METHOD FOR OBTAI NI NG PORCSI TY AND SHALE VOLUME FROM

SElI SM C DATA [0001] This application clains the
wheoehot7sof U. S, Provisional Application No. PCT/US2006/021954

60/ 694,069 filed on June 24, 2005. FIELD OF THE

I NVENTI ON [ 0002] This invention relates generally to

the field of geophysical prospecting and, nore

particularly, to lithol ogy inversion and methods for

predicting sand (or DOrosSity in
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drain than higher peqafR$iD HF PHRAIWERTION By sending
acoustic waves through the subsurface and then

recording the reflected waves that are returned, it is
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mat hemat i cal eqUBAICIKGREOAMNDOK dAEE INVENTEMNNt rel ate
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connected are much harder to drain than higher porosity, blocky sands. By sending
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acoustic waves through the subsurface and then recording the reflected waves that are
returned, it is possible to obtain an image of the structure of the subsurface called the
seismic reflectivity. As part of the data processing, the reflectivity profiles are often
organized to form regularly spaced lines in two orthogonal directions that together
comprise a 3-dimensional volume of the earth. A system of mathematical equations
can be constructed that relate the amplitude of the seismic response to the intrinsic
structure of the rocks that are reflecting the waves. Inversion methods can then be
used to solve all of these equations simultaneously. (Inversion is any process whereby
for a quantity y known to depend on one or more variables x, the values of x
corresponding to measured values of y are inferred.) Current inversion methods
obtain impedances or other attributes from seismic data, but none directly obtain
porosity and shale volume (vshale) or clay content estimates. Shale or clay acts as a
barrier to hydrocarbon flow, and their pore spaces are typically filled with water rather

than hydrocarbons. Even when their pore spaces do contain hydrocarbons, it is very



obtai n i npedances or other attributes fromseismc
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elastic propertles rather than the actual parameters of interest. Textbooks with the

mathematical details of AVO include Aki and Richards, Quantitative Seismology, W.
H. Freeman and Co, (1980) and Castagna and Backus, Offset-dependent reflectivity—
theory and practice of AVO analysis, Society of Exploration Geophysicists (1993).
Details of how to perform elastic inversion are contained in many papers, including D.
Cooke and W. Schneider, “Generalized linear inversion of reflection seismic data”,
Geophysics 48, 665-676, (1983); and J. Helgesen and M Landro, “Estimation of
elastic parameters from AVO effects in the Tau-P Domain”, Geophysical Prospecting
41, 341-355, (1993); and J. Simmons and M. Backus, “Waveform-based AVO
inversion and AVO prediction-error”, Geophysics 61, 1575-1588, (1996) . Other

publications describe methods of relating elastic parameters obtained in elastic



H. Freeman and Co, (1980) and Castagna and Backus,

O fset-dependent reflectivity- theory and practice of
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(1993). Details of how to perfprmelastic inversion

are contained in many papers, including D. Cooke and

W Schnei der, "Generali zed i near inversion of

reflection seisnmc data", Geophysics 48, 665-676,
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and M Landro and A Bul and, Target -oriented AVO
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velocity, and density) with a method that requires simultaneously inverting multiple

offsets from multiple trace locations in order to stabilize the result. In that same
patent they also suggest the possibility of inverting compositional parameters (e.g.,
porosity and vshale) from seismic data using angle stacks, however, the inventors do
not describe how such an inversion would be mathematically constructed and

successfully accomplished.

[0007]  Another class of methods for predicting clay content and porosity from
seismic data uses pattern recognition, often implemented with neural networks, to
relate changes in amplitude as a function of receiver offset with changes in lithology
or porosity in the subsurface as described in, for example, Hampson, et al., “Use of

multi-attribute transforms to predict log properties from seismic data”, Geophysics 66,



of the P-wave and S-wave reflectivities fromfull

stack data rather than angle stacks. US Patent No.
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[0009] In one embodiment, the invention is a computer-implemented method for

determining rock and fluid-type parameters (for example, porosity and shale volume
fraction) of a subsurface region directly from measured seismic reflection data at a
single trace location, said method comprising: (a) pre-processing the measured
reflection data into a plurality of partial stacks; (b) specifying a wavelet for each of the
stacks; (c) constructing a linearized set of reflectivity equations that relate seismic
reflectivity to changes in elastic parameters (for example, P and S acoustic
impedances, P and S-wave velocities, and density) of said subsurface region; (d)
constructing a linearized set of rock physics equations that relate changes in the elastic
parameters to the rock and fluid-type parameters; (¢) combining the linearized

reflectivity equations with the linearized rock physics equations; (f) forming matrix



[0008] A nethod is needed for obtaining porosity and
vshal e estimates directly frominversion of seismc
W@ 240a/001789 r educe conput ati onal conpl exity, theP@BURDA6/021954
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may be included within the spirit and scope of the invention, as defined by the

appended claims.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0014] The present invention is a method for inferring the clay content and
porosity of a reservoir directly from the seismic reflection data by solving a system of
equations that relate the changes in seismic amplitude as a function of offset (AVO) to
the lithologic parameters of interest, vshale and porosity. (The term “vshale” will be
understood to herein mean shale volume fraction.) This one-step inversion has
several predictive advantages over two-step approaches that need to find elastic
parameters as an intermediate step. First, because the inversion is constrained to

obtain the parameters of interest rather than to obtaining intermediate parameters, the



[0011] Fig. 1 is a flow chart of basic steps in sone

enbodi nents of the present inventive nethod; and
wQo@12917F g. 2 shows a sand channel w ndi ng throTIgk2086/021954

vshal e data volunme that was Lgferred by use of the

present inventive nethod. [0013] The invention will be

described in connection with its preferred

enbodi ments. However, to the extent that the foll ow ng
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r edrlt exhiiibardsdrapésbehaviosi sni ¢ anpl i tude as a function
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advant ages over two-step approaches that need to find
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because t he i nversi LS cons [ in.
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t katfficiant bbilolst diensrnanimy oseay focke boagl ppevali shas to enhance the

un) ess one or.npre of those.i Nvers| i :
o e i R B e AP0l 1600 s vt
Ofd gﬁs&ﬁriﬁ%ﬂti%hsoyofnabﬂhg ks bifk&s édto amglddebyoeiyaneihg through the
shale and porosity trends of the earth) and therefore

i gelocite lfynationhisedin he detar proecssingn Tepiedlly, rihe daiagptgt rocessed to

p%marlrl%g %ﬁeSPf’S&Q\Qa\%Stot p—%\/a\\//g lrgffeic¥i¥it}§)p gnd this is the mode that is used to
extract the lithology and porosity parameters. However, converted data (P down and
S up or vice versa ), SS (S-wave down and up) or combinations of PP, SS, PS, and SP
reflection data can also be used. In the event that converted mode or SS data are used,
it is preferable to process the data into angle stacks and to align the reflecting
horizons; however, it is also possible to use full stacks. Processing the seismic data
into stacks is shown as step 10 in the flow chart of Fig. 1. The problem is formulated

by treating the recorded seismic data as the convolution of a wavelet with the earth’s

reflectivity:
Wavelet * reflectivity = data €))

where the * operator denotes a certain mathematical operation called convolution

which can be described by



density structure) that are | ess well understood.
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g 530 in the flow chart of Fig. 1. The problemis

formil'ated by treating the recorded seismc data as

t he convol ution of a wavelet with the earth S

reflectivit avel et r@flectlw = 1) where
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[0016] The averaged squared velocity terms in the equation are preferably
averages over the two layers on either side of the interface that is the reflecting
surface. Alternatively, one could use Shuey’s linearized equations in Geophysics 50,

609-614 (1985) where the equations are rewritten with a dependence on Poisson’s
ratio, taking the form Ref(@)= 4 + Bsin(@)+ Ctan?(#) and then develop a different

set of linearized rock physics equations. When SS or converted modes are used, the
appropriate linearized expression for the SS, PS, and SP reflection coefficients is
substituted for equation (2) -- see Aki and Richards, Quantitative Seismology
published by W. H. Freeman & Co. (1980) for example. (The term linearized is used
herein when a relationship that may not be perfectly linear in theory is nevertheless
approximated by a linear equation.) The person skilled in the art may know other

ways to construct a set of linear equations that relate the seismic data to the elastic



A wavel et nust be estimated for each stack. (Step 11)

A sinple nethod, assum ng the data have been processed
W@ 008801769 convert the wavel et to zero-phase, iBCT/0S2006/021954

conpute the Fourier spectrum ok the data, set the

phase equal to zero, take the Inverse Fourier

transform and call that the wavelet. This nethod

assunmes that the reflectivity spectrumof the earth is
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R. H q'bg%hdﬂ(kg qa&égl einin "Mgration and
i nver S|61¢b82v§é&§p%1166t a," Geophysics 50, 2458-2472, 3)
(1985): A vsh 9 Zl%g In Vs(t) [0016] The averaged
squar ed VeIOC|ty ter in the equation are preferably
averages over the two |ayers on either side of the
| nWagtabe A hat, dnd CheoefRdibRs bic@nstdhfsah may be derived from linear
Alternatively, one could use Shuey' s |ineari zed
eqegressimsof welckagptaja peky mlymgﬂ@mms@mg gBpswipdinethe fab from rock

e re rewitten ce on Roi

%?‘%é BT TRl bRl ipeiedd '%]%PEY%CS?P&?OI& fegent rock
Kﬁ@eﬁl rthabnd axe | mpfepatily fcfeﬁ'i/@cﬂtfoﬁ edacRf flbidn ggﬁé oil, water).

roc physi cs equations. Wen SS or converte es’ are

é@atlomh@paﬁrm diéﬁerfmt éluidsraair be e@neesa@pd &3 Sluidh selstitutios if all fluids

and t|on cO cients IS substitute
¢ oF AT RPRSRT e W FRs SR e R B Pt Ap i feeining the
Seiugdredmgits PvR beshied Whenhe Hhatrdht Pﬁi@ﬁhﬂ? doRstrich@BR) mhld sure the
exanple. (The termlinearized is used herein when a
r ebuesteatel tock physierarglations e applicddotthe aprrpprdate lagations within the
theg’{n%/e i s neverthel ess approxi mated by a |inear

on.) The person skilled in the art may know

ot her

[0017] Combining eqns. (2) and (3) (step 17 of Fig. 1) into eqn. (1) yields a set of

matrix equations (step 18) that can be symbolically written as:

Wavelet || Derivative

Aki & Rock || ¢
Richards Physics

} = [data] )

vsh

that can be rewritten in terms of a single matrix “G”:

vsh

G [ ¢ ]: [datal. 5)



ways to construct a set of |inear equations that

relate the seismc data to the el asticparaneters Vp,
w/gooamai7s® . However, the actual paraneters of POTI/ERMS6/021954

are rock properties and so anogher set of equations is

required. The elastic paraneters Vp, Vs and p can be

related (step 14) to the rock properties of vshale

(vsh) and porosity (f) through |inearized rock physics

e 410N ; i — .
CAIAPT L A0 6t NI S0 b it
Whaow (Mend vsiBas aafuthcor ok ftihie) i andt whatr @nclosn sbsenvesl (the seismic
t hat 13;&3/ be derived fromlinear regression of well %11

damplitrdebps apphgtiongofr efifset)i ohshqrps@héla@ma@dx labekﬁe‘\klaig chards
fromrock sa es or fr —
GRSt FEE Tt any o e BhetRizF, okl R e Blions, DR SREE seismic

arr@ﬂé?:"tl@ftgtékﬂh)ingﬁrﬂnV@letchf)aI%Qtlérsf it tﬁeyﬁfatr(@ d’eﬂ)ele@ ¥Derivative”
wat er el ati onships for different fluids may be

ge:naﬁaall@thb)paﬁﬁah|ddr1$atb§tqplemt0r@ firont equl. (2 mum@aml glements with

o SR AEanal CiHRR SO T s FBTPY UIRPkdoeer Sipggnise inearized
U%@tdof"&ﬁiatléﬁkesdéﬁta%'eﬁné 9(3?%‘&'%1&&! ch&a1pss i efeesladi’ PHRdiReters to the

sure the correct set of Tock physics relations are
appédebgpatametdre  dir apwinnteattipowith clemenist piand iyl is the vector that

volune |n|n eqns. 3 st 0
FiegHtags Wity et qipdel DR ara o S soffed et Fef dibuatyguposes
(3hEmolS) ?atrglﬁéteféaé}e REowN 'I?%lein %J !aﬁ/d YA biitaigh® instBGnclude other
Rock Wav Derivative = [da (4) Richards Physics
vsrhckt drafiuid-dypeymrarestetstsuenasi crlnan@s s pofe paessineging waddrrsaturation for
The G matr ncti anal

- bt et Sl Pt S THEHED 1 STEFBR POl (i (discussed
S UTE el ) R0 gyl s,
( 4irst tehdemgtthe xaluebef patoditydat&eiRdiffeaent slepths (or travel times), and the
next ten components being the vshale values at the same ten depth intervals. The data
matrix would consist of the measured seismic reflection data from those same ten
depths at different offsets or angles but from a single trace location. The solutions for
¢ and vsh are then the calculated values of porosity and vshale at the ten different
depths corresponding to the data trace location. If the data were stacked into 3 angles,
then there would be a near-, mid- and far-angle stack. In this example, G is a 20 x 20
array and data is a 30 x 1 column matrix whose elements are the seismic amplitude at
each of the ten depth intervals at the particular (x,y) location, the first ten
corresponding to the near-angle stack amplitudes, the second ten corresponding to the

mid-angle stack amplitudes and the last ten corresponding to the far-angle stack

amplitudes.

[0019] Egn. (4) is based on the well known equivalence of the convolution
operation as defined in integral form above to a term-by-term multiplication of two
time series, repeating this after shifting the terms of one series one sample (one time

unit), and continuing to shift and repeat until the two series have no corresponding



represents eqn. (2) or any other linearized set of
equations that relate seismc reflectivity to changes

WO poogloarssd ¢ paranmeters, with the matrix | abel ePICT/US2006/021954
"Derivative" containing the paggial derivative
operators fromeqgn. (2) in its diagonal elenents with
of f-di agonal el ements all zeroes. The matrix "Rock
Physics" represents a |linearized set of equations such
a$1089R%o tetrd), sultthing@l1ahSresMaNIBR ddliddga&l tﬁ)%l‘ Will understand how
paraneters to the model paraneters. The col umm matri x
wite Igorstaret theswhvedgtdnatgk in sqn.H4) scethabﬂletmanxamuitlphmon indicated

at ever. . nodel arret ol.ved for. For
thyda@flr H ﬁ%erf)tﬁgﬁ‘&%gw W“f%dlﬁq g’ ters are shown
as being f and vsh but m ght i nst ead i ncl ude ot her

r qoB207 f Kthndaddy REvRAsRBEBDEs SHER & £5a8E88bed IROVE. Menke,
pressure and water saturation for the case of the

applorbesticad rDatr Armdysisobisarelerinvasse Thaory aps be 38¢d (utep 19) to invert

C N B ST g ol o) Bty REATRDe b P fo improve

t @he Q@(ﬂfﬂﬁ of iR s&’)ﬁitiéﬁsarpﬁ F’l@hoﬁaﬁ'%gaxho&é?ﬂ c&ll bd 848N a starting point
depths (or travel tines and the next ten conponents

bdpnthetineersieh 4$tep 12). UEss atOchéoasa]mEha‘eintodmmdntlcularly complicated.
erv . The data trlxvvold consi, st of

b S B sl e e2h el B i AL B PRRS s RbsEad ip gparby wells,

dephBsetAinoth f:&ﬁf)l%httedoitgﬁlﬁé Sm&felsa&gla?s% }gérﬁnflgs{ﬂén The m?del would

single trace |ocation. The solutions f and vs
t laetuatljr be twd owdaksecheval paresitf amiche sthey forsbiale sblahe. at
the ten different depths corresponding to the data

tr delﬁcatlon f the data were stacked into 3
anﬁ‘&fé’é’{ PREROP% AeEMSoul d be a near-, mid- and
far-angle stack. In this exanple, Gis a 20 x 20 array

ando4f a IStk e Xvherd eleUriakTBke behaMQSeﬁuﬁJu%Pﬁanﬁ vAfia vertical
the selsmc anplitude at each of the ten

| iy vlabynaettyheqipd?) icemlbarreplacsd) (stepc A5) @\nth ahelaﬁomshtp such as
near

d
L RPeECE BRRBE R b e -IBEHE FREASGRD SO B media (<2

arw&vet HARSH AN GobATRIdn@S Fort ﬁﬁnéii@fsﬁlgs Ps%fl‘gbi@gnfoﬁelts hﬁllth vertical and
far-angle stack anplitudes. [0019] I s based

ootipentaledes lod sywmnestay! vEe@ysgicob2.t 'hlé &ﬂ;\(bﬂ?ﬁiﬂt)) onGeneralizing this

equation from single to multiple interfaces in a similar manner to the Stolt & Weglein
(1985) isotropic generalization, one can obtain:
772

Ref (t) = —(1 + tan’ 9)——ln Vp(t) — 4Z—s1n 0 66 InVs(t)

P

1 7N
+20 —4;/_:"2—sm2 0)1n p(t) (6)

P
+Lein? 92 5+ sin? O tan® 02 ¢
2 ot ot
which, is similar to eqn. (2) except it contains two additional terms that serve to
modify the reflectivity response as a function of angle (receiver offset). These terms
are based on the L. Thomsen’s 6 and & anisotropy parameters (“Weak Elastic

Anisotropy” Geophysics 51, 1954-1966, (1986)), which describe the near-vertical



operation as defined in integral formabove to a
termby-termnultiplication of two tine series,

WO epeati7ay this after shifting the terns of onNRCHES1006021954

one sanple (one tine unit), ang continuing to shift

and repeat until the two series have no

correspondi ngnon-zero terns, sunmng all the results.

The skilled practitioner will understand how to

C aimiotrupic refiRoni@ Rl ehe HBtckdnte 'b@tvﬁ';‘&ﬁ thé Yot MitPhofihtal P-wave
matrix multi'plication indicated by eqn. (4) generates

t H@l@i}rﬁs @espgetohlict B thisgtartibadar ehisetdopi¢ emPodinSmaofite dnvention that

IS BURBRIRGR A el RRLS PR e mabi Jsamos

be used (step 19) to |nvert the Gmatrix and obtain a

" {eer2puerstwd Qﬂd}lﬁ@ﬁﬂshﬁéénﬁéﬂj ey §Hidh€ ard MeRV&E orl fhe rock physics
|nprove t he ggf ity of the solution, an a priori

" gelatienship iothel sameaforheauisend (3% but withr i ayl poiasmtthd parameters of

t arS| t.e 2). This nodel does not have to
bggtﬁger ggp@ﬁarﬁﬁtgﬁﬁh cat ed. It can be based on
general porosity and shale trends, as observed in

near by Agvsglktn@gh nore conplicated starting

nodel s S drm ssible. The nodel woul d actual ly (7
be two ‘?ﬂ?d’e?ﬂé’sg'bﬁezf%r porosity and the other for

shal e volume. Adding Anisotropic Ternms [0021] In the

the r re, behavi nisotropically with
g)g %tha a)r(n%s fg%kéﬁﬂﬁﬁe‘l"r%" eéﬁﬂ%u?lgilyc%es@glageéﬁl}ﬁ% aythose that
( siieyPbel bhtaitlell Troin 18 Mdaqtehbits DY Frvitd RIGRIn experiments may be
apprOX| mation for the P-wave reflectivity In

risetaties sthjch s et o6 pisotrapdt equatiMvesimilaetblegnt (pnan be constructed:
coeffl cients for transversely isotropi c rmdel S Wth

vertical and Jpori zeptal axes of f?’y Ceophysi cs
62, 71?%22@{}&?&;]{]% Eermi jZ[N Uatio” from g
i ple Y | si|m

singlelto mul nt erJ aces manner to

the Stolt & \Wegl ei n (1985) isotropic gener aI i zation,
one can_qgbtain: Refif) -(I + tan 2 0)- InFl’?(O
- And Wnp,hf ¢ ggain @o ymdse(r@msotroplc analog to eqn. (5):

¢ 1_
G [ hJ— data ©

anisotropic Vs,

that, again, can be solved using standard inversion techniques. The end result is the
same two model parameters, porosity and vshale, but the internal mapping within the
G matrix contains anisotropic terms that better describe the AVO behavior that occurs
in anisotropic regimes. In anisotropic rocks with more complicated symmetry
systems, it would be possible to account for the anisotropy by, for example, defining a
coordinate system that is aligned with the three anisotropic axes (the fast, slow and
intermediate velocity direction) and then computing the weights for those three

directions and then computing the stacks in each of those three directions.



2dt JF2dt J +-sin2qgd+sin2 Otan 2 g-e 2 dt dt
which, is simlar to egn. (2) except it contains two
w@da7ovdosal ternms that serve to nodify the refP@UUS06/§21954
response as a function of anglg (receiver offset).
These terns are based on the L Thonsen's d and e
ani sotropy paraneters ("Wak El astic Ani sotropy"
Geophysics 51, 1954-1966, (1986)), which describe the
nqﬁ{,ery,%;ltdh&%lgﬂ;&sotropl c response and the difference
between the vertical and horizontal P-wave velocities
resoectl vely. In this particular anisotropic
f8828}renin ofie ¢thbodimesnef ’rhn 1m\teatlomsaeéanﬁn@1elea§t squares formalism is

th t | oc .is used int
ag{giff T e Hipgirineg b PF PaVAingS. achiid FEALIes PRI 8 lemping
eqhiatik PRRVA IR dehinigdndtas atd?%o'hglcllﬁaﬁ&yéf @6 ljmd W‘pF?]nd ing a vector

relationship in the sane as eqn
arcdnigingsg theer peipeinstading wbddln ferths porosite andtvahials td Heettom of

AA B v A4 =d A5f +B5vsh =
e B e ' Dhoss RO SIel St WHFISE PPt rﬁégynve§%on and can be
eehii®t &dnfY B%v—ﬁg\gﬁgd' Q%ﬁ}pf@%ﬂﬁ? 1Rk akagy egtfrHQELg 3P what the

measur enents or for | Ag experi ment’s nay
udeckgrowid porovity eind astsdd disfritatios dh rthe leartleawﬁi‘olsbhkely to be. The

I t nstructed: Wavele
D laf}rﬁpn? seigA?lPPéﬁs Can%fﬁgogﬁ?%mff &’@dg%t@ai"?ict% A orltiplicd by
aRo&ficRAks" @Ee%gol ggo@la{ Qe ABterrh ge?)est&a'iests in which the

agal n, can d using stan ar i AVers: o
t @eéfficipusSare Vigie@ Nhdl 88 RIS &rrdrN6f the predicted synthetlc data and the

observed data are compared. The optimal damping parameters are chosen and the

resulting matrix has the following form:

G P data

[ ] = . (10)
vsh| r 3

a- ¢Iow— freq

- ﬂ 1 . _ﬂ ’ VShlow-fraq |

With appropriate choices of & and f, this particular parameterization produces a

solution that both honors the seismic reflection data and honors the geoscientist’s

expectation of the most likely earth structure.

[0024] Instead of using damped least squares, many standard methods for
inverting matrices are available and could be used instead. These include, for
example, singular value decomposition, weighted least squares, and maximum
likelihood methods, as well as nonlinear methods such as simulated annealing or
genetic algorithms. Any choice of inversion algorithm is within the scope of the

present invention. A person skilled in the art will be familiar with such techniques.



same two nodel paraneters, porosity and vshale, but

the internal mapping within the G matri x contains
w@riogoorepi c ternms that better describe the AVELT/US2006/021954

behavi or that occurs in anisotkopic regines. In

ani sotropic rocks with nore ¢ ﬁplicated symretry

systens, it would be possible to account for the

ani sotropy by, for exanple, defining a coordinate

S 2| |s aligned with the three anisotropic axes

( ég?%é%s&gYOMIand intermedi ate velocity direction)

and then conputing the weights for those three

d[0025]i on®han dniltiela seismueilegionlserveyahde tiean ebiamedfover time for

| A sfbs ORI RO i SHDBHSCR Gmcod i A doaaBT time can be
2 ?H‘ﬂ)%l%ﬁ ok %ﬁ%e%_?}%fe%sﬁfé ?ﬂPg And WY, .sﬁﬁ?atiogrtw efheSBEK physics

equat 1 ons. I nvol'ves appending a danpi g matri x
b edlstivnkhips Gangataplacetl hafithi thege diregrizel poatuiex and wates saturation
and appending a vector containing the g priori,
s EQHALioRg A des seifmic dHe veeiPbePRtying the Jufeaeneet fetyren them. The

b 7 : d I .
SLMPLAE 350 SRR ROMRE soIRES ) b R3S v e
f deen wetor dodvtiny grudifityents berpleen thé bhsd arid hnitet amviys and the
estimates of what the backgfr ound porosity and vshal e

dimpdel Bertetorvhan 15 ReingHetved iter) roatains; dileienees el v Theand p as a

danpj.n trj X d associ ated portion of the data
v EoRl oY araiety T Dhs B3TSY € saraREt Ak blomh S fhar
are determned by a series of tests in which the

coeffigients are varifed and the RVMS error of the
predi cted syntrgpﬁ: ata and the observed data are
0

conpar ¢d. Ghe i ﬁfg’wm ing paraneters are chosen (11)
and the resul tji I'Xx has the followwng form Wth

appropriate choices of a and b , this particul ar
par aneterization produces a solution that both honors

U h60Zd]' SNAR altEinh 8 foPRuBAbRisAIbhiRINEY Smlifténeously inverting the time

geoscil'entist's expectation of the nost likely éarth
stapse tsurveys [(£iRt] thamshendiffdrensss)nfpr dampeq arebsithology as well as

squares, many stapdard net hods_for jnverting. matrices
afRanges, in Qﬁﬁ%lrea WRIET sptyations e Yt aﬁlg{hgggo_r iog 1s fo 1ngependently

| BEJe0e sWeys (rather than their differences) and then take the difference of the
result. Commuon to each such embodiment of the method is that the differences
observed between these surveys can be exploited to yield information about changes

in water saturation and pressure as a field is being drained.
Example

[0027] The present inventive method was applied to actual seismic data acquired
over a potential oil field. Figure 2 shows a picture of a 3-D image on a black
background of the inferred sand channel winding through an inverted vshale volume
(the shaly parts have been made invisible). Vshale is greater than 50% everywhere
except where the sand channel is shown. Two wells drilled in the reservoir confirm
the location of the sands and the volume percentages. In addition to aiding in well

placement, accurate sand/shale volume predictions such as above (Figure 2) can be



exanpl e, singul ar val ue deconposition, weighted | east

squares, and maxi mum | i kel i hood nethods, as well as
woonioemesar et hods such as sinul ated anneal i ngP@I/US2006/021954

genetic algorithns. Any choice sz i nversion al gorithm

is within the scope of the pré%ent i nvention. A person

skilled in the art will be famliar with such

t echni ques. Tine Lapse data [0025] Vhen mul tiple

S c Y, e

SUBTE SOHRRCHORE HAELT RS SEaBRORA AEHeCUE dovlopmens

| phasdslo @tﬂeld WiteraseR comnsitis hmited aid Mmasmhiewrg%&éxd

as changes in pressure (AJP) and water saturation

(ASw) . The rock physics relationships are replaced

with these linearized pressure and water saturation

equations and the seism c data vector contains the

di fferences between them The coefficients of the AKi

& Richards equations (eqgn. 2) renmain the sane;

however, the data vector contains the difference

bet ween t he base and nonitor surveys and the node

vector (what is being solved for) contains differences

in Vp, Vs and p as a result of production. The fina

set of equations take the form DP data ASw

differences (H) [0026] An alternative forrmulation is

obt ai ned by sinultaneously inverting the tine |apse

surveys (rather than their differences) for porosity

and lithology as well as changes in pressure and water

saturation. Yet another formulation is to

i ndependently invert the surveys (rather than their

di fferences) and then take the difference of the

result. Common to each such enbodi nent of the nethod

is that the differences observed between these surveys

can be exploited to yield informati on about changes in

wat er saturation and pressure as a field is being

dr ai ned.



Exanpl e [0027] The present inventive nethod was

applied to actual seismc data acquired over a
w@eienoi7ad oil field. Figure 2 shows a pictur ePOf/U82086/021954

i mge on a black background of the inferred sand

channel w ndi ng t hrough an inésrted vshal e volunme (the

shaly parts have been made invi'sible). Vshale is

greater than 50% everywhere except where the sand

channel is shown. Two wells drilled in the reservoir

confirmthe location of theCEad¥ES and the vol ure

percentages. In addition to aiding in well placenent,

R o R T e R

e reserves,

WRh@thetr of ARAbi@Rke irépibh Gofthlelsiday sdigRivaileqivasdsaa of a single
a field when well control is limted and business risk

i éragg logetiagy, sl matiwdicomprissigput er - i npl enent ed net hod

for determ ning rock and fluid-type paraneters of a
subsurface reqgj [ SMl.Cqfe t. : :
data af o sihopSpr iR RSHEE AL sl S Bty of paria
cefipkd;Si ng: a. pre-processing the neasured reflection

data into a plurality of partial stacks; b. specifying

a wavel et for each of the stacks; .c. constructing a

|i nearbzed SBeciyingrawpveletifor sagh ebtherstasks that relate
seismc reflectivity to changes in elastic paraneters

of said SUb%Hﬁgtﬁfféﬁn%g%lQ izefl 'seﬁd}*}%édﬁgitg @glﬁaﬁ‘ions that relate seismic
linearized set of rock physics equation at relate

c hefhgasity to ¢thaageliastastic pananetsifsatdsubhieface cdgiand

fluid-type paraneters; e. conbining the linearized
reflectjvity equations with the linearized. rock .

physi c&- equé‘PPgﬂg‘mg a lipggige gseﬁé{fij%Leéﬁ'ﬁ{C? offiafigns that relate
CQpy yimete[a%ﬁépﬁgfg&eﬁsdm\@ﬁe/facﬁfaﬁd Yhuidoyb BaraRRREG €

set equations and equating to the nmeasured data;

and g. inverting the matrix equations to solve by

nuneri eal nebhbdsng the lgwiadzed reflectivity equations with the linearized rock

physics equations;

f. forming matrix equations by convolving the specified wavelets with

the combined set of equations and equating to the measured data; and

g. inverting the matrix equations to solve by numerical methods for said
rock and fluid-type parameters, said solution being for all offsets simultaneously at a

single trace location.

2. The method of claim 1, wherein said rock and fluid-type parameters include

porosity and shale volume fraction.

3. The method of claim 1, wherein said elastic parameters are selected from a

group including P and S acoustic impedances, P and S-wave velocities, and density.



rock and fluid-type paraneters, said solution being
for all offsets sinultaneously at a single trace

woomandyse 2. The nethod of claimil1l, wherein sSPCOUSZNOK021954

and fluid-type paraneters include porosity and shal e
vol une fraction. 3. The nethqgiof claim1, wherein
said elastic paraneters are sefected froma group
including P and S acoustic inpedances, P and S-wave
vel ocit.ies, .and _density..4. . <l i :
. } t
0ot Peen R SRR L bt TR0 S ks gy compaing

te FoRHE! §lecRRBCH e sefsmiid @ats Rofraipondiabao caid stsgkoalttirngid data
to said stack after said data have been processed to

cloave depo prbeessed to epwesphad to wavierRhese wevelpt setiing thenphpge of said
f said f ormed dat .7er 0.
R B R a o The et ol o Perp a1 RE ThES opetorm.

of claiml1l, wherein said |inearized set of equations

that rehabhRusRl stkirh of lvaetdivishid Heatibahgasofi eyuetiast that relate
paraneters are based on the foll ow ng equagioa for .
r eefsnic tieflieetivitys tan changes i ibreletiot paremetersn arer basedcen dpe following

oot eecvidan Nt ol YR LplPiRetotiiR 0 ¢

The nmethod of claim2, wherein said |inearized set of
rock physics equations are: pAxf +B v§fp +Cl 5 In Vp A2f
+B2vsh + CBeA(t)d) /s (A fand B) wdh Va@B— 4= sin @gﬁm@ma 1,
A, A3, Bi, B2, B2 Cl, C2 9nd C3 aré&rconst &hts
derived fromlineary regrgssi gon of well |og data, yis
porosity, vsh is tH lstﬂ%-psmo? nifAction, Vp is
P-wave velocity, Vs“is -'Wave vetocity and p is
density. 7. The nethod of claim1l, wherein an a priori

el of.the subsur. I edi L1S o rting
roEre Poie A TaPrRYRR G EPRRE s HhaPTs S 8ifin i ons.
sai d nodel _
6. The method of claim 2, wherein said linearized set of rock physics equations

arc:

A@+ Bysh+C, =InVp
A,¢+ B,vsh+C, =InVs
Ap+ Byvsh+Cy=Inp

where 41, s, A3, By, Ba, B3, C1, C2and Cj are constants derived from linear regression
of well log data, ¢ is porosity, vsh is the shale volume fraction, Vp is P-wave velocity,

Vs is S-wave velocity and p is density.

7. The method of claim 1, wherein an a priori model of the subsurface region is
used as a starting model for iterative inversion of the matrix equations, said model
comprising values of said rock and fluid-type parameters at a plurality of spatial

positions.



conprising values of said rock and fluid-type

paraneters at a plurality of spatial positions.8. The
woredoioat7ed f claim 1, further conprising separ apCTysS2006/021954

P-wave data from Swave data and conbi ning said parti al

stacks to formfull stacks. 9 The nmethod of claiml,

wherein the linearized refl ec'tﬁll'ty equations are

ani sotropic. 10 . The nmethod of claim9, wherein said

iqear | ERAnRbhas! diihi Y, SHRE icBBﬁighg BB REhLPARR data from s-

| owi ng equation for teflectiv S on o
t i wavetdatanehdroeil béwihp eaid paglabstacks ko Refd fu)l stacks.( (11 +
ttaann2 q))- I\nn Vp ((tt)) -44--=..% V- ssiinn2l|

g-2nVs(t) 2 dt. V.2 dt where F> js _P-wave veJocity, Vs,

9. S vEReTIEGING P Flaifs 1o vHHRR e LRRErARcredioativig cgyations are
anjsetbeRyY paranmeters describing near-vertical

ani sotrrglplyc response and the difference between the

vertical and horizontal P-wave velocities,

r eidpectTheahsgthod of clFime Inwhéreinh sofd ladearimdirefledtovityiequatiing are based

l'i neari.zed .rock physi cs_equations include anisotropi.c
t g following gdyaBioh dor TEcchiviy g 3 Runclifm PERmed ng retlsgiion angle 0

and fluid-type paranmeters include porosity and shal e
volume fraction, apd said |pnearizedjzet of orock

physi cs equald/@)s- -afle: tad2)+ IBZpEN- 4L 9/ IRVs@) f +
Bvsh + C=1n p A4f + Bavs#f + c4 = Kof + BSsh + C5 =
e where Ai, A2, Aj, A4,V2A-5% Bal?Z, B, B, B5 G,

Cc2, Cs, 04 and C 5die %ﬁsn s In p(1)

+Lsin202 5 4sin? 0tan? 02
2 ot ot

where Vp is P-wave velocity, Vs is S-wave velocity, p is density, and where § and ¢
are anisotropy parameters describing near-vertical anisotropic response and the

difference between the vertical and horizontal P-wave velocities, respectively.

11.  The method of claim 1, wherein said linearized rock physics equations include

anisotropic terms.

12. The method of claim 11, wherein said rock and fluid-type parameters include
porosity and shale volume fraction, and said linearized set of rock physics equations

are:

A¢+Byvsh+C, =InVp
A,¢+Byvsh+C, =InVs
A+ Byysh+C,=lnp

Ap+Byvsh+C, =6
Asp+Bvsh+Cs=¢

where A1, Ay, A3, A4, As, Bi, By, B3, By, Bs, Ci, Cy, C3, C4 and Cs are constants

obtained from at least one of a group consisting of linear regression of well log data,



obtained fromat |east one of a group consisting of
linear regression of well |og data,lab neasurenents,
wa@pa7lodriear rock physics nodel s; and where f iBCT/US2006/021954
porosity, vsh is the shale volune fraction, Vpis
P-wave velocity, Vs is S-wave velocity and p is
density, and where d and e aréganisotropy paraneters
describing near-vertical anisotropic response and the
ference between the vertical and horizontal] P-wave
Vb gBr B EaeRf B ete) Eoch Pvsled ool DR sl AomRy: voh s the
WHIgH & b HlufR ﬁ‘a&i@ﬁkVﬁ“&dP-f\i'é% drefotRe P saff'%% §elb&%’aéﬂiep is density,
changes in fluid pore pressure and changes In
sandimdieieod, anthoe \ehe iSOt oy plaraiaemsadﬂcxiblhg afeene@tical nanisotropic
se sn1c dat ween two t seisn Cc surveys
B dHi RS EPrerapvsn ot SRR S RHORE Fwave velocites,
fhgpgﬂﬁ%gg paranmeters further include changes in
pressure”and changes in water saturation. 15. The
met hod of claim11, wherein said rock and fluid-type
pa$-anetlbe mdthed ofl elaiphdp gédsreim said escduaml fnid-tyhapa@meteans include
er sat tion, The .net hod of claim 1,
o S S MR o et AT e aFeder AR, SR st id data
PERHHEBn I Gn SHARRGtd E!:t%@én%vostﬁﬁéi[ Eé i R gt her
conpri sing repeating steps (a) seco

time Iagse data set representing the sarre subsurface
r &4 onThe methpd peelaim 2 Mh@renaﬁddgeclf ondrifluig-type pafdmeters further

for,ho data sets s ta 7. ..The met hod of
c}ngpﬁe PrAgETE PP @%ﬁ?g? “é&’l%e(rﬁ Heatigney or essed i n
thefollovvlngform Were m, ni2, . . . mare said

rogk ampe iethddt by El@inpar HBeR! Said 36k AFRE fhid-t5E 9£Haaieﬂ§s include
functi onal relatlonshlps fromthe conbi nation of the

| sheages indyessaie|aad changey inovyatat sabnetion.t h the |ineari zed
rock physics equations.18. The nethod of claim 17,

Wﬂfr ei The ﬁle%daugfeélhﬁ?ll jWﬂXl%{ S%a?@ rﬁt @%dﬂlélgr}aé%& Baraliagters include

f er ences bet ween observe

Tetenp@t ingeesstirecindi cibddes 11\1\113.%’66@ lszﬁtufaﬁbﬁl adn@rth&domprising repeating
i nversion method uses a danp | east - squar es
f BenPa(@ sng) for a second, time lapse data set representing the same subsurface

region at a different time, and performing step (h) for both data sets simultaneously.

17. The method of claim 1, wherein said matrix equation is expressed in the

following form:

G 2 | =data]
my
Where mj, my, . . . my are said rock and fluid-type parameters, and matrix G contains

functional relationships from the combination of the linearized reflectivity equations

with the linearized rock physics equations.



20. The nethod of claim19, further conprising adding

Nrows to the matrix Gin the formof a diagonal
waoelarspiomgsaat ri x, and adding N el enents to sai dPARUS2006/021954

matrix which is a colum vector, said added data

el ements cont ai ni ng Iom#frequ?gcy val ues for said rock

and fluid-type paraneters, all*”said additi onal

el enents being multiplied by coefficients that are

det,er m I [ ' ‘e
obSor vadetod SRR 79, i SR b b Ereihnethod minimizes
s difebréneeE bétoakn bbyeevcrl a6 pretiiadldatses a formal i sm

selected froma group consisting of singular val ue

deconposi tion, wej qh_t ed | east . squares, and, maxinmum

| IRel i Hoedmeatbed isclaipp 18 THaeTH prid nomegical faversion method uses a

| I ' j nversi on met hod uses a
%%ﬁ%%é%@%ﬁ%ﬂisg{s si mul at ed anneal i ng or

genetic algorithns. 23. The nmethod of claim1, wherein

di2df er it nhéthehof ceiin 1 B ckrthéry®ingsisegyealling¥ raweto the matrix G in
consfructed for each fluid type present in said . )
st ma#e%ﬁlag@@qldi@mpmgeméﬁ > aﬁ‘ch%f &p?!?rp@étﬁ it faigdata matrix
the. o . . i .

{ PEAPES RIAh R Bld AlKe0 (e Yo A0S LI lo b IRAEY values
24or shiterovktdnd dlid-tyleaparanetershat edid atifidondademeads being multiplied
reflection data are sorted before stackjng. according

t §Yaeetiiagnty Hhet qag detepingd U3 COPIRREDE PrHICISd ik gtic and observed
btaf11 re and after reflection. 25. A

conput er-i npl ement ed net hod for determ ning rock and
fluid-type paraneters of a subsurface region from

measur gthe smethod oofr dhied 8 ohewat aaidtnumesicalg iryvetsicrc eethod uses a

| gcation, said method conprising;a. Sortjng the . )
nbeslisd seleied B A ga%&pafv‘oaélé%t}%ﬁgﬁﬁ@@@rm [eForppRsitiog, aveighted
r P- - re and after

SRR Sl PRIRYEPmlBhOr S BT A1 %St acks,

each full stack including a pre-selected range of
r @2l ectlihenmethgd exf; clhim 4Bewihbreimgaid mmnericet irfversienotfetipid uses a

t he stacks; . . .
nonl?near method such as simulated annealing or genetic algorithms.

23.  The method of claim 1, wherein different linearized rock physics equations are
constructed for each fluid type present in said subterranean region, thereby allowing
application of the rock physics equations to be consistent with known fluid contact

information for said subsurface region.

24, The method of claim 1, wherein the measured reflection data are sorted before
stacking according to whether the data represent P-waves or S-waves, before and after

reflection.

25. A computer-implemented method for determining rock and fluid-type
parameters of a subsurface region from measured seismic reflection data at a single

trace location, said method comprising:



c. constructing a linearized set of reflectivity
equations that relate seismc reflectivity to changes

WO poogloarssd ¢ paraneters of sai d subsurface regi POT/US2006/021954

constructing a linearized set of rock physics

equations that rel ate changes pn the elastic

paraneters to the rock and fT% d-type paraneters; e.

conmbining the linearized reflectivity equations with

the ligeari S&@lngoﬂﬁg lﬁg%ﬁfeﬁsreﬁgé’cﬁh' Qg achrdlrr fd%gther the data

matri x equationsS by convolving the specifi wavel et's

WieplesertteP-panmts ot wames, dbfoeg) aat aﬁmsreﬁtwdiloaqami stadkingosaiddata into
sured data; . an i,nhvertin mat r uati ons

TBACHeGS i Rtk Hr ooy e oCamae phogRai el

fluid-type paraneters, said solution being for al

of fsetg, si n%ﬂe%ﬁ?i%@‘é&bé&rei%&f&eﬁéﬁ&ﬂtﬁe%tﬁé!@s@ | ocation. 26.

A met hod for prodtci ng hydrocar bons roma

subterranean region, conprising: a. obtaining seismc

refleceion deatstrugtingn Eneizedriet of mﬂﬁegv@f equations that relate seismic

PHERRENG Patset Lttt et b Sl Bt gatthe gl on.

sald par anet ers havi ng been generated by: (i)
pre-pr @CeSSbMtﬁlbtﬁl%maﬁh'éa@lﬁed et @Etibel0 fhatias icqhMichs that relate
plurality of partial stacks; (ii) specifying a wavel et
f dhrangescihy tof elastis pararorters(td fiejrodiomst fluidttypropagametasar i zed
set of reflectivity equations that relate seismc
reflectivit
subsur Face FRDPBRER FelBeE Rklific AL ABAE R Jhe Agpized rock
f,h}}’sﬁﬁ& qidtiepk,cSs equations that relate changes in the

astic paraneters to the rock and fl ui dtype

par aneters; . . .
forming matrix equations by convolving the specified wavelets with

the combined set of equations and equating to the measured data; and

g. inverting the matrix equations to solve by numerical methods for said
rock and fluid-type parameters, said solution being for all offsets simultaneously at a

single trace location.

26. A method for producing hydrocarbons from a subterranean region, comprising:

a. obtaining seismic reflection data from a seismic survey of the
subterranean region;
b. obtaining rock and fluid-type parameters representative of the

subterranean region, said parameters having been generated by:

6)) pre-processing the measured reflection data into a plurality of

partial stacks;

(i)  specifying a wavelet for each of the stacks;



(v) conmbining the linearized reflectivity equations
with the linearized rock physics equations; (vi)

WO eoomiosgsat ri X equati ons by convol vi ng t he spRCT/UEm®d6/021954
wavel ets with the conbi ned set of equations and
equating to the neasured data, . and (vii) inverting the
matri x equations to solve by~ mlmsri cal nethods for
said rock and fluid-type paranmeters, said solution

bei ng for al.l
| ocati on;

yéin) gf ‘:;(E es(%)%ﬁ 1’:1%% hlh%&%] §étyof%£ﬂ%rti§1ﬁ$ t%lﬂgat}orng Wt relate

focar bons

subt erranean regisfimicseNertivitg td ilngéid eldstlt BartaytiReers of said

par anet er s.

(iv)

v)

(v

(vii)

subsurface region;

constructing a linearized set of rock physics equations that
relate changes in the elastic parameters to the rock and fluid-

type parameters;

combining the linearized reflectivity equations with the

linearized rock physics equations;

forming matrix equations by convolving the specified wavelets
with the combined set of equations and equating to the

measured data; and

inverting the matrix equations to solve by numerical methods
for said rock and fluid-type parameters, said solution being for

all offsets simultaneously at a single trace location; and

c. producing hydrocarbons from the subterranean region using the rock

and fluid-type parameters.



