, and spatial continuity of the
rock property being modeled. Deterministic estimation methods calculate a
25  minimum-variance estimate of the rock property at each block. Probabilistic
estimation methods develop distributions of the rock-property values and
produce a suite of geologic models for the rock property being modeled, with
each model theoretically being equally probable. The spatial continuity of a
rock property may be captured by a variogram, a well-known technique for
30 quantifying the variability of a rock property as a function of separation
distance and direction.
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I nversion in Geologic Mddeling There are many procedures for constructing
geol ogic no LOE preferred geol ogi c-nodel i ng pr ocedur W th

t he presentd?hveﬁ?gon is 5 referred to herein as "nodel - Hggi nggﬁi

I nversion." Model -based seism c inversifan requires that nunerous synthetic
seismc traces be generated by perturbing nodel paraneters (e.g., rock
properties), until there |s reasonable agreenent bet ween t hese synthetlc
sei smic tracledghB Sgismig; I8 : plogicModglinghe subsurface vol ume
bei ng nodel ed. CbV|oust, the synthetic 1o seismc traces should represent
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seismic traces by convolving the reflection coefficients with a specified

seismic pulse. Model-based seismic inversion methods typically are
constrained by various conditions that control the outcome. For example, the
model may be constrained by measured acoustic-impedance data at wells
20 and by stratigraphic surfaces interpreted in the seismic data. These
constraints provide stabilization in the presence of seismic noise and reduce

the number of possible solutions.
Some model-based seismic inversion approaches use geostatistical
algorithms, such as sequential Gaussian simulation and séquential indicator
25 simulation, to simulate reservoir properties (see e.g., Debeye et al.,
"Stochastic inversion", The Strategic importance of Oil and Gas Technology,
Proceedings of the 5th European Union Hydrocarbon Symposium, Edinburgh,
UK, 1997, v. 1, p. 166-175 and Debeye et al., "Method for estimating or
simulating parameters of a stratum structure”, European Patent Application
30 No. EP 0 864 882 A2, published 9 September 1998). The simulated values
are systematically perturbed until a synthetic seismic trace calculated for a



are systematically perturbed until a synthetic seismc trace calculated for
a WO O /33481 PCT/ USOQ 28146 -5 particular location within the nodel

mat ches th F rved seismic data trace for that |ocati él‘};@ ocess i s
repeat ed USY(? m‘gﬁl traces are matched. U. S. Patent 5, 838, }25 ségl bes a
sim |l ar nodel -based inversion approagh, except that geostatistical
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i.e. they are not perturbed during modeling. Thus, if the geologic interfaces

are positioned inaccurately, the resulting geologic model will likely be an
erroneous representation of the subsurface earth volume of interest.
20

Geologic Interfaces that Define Zones and Regions in the Subsurface

Structural and stratigraphic surfaces are important features of the

earth’'s subsurface. These geometrical entities represent the results of

25  tectonic and depositional processes that are important for development of the
geologic conditions in the subsurface. Surfaces are also important for
geologic modeling. The geologic surfaces are pictured in the form of contour
maps, and are estimated and represented by computer grids generated by
computer programs. A computer grid or surface typically consists of a series

30 of (X, Y) locations, with one or more depth (Z) or time (T) values assigned to
each location. These (X, Y) locations are referred to as "nodes.” The nodes

may form an ordered array (e.g., a pattern of equi-dimensional rectangles) or



each location. These (X, Y) locations are referred to as "nodes." The nodes
may forman ordered array (e.g., a pattern of equi-dinensional rectangles)
or WD 01/33481 PCT/USOQ 28146 -6 a set of conpl ex "shapes ((e_guscb a pattern -
of space-fiWO®@4Ladrilaterals of varying sizes and shaP 8186 s of

Del auney triangles). Various conputer gprograns are available to generate
such conputer grids using data |nterpreted fromwells, seismc surveys, or.
ot her sources. 5 Conputer grids influence generation of nost 3-D geol ogi c
nmodel s.  Sughsgr ofd so:ﬁﬁmréﬁapes h(e d..op patterbasespecetfiimgnoaadrilatetats eby

used to-det FARIGLHIBRARY oRrEesiof tef Ohiae RUET ceffiesF cfpied, boRpReE, ont

| ayers (e.g prodrﬁrhﬁahl'é)r@\ballabl@o[ﬂ%@éﬁer@él dach ymmpdtéry grids usig tdataefine
stratigraphic corrglatlongﬁwth i o the that is, the grids indicate

the depths HYEPEPAITOM Wels FRINYIG FHEYSYS Bb&g%ﬁq P%% sane geologic tine or

deposi ti gnal eVeObmpI'Jtﬁ? gﬁdsf ﬁqﬂ@&déﬂgén&éﬁoﬁtdf&host%@@ecmbicynmdije&scent to
each other define an interval, one surfaf r?‘gch? r]% tog and t he
re Bfe

ot her the bS4EhGridshdescripe dhe PP anel BaseyOf & A

geol ogi ¢ NMDG&,ERYF Rsekethat Jsénﬁinﬁis!s QhéQﬁ@delbUGnﬂ@l’aﬁe @wmuséd/ tmuéﬂhé consi st
of several zones, each defined gri dded surfag 2’ tfg_g_@?f one zone
5§ (3-fe |

typically i §U@éﬁr‘fﬁiﬂwﬁp'f‘tth@ m%dﬁhﬁ‘a@f?ﬂie%%mtdﬁ@r% PP¥hg zone.

Because t he cppipeiter Grids 7BRally afd Gse@ROetifg suad@aFﬁbfdoefemronlamml c
conditions, it is ITkely that rock properties differ between z%a?s. 20 In
y

nat ur e, 18ur thec wdeht At i tthe Fisoindisate [y deRthsatevangys leeatigns, is an

erosi onal spdacst fiplaré YaeBbR MY GiasdposanalsveAces.  Such i nter sect fons
must be incorporated 1nto conmputer grids used forﬁﬁ:,%enerag

geol ogi ¢ nodel s. T®@p rsaff?@?Satbﬁi arerstiatigiaphisatinadiacen t2. § ?'?\ geol ogi ¢
model i ng ar ?nté‘rQE ler{@ b¥irfade’ FiMFéddring tRBGopas®l M oBi#Cihal baeRithens, known

25 to persons s ed in the art of "geol ogic nmodeling, are required for
i nt r oduci ngintervels derrinafter gefeeddoras at'zenes” | Aiasolegifedras! Maywve, a Conput er

grids uged Laqheby Eﬁn%r&“c\bhﬁ%ﬁlh%aﬂlﬁ?'cdngfsp of QB i&k&l eabhy, with
each zone posg%b% Hﬁa di fferent rock properties. Wthi
defined by gndded surfaces. The top of one zone typically is def ned by the -
same grid as the base of the overlying zone. Because the zones in a model
are deposited under different geologic conditions, it is likely that rock -
properties differ between zones.
20 In nature, surfaces intersect each other. For example, an unconformity
is an erosional surface that truncates underlying surfaces. Such intersections
must be incorporated into the computer grids used for generating 3-D
geologic models. Stratigraphic relations that are commonly used in geologic
modeling are conformity, truncation, and baselap. Special operations, known
25  to persons skilled in the art of geologic modeling, are required for introducing
these stratigraphic relations into a geologic model.
Computer grids used to define zones divide the model into layers
vertically, with each zone possibly having different rock properties. Within a
zone, local variations in rock properties may atso occur (for instance, facies
30 changes from one depositional environment to another within a zone).
Because of the need to specify different rock properties, modeling programs
may introduce boundaries to separate different facies or other features within



zone, local variations in rock properties may also occur (for instance,

faci es 30 changes from one depositional environnment to another within a
zone). Because of the need to specify different rock pr il es.  nmodel i ng
prograns Ny ¥ *Rt¥oduce boundaries to separate different q’%ﬁé‘fsg‘gz%? ot her
features within WO 01/ 33481 PCTIUSOQO 28146 -7 a zone. These boundaries
commonly and conveniently are put in the formof “polygons (i.e., ordered,
cl osed sets of X-Y locations), but unclosed polylines or other definitions
may be usech zdiee Vbésenoundeties commpnyrancheonveniently arespatiniibe fierar pes wi | |

her ei nafter ferr X | v Sb

restricted F{%J 5 (%I' gpdzé(])'%%aﬁ%sae[d %Eﬁg 099(” @&QSR% negabgalgén%f)éygﬁ%m or nore
zones, or tor dikercdefirdiomsdmay bhiused. pﬂne lvoimma‘ enclssethby onenwr. mAse wf t h zones,
regi ons often r sent differ i ondi t i.ons [ ock. opertles
A st ment SEEEBNOgIE il e bR ettt 58 By IR 8IS “bove.
geol 0gi G i rxirerrésmetedmectmgle mbuumby lngayebegeeﬂnetyi to incladetwd gpmeed |y ar e
fixed, in that therg L tions %Jsted urlngg%he.

geol ogi c- nFfEEPNG" tﬂ'B §§§ta' M "Hé\/%orﬁ% O 2 YRE 798P A2V BZEBSi ons to
thi s pract iregionReftge repraseht diffeertiigadlogic cteiditions ahdRodk prepsaitiesuous 15
geostatistical nodels for history matching”, SPE- 49004, Proceedi ngs of the
1998 Annual SPE Techni cal Conference, p. 221-236) devel oped an

opti m zat i adjakgnent SNGélogidmtétacain the Gutlbgicodell i i ted nunber of

geol ogi c-nodel paranmeters to historical field data. I'n their exanple, two
i ndepentfent geostatistical nodel realizations were linearly conbined to 20

produce a set ofasafgtetii gHdak, Pedeﬁ;.cr.ﬁ@rﬂaé@é 888 in ERRBr@itinghg Roldyd | zat i ons
had a different thougﬁr‘?%fe I%;Obabl e shape for the reservoir's top

struct ural MeqR!riypigallyo rtBRHE POSEORD @6 £) adiesiad fWiRg e of

real i zat i onfeoldyic-rRkling Procesd. | zﬁéﬂeqnhvéaﬁeéndsméwfpugms@% &tRbtifaY td9
si mul at ed productlon results that are nost simlar to actual field

product i on 1Bt #racees oRPeeRit PRI Hrlali@Rdvd welorialien | pherntipuedhibi ned
with a fshi rgéogmﬁwmelmqhstbaﬂma%&m@n spreemm FotdedingLeP gk set of

additional Trealizations fromth s set a second opti mim realization
was identi fi9%88. Anmual p$BEe§§clmgalr &owderencainti | 241-236) developed an

optimization algorithm to simultaneously condition a limited number of

geologic-model parameters to historical field data. In their example, two
independent geostatistical model realizations were linearly combined to
20 produce a set of additional model realizations. Each of these realizations had
a different though equally probable shape for the reservoir's top structural
surface (one of two parameters modeled). From this set of realizations, an
optimum realization was identified as that having simulated production results
that are most similar to actual field production data. This optimum realization
25 was then linearly combined with a third independent model realization
resulting in a second set of additional realizations, and from this set a second
optimum realization was identified. This process was repeated until a
convergence criterion was met, resulting in a model realization consistent with
the historical field data. There are several limitations to this procedure. For
30 example, the top structural surface is not optimally adjusted during
construction of the geologic model. Rather, a set of equally probable model
realizations is generated and, from this set, the optimum realization is



convergence criterion was net, resulting in a nodel realization consistent
with the historical field data. There are several limtations to this
procedure. exanple, the top structural surface is not optinally
adj ust ed dur‘%u&l’:gé Bnstruction of the geol ogi ¢ nodel . Rat hé’rc?"mée%zél“%f
equal | y probabl e nodel realizations ig.generated and, fromthis set, the
optimumrealization is WO 01/ 33481 PCT/USOQ 28146 -8 selected. This is not
necessarily an efficient process, because nany nodel realizations may have
t o be const rsetected.bdhisris ra rtqae*ssanilu ar sfficint ipoocessnbémause deamny foddl, | n
addition, t Lesul.Li S there is
no attenpt P’%ﬂ%%‘%%“%@gﬁ 1é’r?ce CO?‘% r%’%tgé’g?fro Eécsﬂtrogwnéﬂmrr{e @iaq\?ﬁf&%‘xﬁg) rodel ed
rock proper tidestified. vintdddition, cblheheesulim!ganuﬂssuroalyecmrsnshenttwntrgﬁad detsunpti ons.
Rahon et al. "Identlf cat n of geaql ogi.cal es . in.re 0|r
engi neering tﬂgr%l'sstn(?r§ {Cﬁ ed-'sﬁ 0885 ftgﬂcydqup‘e %BE‘%@@ a‘i:?r d‘etgedl ngs of
t he 1998 sAnnmadiel&dPErodle groperties @rnivith eamyeothpr dlaﬂéhﬂe@s).xrahemtbamﬂ yargsted fiel d
i 0 productlon dat? to nodify paranmeters of a geologic nmodel. In their work,
structural ' deposi tional -faci es-obj ect boundaries (e.g., channel
léoulndari es) wereRambhf legdato(b@erﬁflaéﬂmt et lglbblbglctahesﬁapebdnrprmgwnro? dgt a.
aults were assune vertical, spatia odes (end-
ot 3) - an T ATHEHa Y TS P HeE R AR o e ey, ok OBCeR raeadites
obj ects 15 Wﬁéagaswmdn saehpa&mmr Cbﬁﬁkeﬂ@@uadmgms) §iﬁﬁlbﬂy’dhbé’d déral ned by a
limted _nunber %ggn des al onglthe i nterface,

ormeani 19 Protydlion TR o apefly PREMINTS A 8 doalgIGHICHEh. h A Wortsc o5

Accor di ng tcstmbtm‘salmun@dandadéﬁayitainbufac@a%ject Sbrﬁﬂmhéslcce@ ahdniéloduct i on
S swrulatedtopg rate s etic val ues Bro uc i on rates and

pressures at baya C¥EPOMSS 'f égebezﬁ"%%)ﬂ?wew tPr%afﬁﬁ‘ Feodycior a3 ed to

actual fiel Famasieresassuffed e baoﬂﬁﬁcaﬂ’f spétiaﬂy foephéd Y twRBb8ss hewdrdar i es
are adjusted until an objective fu neasur i ng the difference in the

real and symoHEsk @ndaassigned; 3 ﬂH'qﬂrﬁ*i‘%GS'b'i'ty yalue.ndeh %’V@Haq}ﬁ?at’ iects any,

constraifit s viire #dRdhiefdtd Pag®Verilal TBVAGRYs, Rbaliflfy domirs byAaa hWhth the
Roggero and Hu net hod described abgve, the resulting 25 nodel is only

consi st ent \IUMPEF ok Nades: plenoithe interface, @ndesrsssigned pe[peabllity values

different from the surrounding non-channel facies. According to this method,

a tentative model is constructed and production is simulated to generate
synthetic values of production rates and pressures at well locations. These
20 synthetic measures are compared to actual field measures, and the nodes of
the faults or facies boundaries are adjusted until an objective function,
measuring the difference in the real and synthetic values, is minimized. It is
not clear what, if any, constraints are applied to control movement of the
nodes. As with the Roggero and Hu method described above, the resulting
25 model is only consistent with field data; there is no attempt to ensure
consistency of the fault or boundary positions with modeled rock properties or
with any other data measurements or target assumptions. There are no
obvious constraints controlling adjustment of the nodes. Rahon et al.
previously published a similar study ("ldentification of geological shapes in
30 reservoir engineering using well tests and history matching", SPE-38656,
Proceedings of the 1997 Annual SPE Technical Conference, p. 141-153),



consi stency of the fault or boundary positions with nodel ed rock properties
or wth any other data neasurenents or target assunptions. There are no

‘obvious ¢ j.pfs controlling adjustnment of the nodes. al .
O\Qatoif?il“g% Pgi@ﬁ@"@%iﬁl shapes

previ ously pu ed a simlar study ("Identification of

in 30 reservoir engineering using welg-tests and history matching”,

-SPE- 38656, Proceedi ngs of the 1997 Annual SPE Techni cal Conference, p.
141-153), WD 01/33481 PCT/ US00/ 28146 -9 except that well test data were
used to no&kegptithat well tesbdatasvese usad tgewidiyitee patamatersipfdhe ggologic 4, 679, 174
descri bes ﬂq&agfcedure to optimze a 2-D nodel of subsurface earth |ayers
(see al so, ' Tand and Larner, "Seismc lithologic 5 nodeling", The

Leadi ng Edge, 1083, Patent3633)i74 [destrities apozseduresto optinne @ 2-em@dBl geol ogi c
nodel is cqpst t ' f f wQY: ls

presunmabl y 8? %%'%ér{ﬁagg eéaé@r |8g18?§§8é5 éllsgm.déa ?%ﬁ{j ;anﬁiLdé o] ﬁ%‘ld ogéﬁnﬁ% th?@%%gc are

ar bi trasi | ymadeting't, dtheliczbing Edges d984,yer30-38). elat thisgprveedure ag éerdatbfe var yi ng

t hi ckness. | c- Cj | k- densi.t al ue re .assi gned at
sel ot ed 18 HRIoE BRSNS Sndl bt SR or et leriel BTRSER,
density, apiesiegbly imerpretedafrem e rseidmicedatzet wadditidries sikorizontr ate poi nts at
defi ned Io% %%ﬂs’i” rlgégrriﬁﬁl ttﬁ as lcal cul atiton poi ntz. These gar aneters at
calculatio ﬂgd Y s'M5P a1 BhedeeD 9)&7?’ UE? 'rkgpé‘&?'}yi e ¥V
synt heti c #dclewass. tAcaastic-slecitycaidauliatedsifyoralescirecdssiipediat seletswpdel  usi ng
a convaql ution model i ng 1 rocess. Th araneters are.varied until the
synt heﬁluc d%ﬁnc n&&a%%&saﬁﬁe%cﬁ %Gpgeﬁé‘fﬁus\ﬂﬂvﬁ}o&%e %&V's%ri"gﬁieep races.
The resul t valuea ateDntargeibtedl betdieba Uhbés eobabl Pointy et Schinéd locatiepssi st ent
with stratal, fegtures |n the seismn dat a. rocedure. simlar to the one
Gescr i bea. THEUSS. 0 SR aARUIa o8 A5, THas PoCmRlehs PLOMPURSD BYNELas al
di L fer egt alibwed ao]g 889 ovedl. spdaified ratiges| -and’ biathewt seismiic Itaac@ksedré npedence
cube: advant 3D stratigraphjc inversion", First Break, 1998, p.
S11- 315 angeEHER & 8rSh Papdt.db HaI PURILHRED &SRO o0 RBer S on of
st ackedsdapicesPe VleOparaftieters Ardpadty 6h 2he E9hthati6 e8BniRetratéddre fn0 Fi ndi ng
the Subtle Trap, Norwegi an Petral eum Soci et_}/, 1990). Accoardin
: agreement with "observed seismic traces. he resulf is a 2-D model of
subsurface earth layers that is consistent with stratal features in the seismic
data.
A procedure similar to the one described in U.S. Patent 4,679,174 has
20  been published by several different authors (see e.g., Duboz et al., "Moving to
a layered impedence cube: advantages of 3D stratigraphic inversion", First
Break, 1998, p. 311-318 and Gluck et al., "Robust multichannel stratigraphic
inversion of stacked data", Developments in Geophysical Techniques Relating
to Finding the Subtle Trap, Norwegian Petroleum Society, 1990). According
25 to this procedure, a tentative 3-D geologic model is created, with stratal
geometries defined by interpreted seismic horizons. Acoustic-impedance
values are assigned to layers bounded by these horizons (referred to as
macro layers), and impedance values may vary laterally and vertically. This
continuous impedance field is sampled at regular intervals. Vertical sampling
30 within each macro layer is defined by interpolating strata (micro layers) to
adequately represent layer geometry, though not necessarily to conform to
the geometries of seismic reflectors. At each sample location, parameters of



25 to this procedure, a tentative 3-D geologic nodel is created, "with
stratal geonetries defined by interpreted seism c horizons.

Acousti c- |npedance val ues are assigned to | ayers bounded by these horizons.
(referred toVQ¥133fkro | ayers), and inpedance val ues may Wﬁ"ﬁ”ﬂ“%”éf%l ly and
vertically. This continuous inpedanceqhield is sanpled at regular
intervals. Vertical sanpling 30 within each macro | ayer is defined by
interpolating strata (mcro layers) to adequately represent |ayer
geonetry, thmpgdancd aneceisaiv refiection thhefare assigned. h@hgso patametarsoéresei s C

flect At £ t WD 01/ 33481,
bCT) SO0/ 23 PRSNTES SRIRARNS SaRt SRR Srercal -] (K SRS aRge Istegned.
These par anghede iy arlﬁfntruub@rdal rﬁdiuiahﬁgrﬁrbéés'sc e ﬁﬂfbﬁnétér@Cﬁ% wdried

cal cul ated for, each nge.in the nodel usi n onvo tlon nodel i n
process. Thé 5&5@("&?%“’%%5@5”3@85 AN POERE E Wﬁ*ﬁé@%e e tréc??acesgare

in agr eersent'rhﬁ éfpnbﬁé‘mdﬂé‘i% &mlstﬁan%eﬁu teEmJ o€ irpdtianeé ibolREe lankdSlatepaist r ai ned
| at er al cont 1 nul térﬂ‘SI m|ar constraints

in terns of nBe ancg %zn s and

are not applGOBHNYIY- c BITRIEHICOPRIERIBIS 3B MRk aRBHeD 0 Coaifdile ReFEP eyl e

| ocations. THfsnhiehé iah GafPiE locafHiss. S trheOlesaltihg Yfide! %ﬁgfsttsr ¥ hhajerconf orms
to stratal features in the seismc data. In the procedures described in

U. S. Patent 9eo5ey1that confprigdo siratahipstyresin 'Bﬁ§e'§§7“‘f:ﬂ%t82 et al. and d uck et

al., surfaces W thithet BrocdBdRls Gé@cnb%@J iStieS. Piteht t4E6790EE! ahd ﬂh@l ng
constructed. However, the resulting npdels are consi st ent only th the

sei smi ¢ Wat LUDHERIORS P PYPPZ iRl 8Rd (@Jewk eb?'op%ﬁ'f?F%%WHP’nv#‘?Hnaﬁ’S) "L‘f?her dat a

measur ement yapistd AVERS tRSAGEBNd BlAg coﬂxéfﬁféf@ﬁ%ﬁveﬁ%é%é&ﬂﬁ’gﬂn@&él&y and
density values may_be constrained in the nodel , but there are no

constraints %E%n‘fQQﬂﬁt*FmgO@'MeWB'érthﬁr BeisMisn d@fa et mobrwith | adelad ueagk Thus,
the resul ti pgoRREYIGE Win Ny BtHeR A9 helRHBMeRls, qugrgepré%Q@ﬁIbh@ for a

subsurface earth volune, but sinply a forward seisnic nodel of the |ayered
subsur f ace. IMpedanaeorasosgis-yrjocity: anchaensity yalies imav be pensirainedindbed for a

procedurg  gibddi Bt $hBrd Qﬁe H@@oﬁgﬂr&nﬂsnéﬁrfoﬁﬁﬁsth&"ﬁeﬁhfba"ﬁo?l & @ghegi ¢ nodel

can be adjusted durin rocess so that the resulting

nmodel is cofigiesvalges. 'ﬂthi, dae aesulinap @&ﬁﬂatgﬁ%‘éﬁmd@@(ﬂﬁ‘rmﬂtﬂ% for the -

subsurface gatddhies for a subsurface earth voiume, but simply a forward seismic model
of the layered subsurface.

From the foregoing, it can be seen that there is a need for a procedure
20 in which the geologic interfaces within a 3-D geologic model can be adjusted
during the model-building process so that the resuiting model is consistent
with data measurements and target assumptions for the subsurface earth
volume being modeled, including available seismic data. Preferably, such a
procedure should be automated so that the optimization process can be
25 performed by a computer, resulting in a more accurate model of the
subsurface earth volume of interest, but requiring negligible additional time

and effort. The present invention satisfies this need.

SUMMARY OF THE INVENTION

30
The present invention is a process for constructing a 3-D geologic
model of a subsurface earth volume containing one or more geologic



vol une bei ng nodel ed, including avail able seismc data. Preferably, such a
procedure should be automated so that the optim zation process can be 25
per f or ned ‘ﬁ %gnputer resulting in a nore accurate m)g)% of the

subsurf ace "SaPPRBYol ume of interest, but requiring negli gBUE* %Mt i onal
time and effort. The present |nventt1qn satisfies this need. SUMVARY OF THE
I NVENTI ON 30 The present invention is a process for constructing a 3-D
geol ogic nodel of a subsurface earth volune containing one or nore

geol ogi ¢ WDi&ia@s4dn opeRnuUsBingst] e invantiverpreegssceamprisesdhe sapsodi nent, t he
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nodel conplentdtivg gedlogie matiehsamposing aathresdiofensiomal guay ©f caoliitious! ocks,

each nodel 1 fglogﬁf‘eé%%en &gé’t%ﬂ& ﬁ%trgftgn%ftlgg%ltﬁrs Y 5@@5@ I opert i es

assi gned t I've geol o containing tenta
positi ons poperties assigned thereto, dbe tagatvei g&cmgtammiel (:u)taa'mm:teh;atwg t rai ni ng

it ' | ' { t t f dth
char act or | BPFURRE 1o The, Wieo B bl BoolbliRe M stees IR HES VERERE ™ {0y 1
cal cul ati ngritsﬁattvbibhcdeﬂrhathedepatfal bettriblieess phitgealogid intetfadess and thbe
tentati t { dth h { f th
tont ati v PARRERIRESC ol Gk o EtoRties oY citBa TAPBOURGH oBRLR MBS and ( d)
conpari ng ed)a:a:cwtatmg stah?dtlcsltaatedesombetmtﬁ épa)ttfwatthbmes rcﬁsmen@tn_m]wé(rj aini tng

riter ied in ste a er stics do no
i ch the PRAPHARelRrE aFRU AR tof ctrrater Sich ot 8 Safbhi g ne
tentative pnmeﬁyoﬁaluastlhlthetthaaﬂ@gexblbme rp6de 0ghd (chbihpa?fng%taﬂéilcbeast a

portion of at | il he geol ogi c .i nterfaces, ati.n tentative
geol ogi ¢ nﬁ%gﬁ‘la{% ' 5(} ét"Y‘ﬁb 99?99"%5? taiping gyiterigy s F(egq'epf'”t Jati stics
mat ch t heahd aithérng) ifithé etatistios ddndt rhditeh mtraifnt@bﬁterra vthinaspeeieting t he
tentative

| oqi ee- nsi ona | Qgi del for the
Do | meeMERs Hr i e teBfrtve pab e PR B e OO MEdBl s 1 ur t rer
incl udes t feassa @am@h ofléﬂéalsf ohé18f theQebRigicihtericks| uiRiaghg 8e fefiiveone rock

property for at dstl one
geologlc model, and repeatlng steps (c) and (d), or (2) if the statistics match

the training criteria within the specified limits, accepting the tentative geologic
model as the three-dimensional geologic model for the subsurface earth
volume.

20 In a preferred embodiment, the process further includes the step of
perturbing the tentative value of at least one rock property for at least one of
the model blocks prior to updating the tentative geologic model. In this
embodiment, the tentative positions within the tentative geologic model of the
geologic interfaces are preferably moved as required to be consistent with the

25  perturbed rock-property values.

Preferably, the training criteria used to assess the tentative geologic
model include the match between synthetic seismic traces derived from the
tentative geologic model and actual seismic data traces for the subsurface
earth volume being modeled.

30 In the event that one or more wells have been drilled in the subsurface
earth volume, then rock-property values obtained from these wells should be
assigned to model blocks representing portions of the subsurface earth



t he nodel bl ocks prior to updating the tentative geologic nodel. In this
enbodi nent, the tentative positions within the tentative geol ogi ¢ nodel of
the geologic interfaces are preferably noved as required to be consistent
with the 23Y®8Vi34§lbed rock-property val ues. Preferably, tRe@/Uspasiiéng
criteria used to assess the tentative_ggologic nodel include the natch
bet ween synthetic seismc traces derived fromthe tentative geol ogi c nodel
and actual seismic data traces for the subsurface earth volune being
rmgel e]g 30 vbmrrliehhethst\/@ﬂé ;bé}ﬁdtramw byr theoneelisel Is:lnhmmy gbeelbgd{jlh]tdrﬁéeiﬂ t he
subsurface  earth v t hen - erty val ues obt romthese
vel I's shoul dPEREONS gl%ﬂf‘éﬁf’?@ weltFe F‘ng pé@@n %%r%ﬁﬂ*?ét'%‘? t he

subsur face eafreBpdMai {&t&éﬁlod%%hyﬁpmeaﬁém Preierauwl ﬂf&etrba{—pﬁfﬁérwenet rat ed
by the wells. Slmla %eo c-interface ﬁcatlons ﬂ%alnedfromv\ells
shoul d be i NEMeEENY 9RO @*?fg'%%lp%etmﬂasqftth%?'i’? S @5¢ PESSRIFIARFH &t hei

| ocat i ong i ”inHRPe Wi SubjedPtepatidbation t hese rock-property val ues and
geologic-interface positions at the wells are accepted as correct, 5 and
are not subject to perturbation. BRI EF DESCRI PTI ON OF THE DRAW NGS The
present invention and 'BRIE!dDEEWPﬂdN OF PREAWINGSder stood by 1o
referring to the followng detal escrirption and the attached draw ngs
in which: Fig. 1 illustrates the types of data and information used in

practicing the Wﬁé%ﬁ‘éﬁenk ﬁm‘(/@ﬁt‘idrpéh&ﬁéi aeﬁﬂéﬁb‘%swmrbé)ﬂétféf' WileRtoddIBy | NVentive
process; Figs. 2A and schematically illustrate the Eresent |nvent|on as

1s appliled fefeHimguis: W’énﬁO"‘éW""E dgtailpeh deser 'PB‘P" snAdhe Atiashed dsawings dnbet ween
two subsur{pgs: zones; Figs. 3A and 3B schematically illustrate the present

i nvention, as E!pl ied to a&Jm;Jst ment of a boundary between two subsurface
regi ons; Figs. dath dlusizaies dhe tyees ofidataianddnforraatidnaisedrin pragtisingitBe di ment  of

the 20 prepphiont W@r‘iﬁdn%d &Bﬂdé:é Qn o§er‘vleW§fttF\é‘§rﬁénﬁ~Fb°;5r‘oE§§§ on of the

present invention to a porosit
Figs. 2A and 2B schematlcally illustrate the present invention, as

15 applied to adjustment of a structural or stratigraphic surface between two
subsurface zones;
Figs. 3A and 3B schematically illustrate the present invention, as
applied to adjustment of a boundary between two subsurface regions;
Figs. 4A and 4B provide a detailed flowchart for one embodiment of the
20 present invention; and
Fig. 5 illustrates application of the present invention to a porosity model

for an eolian reservoir.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

25
In the following detailed description, the invention will be described in
connection with its preferred embodiments. However, to the extent that the
following description is specific to a particular embodiment or a particular use
of the invention, this is intended to be illustrative only, and is not to be
30 construed as limiting the scope of the invention. For example, the invention
will be described primarily in terms of geologic models comprising 3-D arrays
of model blocks or cells. Nevertheless, the invention is equally applicable to



for an eolian reservoir. DETAILED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS
25 In the follow ng detail ed description, the invention will be described

in connection with its preferred enbodi nents. However, to the extent that
the foll oMY Fcription is specific to a particul ar efS3@SEEMd60r a

particular use of the invention, thig.is intended to be illustrative only,
and is not to be 30 construed as limting the scope of the invention. For
exanple, the invention wll be described primarily in terns of geol ogic

nodel s conpthesi gepl@gi®naodeh configpfratiorde Isubh cask geolbgiceinbdels Neorstrubteldess, t he
I nvention |gs; ' le .t0. 01/33481 PCT/ USOQ/ 2814 - 13 ot her
geol ogi c- n%}g@gq%?n%e%ﬁs?& t“%ﬁgl p?ﬂ‘énggaéé’gI"b e& b%é%‘l éc(?SFféWﬁYrctt‘"@d usi ng
3- D arr ays podsembiteientian i sotilinsiedad tiod sp@difd embodirentsA\desuried Pejow,t he

resent inyention is,not lipited to the ci fi.c enbodirepts descri bed
Eel zw, Ibu}éu{]alaﬁé r f‘HE i'WIQH?P'? OWC{UHE? uagggg?r:na Y&%r H’EF;fW@E?gﬁm(ﬁ%F’i l:at i ons,

and 5 equieyaivalehts fabingiwvigindhkhitue scbpe of the sppepdedtiaiie appended cl ai ns.
The present i nv?ﬁt i on "I?‘/i .aﬁ%r,oce.ss for con truct{g&g_ a 3-D _geol ogi ¢ nodel

of a subsurface' 8arRASYBIT HoR A PROTaSS %65‘?0(‘? Ings a ;B 88PIRYICI nt er f aces
Wi t hi n t henedelofas esubdutfate @anth VdIBMBDRE Which Bed HskiBAS térugbaidgic The

geologic interfaces, are adjusted in such a way as to be consistent with io
nodel ed roElie'E‘i?ﬁe‘P’F'?'th%ﬁJ&O%' £re adiustedeass the-mofekishRiNg grgeiruded unpt i ons

used in Coﬁﬁérg&ldmirﬁé\fadéﬁ@é-adiﬂéiéd P QPSS WeTad R Bé REnslsienP@athogi ¢
ment of geol ogtl c interfaces in the nodel

nodel i ng V\n'g{?B idgrul { aneous adj us; I
producée? g 8%1 Ol BEARSTYES AN Wit A NeastRMARts ang dagst pesumptioggophysi cal
i nformationsédiah RREUENRY HRE nfddas Ul fras SréddsMorbRbRing s séonoget al so

with is surfaces and boundaries that define the spatial framewrk of the
subsur f aceMogglingnwitnrsimuitaneusaadidstment of geslogisyinarfacas inthe unedalf t hi s

process i sprodeebd@eeiogR MBALE Ihaodei DheRfht With! RRISHO LAY feobRj§Ediaces Wi th
the nodel ed_  rock properties, data neasurenents, and target assunptions
used in ch¥¥malienithef deseribs thel subsorfacs velugehsing wodelgd, but alsewithesent
I nventi;on gayadds! drid?BodildFES khat define the spatial framework of the subsurface
- volume. The simultaneous (versus sequential) nature of this process is
designed to ensure consistency of the geologic interfaces with the modeled
rock properties, data measurements, and target assumptions used in
constructing the model.

20 Turning now to Fig. 1, the present invention may utilize several
different types of data and information for modifying geologic interfaces while
simultaneously building the geologic model. As examples, without thereby
limiting the scope of the invention, the inventive process may utilize
interpreted geologic interfaces defining zones and regions with specific rock

25  properties (reference numeral 102), core- and log-derived rock property data
from wells (reference numeral 104), fully migrated seismic data from one or
more 2-D or 3-D seismic surveys (reference numeral 106), other 2-D or 3-D
data types that could be used to indicate distributions of rock properties
(reference numeral 108), and geological and geophysical criteria that define

30 the desired distribution and relations of rock properties and spatial attributes
of geologic interfaces in the geologic model (reference numeral 110). The
interpreted geologic interfaces 102 and the geological and geophysical criteria



different types of data and information for nodifying geologic interfaces
while sinultaneously building the geologic nodel. As exanples, w thout
thereby liniting the scope of the invention, the invéntiye process nmay
utilize inMYPRFEBd geol ogic interfaces def i ni ng zones aht® ’B@Hfzﬁﬁg with
specific rock 25 properties (referencggnuneral 102), core- and | og-derived
rock property data fromwells (reference nunmeral 104), fully mgrated
seismic data fromone or nore 2-D or 3-D seismc surveys (reference

nuner al 106)110<§réleéqL2reB for piiciice dbtre preperst invartionodlhe dibeudath types ndi cat e

distributions of .ro oert ef.er.ence_nu | ogi cal
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rel ations ofype8Gife DiiipRa! parficulamsthemaili ddta 404 anb stissiic ddtad®Bl ogi c i nter faces
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i nterfaces 102 a?ﬁﬂ'-"ftH(é"ﬂ G’é‘i‘)ﬁwgﬁﬁ’h'ﬁﬁﬂﬁﬁﬁéﬁ?éﬁle@ﬁ 28pee Ut f"ﬁ t%%%m

PCT/ USOOk 28 ity be éﬂaﬂqée oRidRriVeTin deverdl WayBiiiadttdre knokn tdpersoas skilied nvent i on.
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obtained if 'f!aéﬂﬁ taﬂoﬂ%ge‘?]a@'ﬁ mP??JE’Q 9F SOMPHISF ZBBPPINGy ¢ PYIFSHS) Swel | data

104 and_ sei grdtedim the ¥ofn oisédd!@lﬁﬂhéd)s angried Oﬁhg @amrmaurdmeersmlhat defi ne
zones within the nodel

P/ be obt ai ned or rived |?£ vera ways t hat
are known t§U'EY§Y%ch%!]ssR’"t?qﬂédfth€hmPH§' 'arcf’”ﬁtf“@é%cg'lndﬁmi‘? ARAU.RYMECS onput er
Mappi ng.  SufrigprstedomSeishifcEdHts thush bbhﬁbnf«@ﬂéﬂ ﬁbnmmmurumm depthgr i ds

usi ng data derived fromseism.cc sSurveys @‘%Fb {ﬂ" %"L épegrmdel S
const rud® ed ThA Rresass far deBg SR, is é"(ﬁ"f'ﬁ?%‘g’ fq H‘P‘E?’Eﬁ siled ¥ B e dat a nust
be convert egafy :%‘a%h@dré Ghé bﬂf?aééé 8P bE crddted th&ﬁdlam faps Geitrge SO i S
wel | known to persons sKil in the art. If lltt“h .data are vallable

t he surfacebamoaee@mmabao-x@pﬁﬁad dERRRetAHIoR: ‘é’t“aE\Y Y. g

geol ogi cal CBRtSbRRFY, WHISItRE eé)&ieb@ﬁonﬁhb?rt@tmdtﬁﬂldaﬂoh hﬁro&dﬁé amms may be
arbitrary, wth the expectation that the nodifi cat i on rOC(la;%I ww é% change
15

theminto cohangs thesmfintgueitech eenfigyrajenter dn, 9eneesl. bes
obt ai nedj i f oHé?nécgr tHeA ltlgpﬁdéitid?ﬁ%f‘?ﬁe 508y ighe thenbBéinarb s Edet are as

correct ~as possi oundari es that define regions within the nodel nmay
be obt ai nedaspossgiele ved in several ways that are known to persons skilled

in the art of geglQWdies that define regions within the model may be obtained or
| derived in several ways that are known to persons skilled in the art of geologic
modeling. Such boundaries may be defined as polygons interpreted from
20 seismic maps and sections, well interpretations, or geological concepts. The
regions defined by these boundaries may be specific o a single geologic
zone, such as a stratigraphic sequence, or may include multiple geologic
zones. A boundary may also be defined as a three-dimensional body that
encompasses a specified volume within the geologic model. This volume
25 would most commonly be interpreted from 3-D seismic data. Boundaries
interpreted from seismic data must be depth-converted if the model is
constructed in terms of depth. Though these boundaries may be arbitrary,
with the expectation that the modification process will change them into
correct configurations, best results typically will be obtained if the initial

30 positions of the boundaries within the model are as correct as possible.
Fig. 1 also provides an overview of the process for using the present

invention to modify geologic interfaces while simultaneously building a




nodel i ng. Such boundaries may be defined as polygons interpreted from 20
seismc maps and sections, well interpretations, or geological concepts.

The regi o%noggugged by these boundari es may be specific PE?"&“Ziesp‘ﬁul Ciple

geol ogi c ch as a stratigraphic sequence, or may inc

geol ogic zones. A boundary may al so_fg defined as a three-di nensional body
that enconpasses a specified volune within the geol ogic nodel. This vol une
25 woul d nost conmonly be interpreted from 3-D seisnmc data. Boundaries
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possi bl e. ?—‘?’83 é?‘i]%g%l’%f\?\q '8\)@? \'}}Ogﬁ} ?{Fﬁ*{%@c ngrggiagal g ngéng t he
Erelsgnt 5 1 mvoeded nmylie(buﬂbd'l ?aptlgef)lmmmcmmfaces V\/m I edS| nul t aneousl y
uilding a WO 01/ 33481, PCT/ US00Q/ 28146 c ., irs usi ng
met hods known t Defk 8R! ge?;#ylsp@l Fattgﬁ %O‘F%&gen@g h@'
tentative &ttﬁbmeeIcﬂgemaﬁwgbolbgucgatweaéednbxbpshargmemgtlc@ BE tentativer e
tentative ro erty values to e ock an tentatlve
geol ogi c i AP 'Pé’?@ |e\§,|1¥ﬁh%n1qqg! {]géagfeéﬁr@g%m?tpiﬁ@) s 5 nodel
may be bui |start]|bﬁcﬂ®ri§yhbgrba(s§:lsm Sﬁhﬁu§ Icﬁ&naNgs'tatlsg&?hﬁ@ ﬁeaéteamdrmlophysi cal
statistics that describe at i ttributes of tent eol ogi c

i nt er f d8es PHIRF pesrg aﬂqe‘f‘@ﬁ%ﬁﬁr\/ g?%%‘?écﬁ??f%fé'f‘gl (94in the
nodel are @ahwbaﬁegﬁbr{srtaéﬂérer&eﬁna@mﬁtain d&é)stenTh@@epro‘pbﬁrv%meg%na{ay be
based on variqus criterja. Statistics that relate E]étroc opertles are

known to pEPRYHENERYI-PRIAt VAriegiams, for dhesfe BIapgitesio heﬁgft?@t'ﬁ Notzones or

regi ons t habcaysariekidiis pasahs skiled i tRN bt A e O Piddelivg) wesigand
consi stent two-point varjograns for these properties)., Qther statistics,

not necesS8F¥BE BRYRAIC B‘tmén@ag ere I@ﬁF”F‘ﬁdt flemaMoving §ed | Be#k anodel i ng,

woul d 1§|esﬁfs&%e9ﬁ&hqaéﬁ ihiRbIepdsitcs, Bhatgedidic fRbiaddsethat mRaihiERy ang t 0o
great a 15 distance fromtheir initial p05| t1ons, and geologic Interfaces

that mai nt 8PeFified smeethnesy %@t&hﬁ@gtlcmmﬂaﬂeaior IBNRIRg ifathgi | abl e for
det er m ni ngpatalt Mributes of tentative geologic interfaces meet required criteria.

Examples of such criteria include, but are not limited to, the following:
- Lateral or vertical movement of a geologic interface. A possible
20 statistic that compares the most likely and current node values
would be given by Df where D; is the distance a node has shifted,
and the sum is over all nodes j.
- Smoothness of madified geologic interfaces. Several statistics may
be used. For example, a variogram to specify the overall
25 configuration that the surface is to attain may be used, or local
curvature may be used to describe roughness. Such statistics may
be compared to the similar statistics of the initial, most likely
configuration of the interface.
Next, the match between the geological and geophysical statistics and
30 the corresponding, desired criteria is assessed (reference numeral 116). If
the match is not within specified limits:



spatial attributes of tentative geologic interfaces neet required criteria.
Exanpl es of such criteria include, but are not limted to, the follow ng: -
Lateral or vertical novement of a geologic interface. A possible 20
statistic th¥P3HBhres the nost likely and current node VEITRS8028 44| d be
given by ED 2, where D is the distanggga node has shifted, and the sumis
over all nodes j. - Snoothness of nodified geologic interfaces. Several
statistics may be used. For exanple, a variogramto specify the overall

25 confi gur ati on a)herturbehs geblagie imtsrfacesdatezally oravertivally) ssdppoopriate,al

curvature may be used SCri roughness. ch.statigti.cs ._be
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Cpéi ;)n?l I %/ pertur bmbdialdndcﬁfa)tl&tiw@éfebbnr?@nmrélmbm.e tentati \ée geol ogi c 5d
node ref erence r 18). ATt perturbation provides an inprove
Todel . updat o nd) ERalgE  deglibicahnand: Bepaisi) (SBiEiSn ERERal 110)
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114) and conpare the results to thg desired criteria 10 (reference nuneral
116) . 1% he mat ch FEGERNHMERRIPr ed 1inmits, output the final geol ogic

nodel (i .e. |f tHeOflatdH RPRAthin Riciied I, tdudputaHe fiinad gesiebieahedéing.er f aces) to
a file (reference nuneral illustrated in the 1 nventive

120). As Fig. 1,
net hod adj u§?‘§<'©fé’8PBXjP’E'Ureﬁtaélﬂfté%é?d'ﬁﬁs’ QW%Wt%{fﬁ?Pﬁb‘%s%f"@f(rﬁﬁﬁnﬁ?zat i on.
Thi's optim xahiepnt 1y, be quantitatively

As illustrated in Fig. 1, the inventive method adjusts geologic interfaces

=

15 through a process of optimization. This optimization may be quantitatively
based on mathematical functions (using stochastic or deterministic methods)
or it may be qualitatively based. The statistics chosen to describe the spatial
attributes of tentative geologic interfaces within the model are not restricted
and may be any convenient form that specifies desired properties. The

20 geologic-interface perturbations and optional rock-property perturbations are
carried out using any of a number of numerical algorithms known to persons
skilled in the art of geoclogic modeling.

in one embodiment of the invention, only one interface node is
perturbed at a time. Another embodiment of the invention is to simultaneously

25  perturb the positions of a group or cluster of interface nodes. Moving several
nodes at once keeps the surface smooth, and reduces the likelihood of
erratic, unrealistic surfaces from resulting. Such a process would modify all
nodes within a specified distance of the node in question, with the degree of
adjustment being applied to a greater degree for nodes near the node in

30 question and to a lesser degree for nodes away from the node in question.

As indicated above, the present invention does not require the
simultaneous perturbation of both tentative geologic interfaces and tentative



based on mat hematical functions (using stochastic or determ nistic nethods)
or it may be qualitatively based. The statistics chosen to describe the
spatial attributes of tentative geologic interfaces within the nodel are
not restricY@8334¥d nay be any convenient formthat specii§ee¥ed ¢ o
properties. The 20 geol ogi c-interfaceqperturbations and optional
rock-property perturbations are carried out using any of a nunber of
nunmerical algorithms known to persons skilled in:the art of geol ogic

nmodel i ng. IrBclopeopeitisadi Rater, gierfuteationvsfrthé oock-propgrty veluestie optiomalnode i s

perturbed a. tine. Another n‘i?ro I ment_of the invention.s .
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nodes. MViiAgrfacys it MRdrBtus tien eeckk popsrtidseinsthef gantogical ahbdelanth r educes
the likelihood of . erratic, unrealistic surfaces fro?n resul ti ng Such a
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away from t'REeTAeeRthah 2t 8L ResRSSAYY perACaied Wt RopatruG 'ﬁ’@‘% dAP%%lnvent i on

does not refnl ihfertith may bELESH uStr imddigithese gdolbsit Ihtéeadedtdo/ss geol ogi ¢
I nterfaces and tentative WD 01/33481 PCT/ US00/ 28146, -17 rock p./rgﬁepert | es.

Rat her, pertPunBke iteemosonsiitentowith the serent (eakupoPpdiegassigngd, to

al ternati venggd10ahaasssely WitR dd1d Ghéastfermsnts OartP tirbit B8duMptitMsIMEt 0gi C
I nterfaces, but not perturb the rock properties in the geological nodel. In

some i n¥t arf6@$, Ora Mo NehiavRo BEEN otesi i Ponstrstigy e adlegiaimeddsi bl e 5
met hods ”ayAcﬁﬁstﬁ'féﬂfd ﬁl@g% Aade Y ﬁ@ﬁurb}ﬂgtcghh% RRoRYREPIdrRe8T(nBERIRYI C
interfaces that are not necessarily associated wth construction of that
nodel .  ThePrPpedhvRlbashand isietarmining & shifts youwd imp@ve oadirgie ijedaer)i c

I nterfaces ; t?% | 4t ¥ operties
assi gned toﬁﬂs@és rfalr)‘ge , gr';'t‘dél F@)Ig‘ssgefﬁgﬁd;./ss\%ﬁg ﬁlaggtgomhggﬁgg@mpﬁ%o%rget
assunpti onsvaldest 1o nay or may not have been used in constructing the

geol ogi g model .y, %Hﬁérﬂ?ﬂée%&d%n@%% géfeé’-ﬁl’nt\él{s*?ér{é@ é?f}:lyyﬂ@f‘r@d%gi ¢
I nterfaces (not rock- property values) and determning 1f shitts would
i nprove gedlogyiscisi repiacedcky asthae¢-dimensicnall aeyt ef disaraie: modali paintss
cal cul at ed ﬁr@%?éﬁlp,ea{ ?é:é%'t o %Bﬁ{owop kt?ec l§iiscrete model points correspond to
sample points in a three-dimensional seismic data volume for the subsurface
earth volume. Rock-property values are assigned to each of these model
20 points in the same manner as discussed above for model blocks. In this
embodiment, geologic interfaces would define zones and regions of model
points in the model, rather than zones and regions of model blocks.
Preferably, the present invention is automated with the use of a
computer. Automation eliminates the need for manual, iterative interpretation
25 of the geologic interfaces, thus achieving the desired model sooner and with
less effort. Automation also guarantees an objective and reproducible
solution. Persons skilled in the art of geologic modeling could easily develop
computer software for practicing the invention based on the teachings set
forth herein.
30 In a preferred embodiment of the invention, the rock properties in the
model are perturbed simultaneously with the geologic interfaces, using
geological and geophysical constraints. Figs. 2A and 2B schematically



values. 15 In an alternative enbodi nent, the three-dinensional array of
nodel bl ocks is replaced by a three-di nensional array of discrete nodel
points. Preferably, at |east a portion of the discrete nodel points
correspond V8%%44Abl e points in a three-dinensional sei srﬁC(?'“EﬁQF

the subsurface earth volume. Rock-prggerty values are assigned to each of
t hese nodel 20 points in the sanme manner as di scussed above for nodel

bl ocks. In this enbodinment, geologic interfaces would define zones and
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onteteacms rt er.el n. n I err e odi t he
venti on: QTR G Fhoste Backs 48 the, Magde! (GrziapBei e B GPHEW o FMSreCneous! y
with the getﬂb@@ that RdpRedetie 8 lodklioR Avhel@ AnOattGal seitlc gaBPiEse eRists).
constraints and 2B schemati cal IzéﬁV\D 01/ 33481 PCT/ US00/ 28146 -18

illustrate 'f'ﬁ1%‘(‘Jéf‘?ﬁ\‘.’fa|3n€‘?1't"“6f°ft"l‘f@ql RRSHS exjfacted 1o geple9h@od8) ust ment

of a strucioy almpedante FiudsFBNinis SslimAGE méded blobRs cée@lcarcala@éu frBht i al
geol ogi ¢ nodel 200 for a subsurface earth vol une. ,l,)ﬁoogilsl y,..t he nodel 200

consi st ¥ offOEkRroPasye ¥aligs ar@ﬁ@”&epﬂ?ﬁ@t"@ﬂ fay the h@PF’%‘ pl BAeSe surface

206. I'n nodglp e5aRas palusSbAhEn iLBYE kS Heive §yrﬁb{élfcf‘§é1islnﬁic$n%b§fﬂ1© Wwhigge i s
cal cul at ed for each columm of nodel blo in the no elev\éor at | east for

each col unPryfoustad$ a rAthariReor Hagtch doi é§fé'ﬁk geigmicodate; traceni b doratheact ual
sei S c_datigodioACR §XdstbR) - TrEfbre 2heSRUrEp6) UMosTasapish 8l ks 208

extracted from geol ogi c nodel npedance val ues for this colum of
nodel bl ockBods! ®legksdn caluetn 2%@11:#/@ ﬂ@dncaimp%frwa%ﬁ%wwbwﬂm ly
assi gneg t &ddigemeifplecP! oCks. These inpedance values are then used to

derive synthetic seismc trace 210 whi ch,
Fig. 2B shows the same geologic model 200" after perturbation. The

rock properties assigned to the model blocks in column 208' and the position
of surface 206" within column 208' have been perturbed until consistent with
applicable geologic and geophysical constraints. The synthetic seismic trace

20 210 calculated from the perturbed rock-property values and surface position
is obviously a much better match for actual seismic data trace 212. As will be
well known to persons skilied in the art of geologic modeling, a large number
of perturbations may be required to move from the initial model shown in
Fig. 2A to the final model shown in Fig. 2B.

25 Figs. 3A and 3B are analogous to Figs. 2A and 2B, except that the
geologic interface involved in Figs. 3A and 3B is a boundary between two
distinct subsurface regions (e.g., two different facies within a zone). The initial
geologic model 300 contains two regions 302 and 304 separated by a vertical,
planar boundary 306. The synthetic seismic trace 310 calculated from the

30 model blocks in column 308 (all of which initially are located in region 302) is -

a poor match for actual seismic data trace 312.

2814%| ume f or




obviously, is a rather poor match for actual seismc data trace 212 for the
| ocation in question. Therefore, the rock-property values assigned to the
model bl ocks in colum 208 and/or the |ocation of surface 206 w thin colum
15 208 ar e™P8#Ect. Fig. 2B shows the sane geol ogi ¢ mod&TUSHPE144s ¢ or
perturbation. The rock properties asgj.gned to the nodel blocks in colum
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synthetic sei S{T\C trace 310 cal culated fromthe 30 nodel blocks in colum
308 (all of SRRIOGIF PRPel al 1y are located in region 302) is a poor match for

actual seismic Ei@ta 5" aCfowdhart \é@oﬂﬁ{@a@hem@w&%éa&éﬂ&omﬁ%e% shown in

Fig. 3B, aft ation_ the position of boundary 306' _w thin nodel
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can be perturbed simultaneously Wwh 2eo ogic nodel. Fig. 4is
a fl owchar i SI8pHRndowerer e byildiag §t @pgded htit sﬁtﬁmm imep With @bwiossr ed

enbodi [ent nRbifichor iR 454 brdcBYE M bathlly!dlefRfBEr @l . steps 400 through

The initial step of the inventive process is to specify initial positions of

the geologic interfaces within the model (step 400). Preferably, the initial

positions specified are the most likely representations of the corresponding

geologic interfaces in the subsurface, and are generated with as much
20 consistent data as possible.

At step 402, an array of 3-D model blocks that comprises the geologic
model is created. Model blocks may be defined as having constant
dimensions, or they may vary one from another in size and shape. It is only
necessary that the non-overiapping model blocks jointly describe the total

25 volume of rock being modeled. Preferably, the model blocks are defined so
that each block lies entirely within a single region of the model. The complete
set of model blocks should represent all portions of the subsurface to be
modeled, taking into account structural and stratigraphic features. At this
stage, each model block has been assigned a position and volume in the

30 subsurface, but has not been assigned rock properties.

Next, at step 404, geological, geophysical, and geologic-interface
training criteria or rules for modeling are specified. The preferred mode of



416 invol ve data preparation and nodel initialization, while steps 418
through 434 are optim zation steps for inproving the fit of the geol ogic
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This allows comparison of desired values with those calculated from a
potential model. Combining components into a mathematical objective
function summarizes the overall match between the geologic model and the

20 desired criteria or rules. This allows integration of numerous types of
information and relationships into the model.

In this step (step 404), the user specifies values that each component
is desired to attain in the final model. A typical example of a lithology-based
criterion is the percentage of each lithology type (e.g., 35% sandstone and

25 65% shale) to be found in the final model. An example of an impedance
criterion is the histogram of impedance in sandstone that is desired in the
model. The criteria may be specified in many ways, including constants,
variogram models, frequency distributions, and gridded maps, among others.
It is also convenient to calculate such training information from separately

30 created 2-D arrays or 3-D models.

An important consideration in defining these criteria is to take into
account stratigraphic correlations. Lateral variograms, for example, should be



Typi cal exanples of geologic interface criteria include limts on the
extent a io geologic interface nmay be noved vertically or laterally,

'con3|sten er criteria relative to zones and reg | ned by the
geol ogi c |nP ;?%éie]s, and degree of snpothness required ?&@ﬁ@ﬁé{é‘gl ogi c

I nterfaces. An exanple of a geophysig@al criterion is a match between
‘observed seismc traces and synthetic seismc traces cal cul ated using rock
properties in the nodel. Al 15 such criteria are referred to herein as

" conponent Salculptast ¢ asagure nentinuity gparakied tp osteatigraphice suréddese dnot ust

mat hemat | CR ni:ﬁ'ﬁﬁﬁr ato% gi;]\g[%ingt#é If 9@%? QR) Qlf\d @ﬁéﬂxé}rgﬁhl\éa&oﬁl@atw Eh those

cal cul ated Trom I nNi'ng CoO
mat hemat i cafe obj aldmedfﬂ)ad"ldriaontaunamgramswullmosn/siralal anchregresattween t he

ge0l 091 ¢ MRAELoAMILORAD. 383 LAlSilE HREL A AL TR S ol | ovs

I ntegration o NUMer ous pes o atlonshlps into the
nodel. $n this Btlep’a(eslﬂeﬂi drﬁhl)s;et tdf egeci@gic amlcgécnmsmal eeterishedll each

t ] ' .. I f

[t hol ogy- BR&eHst B0 abfirbinthe alflghier b)Bux BRPees Yol ¥R PRt (e g, -
35% sandst amesarwoir.2BoGinstante | thy réserisir ay hdve beéﬂneivfdeﬂahtorg&tedagxcaﬁ\n exanpl e
A L T N X
i npggdu ng withistaasingle geomgicagmm rmgienhmr @rbegslema?kiitrﬁéy hivé umesentanﬂ

ri ddeg ma mon SO convenient . to C e suc
'? raini g‘b %?%P%f F@%g'lspﬁ’h? g'éspﬂ af%e@'essé'ee?f&ﬁ@%anéhﬁf &Pﬁﬁ*@a ?PC'@SD nodel s.
An i nport aot assosiatier affi famelsn dedri BLEH) dabes e chtetid eshould Sod Gspeahfiedi Nt o
account strati g{g@% orrelations. Lateral v for exanple, should

be WO 01/ 3¥H¥[ PQﬁi’ZF@”es?Tdé%f regiogs uf l”c?qg‘ﬁﬁsure continuity

parallel to st rnéxtgraa@tuﬂgmrde%mfgical% Qé@ﬁhysh@lr Fel&tiinghipy Bétw@eﬁ' ven
ic correlations . are no

depth. If structur str ra
coﬁ3| der ed’® H@"’HB‘%F?(%&%“%Q h%ﬁ@a& 'ﬁfalt?d E‘?‘i’fs%"’%*frf"yaf’étaaﬁdp'l?@ﬁf%ent

non- cots el 8binee veAAHSs thai @ré ORC BBt nictlefidS oHSSRA riddi@llatMlsOYe.gd It 1S
rare that one set of geolo gi.c and geophysical criteria will be “appropriate

for descri HRESRNARR) MAX PRY %@'FQR‘I‘Y(S’PS?Wéﬂ %ﬂ@&évﬁeﬂeﬁq@wr&mpsmx Pens of

established to obtain these variables from the others. For example, straight-
line interpolators may relate acoustic velocity of the rock and fluid to porosity
(VWyllie’'s equation), and relate rock and fluid density to porosity.

20 Determination of bulk density and acoustic velocity for a given value of
porosity then allows calculation of acoustic impedance.

Rock properties observed in wells are assigned to model blocks
intersected by wells at step 408. In the preferred method, rock properties
observed in wells should be honored in the final model. The preferred mode

25 of operation is to assign rock-property values directly to those blocks
intersected by wells. This step consists of (a) determining which blocks are
intersected by the boreholes of the wells, and (b) placing the values observed
at each intersected borehole segment into the corresponding blocks. These
assigned values are left unchanged during the perturbation process.

30 Next, at step 410, an initial model is prepared by assigning rock
properties to those blocks that do not contain well data. This step may be
done in any convenient, even arbitrary, way, a random process is typically
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between the calculated, model-wide lithology percentages and the desired
percentages. A second example considers the two-point variogram. Here a
typical comparison statistic is the sum of squares of the differences between
20 the calculated, model-wide variograms and the desired variogram values, with
the sums calculated over all specified lag distances and directions.
Some criteria are controlled by stratigraphic correlations (e.g.,
variogram statistics), so the preferred mode of operation for stratigraphic
statistics is to take into account correlations between blocks in the model. For
25 instance, if a bed is dipping, a variogram should not be calculated horizontally
from one block to adjacent blocks, but instead the degree and direction of dip
should be determined, and the variogram should be calculated for those
blocks that correlate stratigraphically to the block in question. This process
should be followed when calculating all such stratigraphically controlled
30 criteria. Determination of correlative layers typically is based on surfaces in

the form of computer grids.
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u3|ng t he rock proper ornatlon i sson's
rati o for determining if geologic interfaces meet required crltena As noted above

examples of such criteria include, but are not limited to, limits on lateral or
vertical movement of a geologic interface and smoothness of modified
geologic interfaces.

20 For the lateral or vertical movement criterion, the initial interface
position for a point k is defined to be By and the adjusted (tentative) position is
defined to be at BT,. If the distance between the initial position for the
interface and the adjusted position is indicated by Dy, then a possible statistic
that compares the initial and adjusted positions is £Dy?, where the sum is over

25  all interface positions k. By definition, the initial value of this statistic would be
zero.

Several statistics may be used for the smoothness criterion. For
example, a variogram may be used to specify the overall shape that the
geologic interface is to attain. The statistic could then be the sum of squares

30 of the differences between the calculated variogram and the desired
variogram values. Another finer-scale method would place small windows
about every node in the geologic interface. Within each window, a value



AVO cal cul ations), and then to conpute a forward seismc nodel (i.e., a 5
synthetic seismc trace) for each vertical stack of npdel blocks in the
nodel .  This process is well known to practitioners of seism c nodeling.

Si nce each Y&B3d and synthetic trace consists of a sePFEYSHf28146
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definition, the initial value of this statistic would be zero. Several
statistics may be useggjers (Wpeonioot hness criterion. For exanple, a

vari ogram may be used to specify the overall shape that the geologic

interface is , to attain. The statistjc coul en be the s of .squares 30
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zero. If this is done for all components, the objective function will have similar
properties.
The preferred method of defining weights W, associated with each

component is to let W; = V; U; where V; represents a weight that takes into

20 account the variability (e.g., inverse of the variance) of the component, and U
is a user-defined, relative weight for the component. User-defined weights, U,
for the components may also be defined separately for each zone and region
and incorporated into the components rather than in W;. It is convenient, but
not required, to rescale the weights W; so that OBJ = 1.0 for the initial model.

25 At step 418, one or more model blocks are selected, and at step 420
the blocks' rock properties and nearby geologic interfaces, if any, are
perturbed. In one embadiment, only one model block is selected at random.
in another embodiment, multiple blocks are selected and their properties and
nearby geologic interfaces, if any, are perturbed simuitaneously.

30 The optimization process used in the present invention requires that
the model's rock properties and geologic interfaces be systematically
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herein is in terms of sumulated annealing because it is well known and easily
understood. However, this is for purposes of illustration only.

The perturbation process consists of randomly selecting a block
(step 418) and tentatively perturbing its rock properties and nearby geologic

20 interfaces (step 420). Preferably, model blocks intersected by wells are not
candidates for selection; these observed values are to be left unchanged.

For the selected block, the preferred method for perturbation is to
randomly pick rock-property values such that they are consistent with each
other. For instance, a lithology may be selected according to the desired

25 proportions of each lithology in the model, and then a value of porosity is
randomly selected from the distribution of porosities corresponding to that
lithology.

If the selected block is within a user-specified distance of a geologic
interface, then the interface may be shifted tentatively to enclose the block in

30 the adjacent zone or region. One embodiment of the present invention would
randomly determine if the interface is to be shifted, i.e., the zone and/or region
to which the block is tentatively assigned is randomly selected. A second



perturbed until a better match is made to the desired criteria, that is,
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If a geologic interface is moved, the two zones or regions on either side
of the interface will be redefined, affecting calculated statistics. Hence, if an

20 interface is to be moved, the effect of its movement should be accounted for
by the appropriate geological and geophysical components.

At step 424, tentative statistics to measure agreement of geologic-
interface criteria are calculated. As in step 414, component statistics that
measure if the spatial attributes of the tentative geologic interfaces adequately

25 match the training information are calculated. Geologic interfaces define
zones and regions, presumably each with distinct criteria (e.g., histograms,
variograms, and averages) for the rock properties within them.

Next, at step 426, a tentative objective function is calculated. The
tentative component statistics for the geological, geophysical, and geologic-

30 interface components are combined into a tentative objective function,
OBJtent = £ W; COMTi, where again the sum is over all components, and the

COMTi represent the tentative values of the components associated with this



WO 01/ 33481 PCT/ US00/ 28146 -26 enbodi nent cal cul ates the effect of noving
or not noving the interface, and selects the solution that best matches
the desired criteria. Sone blocks may be within a user-specified distance
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‘moving the geologic interface is that“the zone or region is redefined
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potenti al | ypehurbgticrNtOBIeRCHEYSIrES He deffee 6f fitltRIvéen fdek é?ﬁé‘ésﬁ ed
met hod, geol ogic-interface positions at nodes intersected by wells are not

shifted: sR8PIOHE Exe Sdaéhq teptative meoded apd thepesiepd rogls proneyties and
interpret GCQédlb@@ﬁﬂWdeg At step 422, tentative statistics to nmeasure
0

agr eenent geol ogi cal ~and geophysi cal criteria are calculated. As in
step 412, conpondtPasiugestion;is setained Orfﬂe@edlabgﬁe@a‘l%arﬁheg&gtﬁmasm nodel i ng
criteria t Rigetdet Qﬁéntaﬁta‘nf/etrlaew rcﬁ%‘?t? %IEEQ’ RN e LAIB] iyl or mation
are calculated, but this tinme ug e values 0 the t|ve rock

properties. tem@ﬂlg%mﬁlapns pﬁaepfpgtcentee@ceaer@ tg be rewh&ﬂ:depﬂgtdeomrpmmnt
statistics yzf,d Bplknd hew &Féglcﬁﬁ?te‘dpggéﬁg/ | agal JEP( Vi 4OV DRE 8bje§“r gconput e

them over the entire no i C |n érface i s no ¥ two zones
or regi ons fenction IQBJtQﬂtdts nea‘reltthte ¢mlm1mf| dan thid turbent robjetivedahctiahf ect i ng

cal cul at ed (58 atjis3t HRJtente En e 1 g?té\%t férgtﬁgg&orflﬁgr%% dTOME set he

effect of its 'novenen shou e accou
geol ogi Wal cqRe. o prapsss airocerdsotoestep. 430t wbempttbeﬂentatenet ai‘ckxmopé@t istics to
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i nformat i og, erfaces define . zones. a reglons
presumabl y eg{:eﬁ Wl%%rﬁ dé T nc&g tﬁ?arbé%m'é'e URFLQT, A5 nipcreaged &tfr and
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tent at .86t f
s'? gt ?st %gs %rsg\{éng&éénggéﬁycﬁmeﬁetSBtﬁt}E‘? 88?'*'°%af g@?JP%NEteffé@eﬁ ek f ace
conponent s ohjeetiveiviction donponentsewiliabé V&it ehbksidede HoWvEONas noted

above, simulated annealing allows retaining the perturbation with a small

probability regardless of the objective function's increase. This is designed to
prevent convergence from being trapped in a local minimum in the objective-

20 function space. Other optimizing methods may not allow increases in the
objective function.

Certain statistics may be based on stratigraphic correlations (e.qg.,
variograms). Such correlations typically are defined by the surfaces used in
modeling. If a tentative shift of a surface node is retained, then the surface is

25 modified, thereby locally affecting the correlations, and possibly causing one
or more of the test criteria to be inappropriate. For instance, porosity may
increase from east to west; if an interface moves substantially to the east, the
initial porosity histograms may no longer be appraopriate for the regions. The
preferred maode of operation is to recalculate or redefine the criteria to be

30 attained by the geological and geophysical components according to the

shifted zones or regions, although this may increase the time required to
generate a model.
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the value o the ne ul ated objective functi |f_the tentative
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tentative roc ert ues ati ve positions of ogli c interfaces,
and obj ect |(\$g=.pr tafﬁﬁh@cﬂmﬂﬁérﬂnﬁ‘swlf thepdgpdated medehis @deﬂiéﬂév&e as

not ed abovepgo?é@}ei‘&rﬁg ta@w;@&wgn ers%é pua;at.sﬁ Piflel poadd g0 with a
smal | proba | e ectlv unction's increase. This is

regard
desi gnedl& o teﬁﬁ'@ﬁéﬁ’[ V%Eﬁm/@ g@ﬁca?srgngﬁh bembgr t ¢ofapeerations | Bav@ besefi num i n
the objectivg e}?@otww WhBn SARGEsicbACEriBRE | i 4hd SlBINE IR N8lg. 2! | oW

i ncreases in ob ectlve unctl rtarn statrstics nay b k?ased on
stratigr aphummo'nmmea@ueptab@ (velug) ,haveabaeogaﬁam?d ddpen compistioni @fnthet ypically

are defi ned uoddie yRiblafissy ARy bR ondiShiroqd bropehiBR! eifardlisit of 2

surface node s rétalin ace 'S ereby locally
af fecting t Fanalysis, elvalidatios, arrmu tsmssgeblqmaéusgawghmgal oPr nenginegringne t est

cast to oo PPIFARRR! MRl mdlindd ASE NS fd alfiilnd, 107 STLE TIAT
porosity hi stogr &g Snitystrated @ sigwple bsapcab@haabexmweﬂmt Shnwsﬁbgpgtmtlarrhe -
benefits of modifying surfaces in a tentative geologic model, so as to be
consistent with a target assumption for the modeled rock property, in this case
the target histogram of porosity 500. Fig. 5 shows a cross-section 502 from a
20 porosity model for an eoclian reservoir. The reservoir interval 504 is
constrained by two interpreted surfaces (the top 506 and base 508 of the
reservoir). An oplimization algorithm was used to ensure that the resulting
model was consistent with the seismic data, but, in this simple example, no
other geological or geophysical criteria were honored. The surfaces 506, 508
25 used in building this tentative model were fixed and not allowed to move.
Once buiilt, a histogram of porosity 510 was calculated for this model
and compared to the target histogram 500. The two histograms are
inconsistent, which suggests that, although consistent with the seismic data,
the geologic model inaccurately represents the reservoir. Use of an
30 inaccurate model could be very costly, potentially resulting in inaccurate
estimates of hydrocarbon reserves, missed hydrocarbon-reservoir targets,

and inappropriate reservoir-development strategies.



preferred made of operation is to recalculate or redefine the criteria to
be 30 attai ned by the geol ogi cal and geophysi cal conponents according to
the shifted zones or regions, although this may increase the tinme required
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surfaces are nodified, intersections £5 surfaces (truncation or basel ap)
may occur, or preV|oust intersecting surfaces may no |onger intersect, or
i ntersections may nove slightly. The preferred node is to introduce t hese

changed strati gifapie prasehflin@ntbh Nfad BebReafplies iWatheamodBRfly d7 thie surfaces
were first introduced |ntto t he nodel . The process next proceeds to a
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ends. |If the updated nodel is not adequate, the process returns to step
418 and coReERUERNSISRNtHWith (ol ithe eismie date sk thes target bistagramsdofinen a
pre- assisgnedraygber of perturbations have been attenpted or when
pre-assigned criteria on the objective function (e.g., mninmum acceptable

val ue) have beedhgifergoniag degpiiniondas l@ﬂﬂcﬁve@feqtﬁ@aﬁmuwgsbommentmtl m zed
model of OREHY inUBAtRN o or

val i dati on, andIn nfefigeﬁ:{:ug 6ﬁﬁflsl"% @%f“é lﬂt?ér‘?hr?fnl r%tevé@lrb;g é’ﬁ;ﬂﬁ'ent

appl i cati of@ Peﬁ?n& 'ﬁﬂdﬁ ther@di hpwevqednatghany aﬁ@haa\lﬂss nmdaf Gamns able. Fig.
5i||ustrataﬁg b &{m e pat i al
benefits of r% o Fosﬂié?%g‘g&'h%ﬂa ?é( %8 He'?&ﬁoqﬁggéﬁsibﬂ ew thas to be
consi stlént a%ematmeq, thflcaass?drmdmamaflms atecintendet Mbewthtrptrmpmdpp inthis
case the t. [ hows a cross-section
502 from ahgg%‘g? g%’?tlmnﬂg}"qs &95183 b¥¥hég§per@segrc\|/§oﬁnf§’ The reservoir

interval 504 is constrained by two interpreted surfaces (the top 506 and
base 508 of the reservoir). An optim zation algorithmwas used to ensure
that the resulting nodel was consistent with the seismc data, but, in
this sinple exanple, no other geol ogical or geophysical criteria were
honored. The surfaces 506, 508 25 used in building this tentative nodel
were fixed and not allowed to nove. Once built, a histogram of porosity 510
was cal cul ated for this nodel



and conpared to the t ] ' 0. The two histograns are

i nconsi stent, which sammm"'mmﬂm hough consistent with the seismc
data, the geologic nodel ci naccurat ely represents the reseryoir. Use of an -
30 i naccur at eo?f@g‘ésﬁ coul d be very costly, potentially restftTpe

i naccurate estimates of hydrocarbon rggerves, m ssed hydrocarbon-reservoir
targets, and inappropriate reservoir-devel opnent strategies. WO 01/ 33481
PCT/ US00/ 28146 -29 If the present invention had been applied in the

nodel i ng of Waickimr eservoir interval, the surfaces 506, 508 woul d have been

nodified as indicate ' 4 an N esuyl ting
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hi st ogr ans of a shbpofazeidayth viiiené cortgmingpordesranonet gemiodia htéréemes dsai¢ct ed t o
particul ar errob%di rg§£r'1]ts . oft the i nt(ention for the purpose of illustrating
the inventi BFOCSPE QPSP NEFEPERT  t 0 persons skilled in the art, however,
Ejhat mgng ﬁl ternatives) mggréiamglg:a)mtnaﬁiva@dom?rci mb?e;lmf said tt(hjtsfuﬁfﬁb@di ment s .
Vari ations are | FRERISALI besalf ¢ HPFETYe S8R oPORHG - SPEGBRRD! rient: on.
gi/ ggzggeg C?‘yutsgtg/r?ggmﬁ Kbggl airap of d:éritibhditks T\bbéll BlodKs| fbbcl’n hdde! blbck | I WO

- 30- claim 1. rocess for _constructing a
t hr ee- di mensi onal®¥&b| %J&FEV%&K%S %ﬂr %f’%l?ﬁsrﬂ?‘%aﬁ%c RFAReTIRS @sRoR taigni ng
one or nore geol pgieto, sHididriatRe, geutddic mpHerastainiagRentatigpbdiorstieps of . s
(a) generating a t.&nt ativeageol 0ogi G rTRdeI _of said subsurface earth volune,
said terffative ¥R 887 MO pe‘&'Ba'ﬁr"i“E AFSa  three-dinensional array of

conti guous nodel bl ogkg, eé_étlflfwgﬂeﬁ'aihhgckritehé}/wmﬁ efdfinbi \tige Vepatias for one
or nore rock properties assigned .thereto, said tentative geolo i ¢ nodel

cont ai ni ng t ent atiTPEESo S ¢ PBAETIC, Interfzres @adolie SharRsterisies Bfyireck

i nterfaces; properties in said subsurface earth volume;

(c) calculating statistics that describe the spatial attributes of
15 said tentative geologic-interface positions and the characteristics of
said tentative rock-property values in said tentative geologic model;
and
(d) comparing statistics calculated in step (c) with
corresponding training criteria specified in step (b) and either
20 (1)  if said statistics do not match said training criteria
within specified limits, perturbing the tentative position within
said tentative geoclogic model of at least a portion of at least one
of said geologic interfaces, updating said tentative geologic
model, and repeating steps (c) and (d), or
25 (2) if said statistics match said training criteria within
said specified limits, accepting said tentative geologic model as
the three-dimensional geologic model for said subsurface earth

volume.

30 2. The process of claim 1, wherein each geologic interface in said
subsurface earth volume is represented in said tentative geologic model by a



(b) specifying traini [ ' [ define the spatial attributes of
geol ogic interfaces aml\mmﬁmnlm&ﬂ stics of rock properties in said
subsurface earth volune;, ¢c)tcalcW at'ing statistics that describe the
spatial att™MoUE#Blof 15 said tentative geol ogi c-i nt er f ad&T58384¥ns and
the characteristics of said tentati vgs.{_ock- property values in said
tentative geologic nodel; and (d) conparing statistics calculated in step
(c) with corresponding training criteria specified in step (b) and either

20 (1) if sadeflofintdriatel otled CamPivhamtrtSais plettuttiztibn iim gtepr (di(@) compméddi n
specified limts, perturbi ng the tentative r}?ositic%r% within sald tentative
geol ogi ¢ modeangingdre pasitien af only PR AF $71d KteTaeeN0%G3e  of sai d geol ogic

i nterfaces, updating said tentative geologic nopdel, and repeating steps
(c) and (d), or 25 (25_ if said statistics match said training criteria
within said spe8ifiedheiprecess chelaiptli ieerin @ack ealadiceintERAC8dn daifbdel as

the threg- digpegkansbardeobiaRkss ?@&séeﬁtﬁa ggg%aa téMQﬁ\VHéé’t?@gi@%ﬁddél byga une. 30

2. The process of claim 1, wherei'n each ogic intérface in sai
subsur f ace &gt ohintesfagesnades, aist wheneineepid pesturationin stape)(Jeermgiitesodel by

a,eCLM : 5 = 3]~ =g and
wher ei n sai 8@%@?@%?’ ?§§H-+ n st éﬁlé'gfé%( E?éélzso\fvr%@bsace)ésp éc@ltﬁgr%sﬁﬁgcﬁ%ﬁp%osi tion
of only one specifairdetfageenddece nodes. 3. The process of claim 1, wherein
each geologic interface in said 5 subsurface earth volune is represented
in said tentative geol ogic nodel by a set of interface nodes, and wherein
sai d perturbati od. i n Thepproddgslpf claimrli swhereivhatep ((hiuribesiindledes of al |

interface n Bl i.f1.€ [ L i G ace
node. | 10°a. Hrfandhd MOMIRENEE £ 9da8 rpbRBdbarflEr L lebat LIRS
pert ur bi ng tshid medeldiiocks prink teupdatiag shisldsttatine geologicpnegeirty for at | east
one of
5. The process of claim 4, said method further comprising the step
15 of moving the tentative positions within said tentative geologic model of said
geologic interfaces as required to be consistent with said perturbed rock-

property values.

6. The process of claim 1, wherein said training criteria include the
20 match between synthetic seismic traces derived from said tentative geologic

model and actual seismic data traces for said subsurface earth volume.

7. The process of claim 1, wherein one or more wells are located in

said subsurface earth volume, and wherein actual geologic-interface locations

25 obtained from said wells are inserted into said tentative geologic model at

fixed positions corresponding to their locations in said wells, said fixed

geologic-interface positions being accepted as correct and not subject to
perturbation.

30 8. The process of claim 4, wherein one or more wells are located in
said subsurface earth volume, and wherein actual rock-property values
obtained from said one or more wells are assigned to model blocks



sai d nodel bl ocks pr| dat i ng s W tentative geologic nodel. 5. The
process of claim4, s M’IFH r conprising the step 15 of noving

t he tentat tions nt ative geol ogic f said
geol ogi c |w§?@§%}és as requi reﬁ tf‘) b‘e consistent with ngg%b@'ﬁfzﬁ’r"Bed rock-

property values. 6. The process of clgi.m 1, wherein said training criteria
include the 20 match between synthetic sei smc traces derived fromsaid
tentative geologic nodel and actual seisnmc data traces for said

subsur f ace represénting ummespﬁnd”ﬁgepqntimses{s saif s;Jbemrfada ealte n@lumensaidr nor e

ool ot c-1 PG dee Propath elIERBEhG clish vd Rott RNl ThE 8T (S0 1 o

sai d t ent atpertarbgiohogi ¢ nodel at fi xed positions correspondl ng to their

| ocations in said wells, said fixed geologic-interface positions being

accepted as correct and not subject to perturbation. 30 8 The process of

cl ai m 45 wherei 8. oneTios pmvees Welcla‘?mal; vhepsiattiesl venicalsdinénsiobsoff §fige earth

vol ume, and_wherei n actual, r.oc operty values obtained fromsaid one or
gel 8 s e

more wel | s GIRINEA5AloRIG MO, Rs“ i1iuraitririirriirJusl wo

01/ 33481 c¢ L PCT/USO0/ 28146 -32- re presenting correspondl ng portions of
sai d subsurface eartpy volune, sajd actual rock- opg vaI ues $el ng
accepted as cor 1@ct PrRSESS Ghclaie 1y M’he[fé'?t"ﬂﬁ yerirgdi §'°”T‘Pfes ocess of

claimi1, wkatstive detfogiembbisias Vdﬁ.ﬁgrugpqm of said tentative geol ogi c nodel
is seismic time. 10. The process of claim1, wherein the vertical dinension

of said? tentative geol ogi ¢ nodel is verti cal depth. 10 11. The process of

claim 1, wherei SepriepfcesiohidbImCS, | Witdrbi SégaratePPaihihgestité@s sfach zone

and each regiqgn in said subsurface earth vol upe.
specified for each zone and each region in said subsurface earth volume.

12. The process of claim 1, wherein said array of contiguous model
15 blocks is replaced by an array of discrete model points, and wherein said

tentative rock-property values are assigned to said model points.

13. The process of claim 12, wherein at least a portion of said
discrete model points correspond to sample points in a three-dimensional
20 seismic data volume for said subsurface earth volume.

14. The process of claim 1, wherein said process is performed using
a suitably programmed digital computer.

25 15. A process for constructing a three-dimensional geologic model
of a subsurface earth volume containing one or more geologic interfaces, said
process comprising the steps of:

(@) generating an initial geologic model of said subsurface
earth volume by

30 (1) specifying initial positions within said initial

geologic model for said one or more geologic interfaces,




12. The process of claim1l1, wherein said array of contiguous nodel is

bl ocks is replaced by ﬂlmmmmﬂlumﬂ“lete nodel points, and wherein said
tentative rock-property!s S gned to said nodel points. 13. The
process of VWP 8¥I8E2, whereln at Y edst "a portion of said REEUSeR146rDdeEl

poi nts correspond to sanple points in_a three-dinensional 20 seismc data

vol une for said subsurface earth vol une. 14. The process of claim1,
wherein said process is perforned using a suitably programmed digital

conputer. 25 15. A procesgyf orgdmn 5%pééggm%ntsghgp-a%wzéég}g@}mggoI ogi c

nodel of a subsurface earth volu contal ni ng one or ogi ¢

interfaces, said prfQgesbloskeicirepragentseaid supsiirigte earth volymeaati ng an
Speci fyi ng i ni'ti al posi ti e vi T AL TG, eRRpkobe WiBeR Yo a4 o g
one or more geol ogi Ssaig%_r?@deibmks;l101111111%1111%_11_11111 I Ih liil wWo I
oL SStel . 5T R g bt bk B e B BT
and (3) assi gni 9 rpek torepertiex i sap subsurfaat Uestht goleaEhant theasghtiabdel
L T o
attributes of gepecbing desiredivabes fomsaidtrdinngritedisace earth vol une, and
SFati otice conpari ngthe SaalRLALiFEEoBPafte ¥ HimcbluiEidiof o o
i ni tial1ogeol ogi eropedids andaitihisitiap gedlagicanbuélband shespags cdtbiutes B er f aces
training ori tor SRO0BR NEEREPR I AE G e SRAdF etel e e eV AR (o) i nto
an objective f forcorrespomding tbigttgadritéris; an i nitial value for said objective
(d) combining the statistics calculated in step (c) into an
objective function and calculating an initial value for said objective
15 function;
(e) randomly selecting at least one model block and
tentatively perturbing the value of at least one rock property thereof:
(f if said selected model block is within a preselected
distance from a geologic interface, determining whether or not to
20 tentatively shift the position of said geologic interface to the opposite
side of said selected model block;
(@) calculating tentative statistics and a tentative value for
said objective function based on said rock-property perturbation and
said geologic-interface position shift, if any; |
25 (h)  determining whether to accept or reject said rock-property
perturbation and said geologic-interface position shitft, if any, based on
a preselected optimization procedure;
(i) if either or both of said rock-property perturbation and
said geologic-interface position shift are accepted, updating said
30 geologic model and said objective-function value; and



15 function; (e) rando east one nodel bl ock and
tentatively perturbing t!'mﬁmul"zﬂuml east one rock property thereof; (f)
if said sel ected nodel oek kS a preselected distance froma )
geol ogi ¢ i nP}HEEHB! det ermi ni ng whether or not to 20 tenf&lG¥FEhift the
position of said geologic interface t934_he opposite side of said selected
nodel bl ock; (g) calculating tentative statistics and a tentative value for-:
sai d objective function based on said rock-property perturbation and said
geol ogi c-interface pogyti Qapéétlrfgtste;bsf (e} Hyrougt® (i} bhtﬂdﬂbresmlemeldgmmmher to
accept or reject said rock- F@?{ﬁ{e pe Jbatl sal geg P

geol ogi c- i nt er f aPEPYYLPRIAS Naye |aFt35W§P ‘Efag"ﬁ H"'"ﬁ STisia for £id

optim zation proggdefiws fuhttior Havei ddeprataingdot h of sai d rock-property
perturbation and 'said geologic-interface position shift are accepted,
updating said 30 geol ogic nodel and said objective-function val ue; and S

WO 01/.33481 PCT/ 4500/ ?&%%cess"»&fclénﬂpﬁatwrﬁmi&ttﬁ@ae(e&murtdﬁbﬁwbtebl faintil a
presel ect ed nunber of ggrtur bati ons have been atter@ red l}i*erm ned
‘?Gﬂédﬂte@

criteria fowhsiier orawf xtentatively it the ResifionE eAIdg Re process
of claim 15 ooBBgiterlifle bi1Said SRR BidcR ihEe fdndofly. whet her or not to
tentatively “BhiTt the position of said geologic interface to the opposite
side of said selected nodel block is made randomly. 17. The process of

claim 15, wherei gy thﬁﬁ&bﬂc@%@éﬁ d:IQiH': 1% vﬁﬁé?@in(tﬁé dei‘ermirfétxwh% BRp (Brofnot to

tentatively shift t he position sald geologic interface to the opposite
si de of 9ai whetheser gt @GtathﬂM(ﬁb'ft %‘er%é'oﬁ &3id-9rARgin terags Withes t o

measur e the p@&gfé SidQ b QBH'S@%C?&dm?ﬁ IrBPéclJfQYﬁé!ﬂz swsanmamg{ stigfcssai d

geol ogi c ace and sel ecting e option that” best ches the desired
val ues of t imeasureathei eftectsr ¢ftragving andg of not moving the position of said geologic

interface and selecting the option that best matches the desired values of the

training criteria.
15
18. The process of claim 15, wherein said training criteria include
the match between synthetic seismic traces derived from said tentative
geologic model and actual seismic data traces for said subsurface earth
volume.

20
19.  The process of claim 15, wherein one or more wells are located

in said subsurface earth volume, and wherein actual rock-property values and
actual geologic-interface positions obtained from said wells are inserted into
said initial geologic model at corresponding model positions, said actual rock-
25  property values and said actual geologic-interface positions being accepted

as correct and not subject to perturbation.

20. The process of claim 19, wherein initial rock-property values for
all model blocks that do not correspond to wells are determined at random.

30
21. The process of claim 15, wherein said preselected optimization

procedure is simulated annealing.



18. The process of clHj ' aid training criteria include the
mat ch between synt hetﬁ“’"ﬂﬂm‘mmmigm derived fromsaid tentative

geol ogi ¢ "Q%f’l/a%%q acttial® sei sm csdata traces for said subsurface earth
vol ume. 20 19. "The process of claim 15, wherein one or noiE/UiepR&46r e

| ocated in said subsurface earth volygge, and wherein actual rock-property
val ues and actual geologic-interface positions obtained fromsaid wells
are inserted into said initial geol ogic nodel at correspondi ng nodel
positions, said actual rock 25 property val ues and sai d actual

geol ogi c-interfase pegfiLtd bei n epted as, correc nd. not subject to
perturbation. 2 % Thgﬁ%rd(;gé%ss o?fd%wgfsrcn%re'ﬂkﬁﬂ%PFFsieﬁ?Ci‘?éPptf'B'EﬁU?ﬂ operty
val ues for pra¢edumnetethetrhadsant & pbstddomeptinsigatieispeadddre. Wel | s are det ermi ned
at random 30 21. The process of claim15, wherein said preselected

optim zation procedure is sinmulated annealing. ................. NERERERN
FErEer et rreernr 1l L MW 01/ 33481 S PCTIUSOO 28146 - 35- 22, The
process of claim 15, wherein said preselected optim zation procedure is the
maxi mum a posteriori optimzation procedure.



