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ABSTRACT

Seismic datecontains more information than what a conventional seismic section
display can offer. Usingeismic data as laydrocarbon indicator lies ithe successful
extraction of useful petrophysical parameters from simplified Zoeppritz’'s equation and
linking  them with lithology or rock properties or evemydrocarbons. The
incorporation of other geological welbgs and core datawith these extracted
petrophysical parameters is the keyatxurateinterpretation. This studijnvestigates
the link between the seismic and petrophysical param#iessigh theory and its
application.

INTRODUCTION

Seismic wave propagation in the earth is affected not only by the physical state of the
media (solid, liquid or gas) but also by other physical properties suitie @ensity of
the rock, the pore size, fluid content, depth of burial diffdrential pressure, etc. The
physical properties of the earth can be measuresitunusingacoustic sonic logging
system, or bytaboratory experiments, or througfre reconstruction of “petrophysical
image” ofsubsurface rock propertyariationthrough analysis of seismic and other
data.

In exploration geophysics, weestimate an earth moddtom seismic data.
Conventional processing yields an earth modeinm@, which is “smoothly varying” ,
both intime andspace. This smoottharacteristicdoes notequire raybends atayer
boundaries to be honored. In contrast, seismic inversion yields an earth model in depth,
which carries more stringeatccuracyrequirements. Strongateral velocityvariations
and ray bending at layer boundaries must be accounted for within inversion techniques.
Therefore,conventionalprocessingcan be largely automated, while amversion
requires interpretationpause ateach layerboundary, or multiple interactions.
Specifically, the velocity-depth ambiguity inherent with inversion requires independent
estimates of layer velocities and reflector geometri@g-primary components of an
earth model.

The purpose of this study is to look into the link between the seismic parameters (eg.
the P-wave velocity e, S-wavevelocity - 3, and the reflection coefficients,R R,
Rs9 and the petrophysical parametéesg. p—density, c—Poisson’s ratip p—shear

modules A-Lame’s constant k-Young's modules ¢—porosity, etc.) and to
understand more fully what seismi@vescan tellabout rock properties artgow to
extract the desired petrophysical parameters from seismic data.

MATHEMATICAL COMPLEXITY

We shall begin withthe various assumptions ahe models of the earth and
limitations of the methods used in seismic wavefield. Figure 1 shows diagrammatically,
the hierarchy of mathematical complexity.
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Fig.1. Hierarchy of mathematical complexity of the earth model

Level 1 is thesimplest and thenost unlikethe realearth. No energgonversion,
transmissionlosses, orAVO (amplitude versus offset)effects are admitted and
everything can be explained by réneory.Level 2 admitsenergy conversion and ray
theory isstill adequate. Alevel 3, weuse wave equationsither than rayheory. We
admit much thinner beds (down to 1/8 wavelength in thickn@s&), effects,velocity
gradients, etc. Ithe thinbedsget thinner than 1/&avelengththen the seismic wave
gets dispersed and its reflection is accompanied by wavelet interference. 3&sesc
reacts as if the earth were anisotropic rather than inhomogeneous.

At level 4, anisotropy due to thin layering ahaliness is consideretievel 5
considers anisotropy due to thiertical cracks wherehe seismic velocitiesary with
azimuth. At level 6, P-wave velocities along the three orthogonal symmetsydiffer
and differentS-wavebifriengence in the thredirections. It is alevel 4 and above,
more factors are taken intaccount, such athin bed tuning, reflector curvature,
geometricspreading, transmission anelastidosses,geophone coupling, or source-
receiver directivity, etc.
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SCALE OF MEASUREMENTS

The commonlyusedtechnology todetectlithology, gas and rock propertiesvill
logging. In the laboratory, we simulate the field conditions and measure the
petrophysical parameters aattempt to relateghese parameters to rock or reservoir
properties. In seismic prospecting, velocities are determined by intervals.

Figure 2 illustrates a comparison dhe wavelengths from three different
measurements: 1) the laborataneasurement, 2) sonic loggingnd 3) seismic
survey. The laboratory measurement of petrophysical properties are in the range of one-
tenth feet. Sonic logging tools measure over a 2 ft interval. Stratigraphers describe rock
layers, starting with the thinnest, as lamina, beds, para-sequences, sequences. A lamina
is usually a rather homogeneous rock unit, thin (inches) but of signifataral extent.
In terms of seismic data, the thinnest unit we might examine effectively is the sequence

(tens of feet).
1 m]zl' Tm I % .
a) b) -

Fig. 2. Schematic wavelet of typical wavelength for a) laboratory measurement, b) sonic
logging, and c¢) seismic survey

The frequencies employed in these differentveysare quite differenfrom each
other as shown in figure 3: 50 Hz fegismicsurvey, 10kHz for loggingThe values
we obtain from seismidatarepresent some kind of average. dimalyze the changes
undergone by an acoustic wave travelingpugh a bed, it is necessary to dige to
distinguish betweerthe reflections at the top and bottom of thed. Since the
resolution of the measurement is proportionahts wavelength, anyncrease in the
maximum usable frequency in the recording enhances the knowledge of the subsurface.

The frequency content of the recorded signalalaa be increased Hymiting the
distance traveled in threubsurface. Byecording in a boreholejertical and multiple
offset seismic profilepermit shorter travel paths to recorders insicide borehole.
Whatever the frequencg, awave is reflectedfrom a discontinuities oklastic or
anelastigproperties, folinstancewhentraveling from a gas-saturated bed to a liquid-
saturatedbed. This reflectioncan be detectedlhis variation inthe reflection, as a
function of variations in angle of incidender example,can provide valuablelata
about the interface. Thegpeoblems of scalean be partly limited in certaioases by
using the knowledge of the interfaces obtained from different technologies.
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Fig. 3 Relation of wavelengths and frequencies and scale of measurement(modified from
Marsden, 1993)

WAVEFIELD AT INTERFACE

The amplitude of a reflecte@®-wave from aninterface is governed by four

independent parameters whicéin beexpressed asi(/ a,, p,/ p,, By, andp,). The
extraction of any one of these parameters ftbhenvariation of reflection amplitudes
with offset requires information abotite other three; either in tHerm of borehole
logs or else laboratory measurements.

The changdrom one wave type tahe other(i.e. mode conversionfan ensue
through reflection & transmission at obliquencidence orthrough supercritical
refraction of diffraction at a soliglastic medium. Inthe simplest case of #at
horizontal interface (at level 2 in fig. 1) between two isotropic and homogeakstis

half spaces, both with constant P-wave veloc@ty S-wave velocity 8 and densityp.

At the interface,P-wave and PS-wavare in general coupled by thsoundary
conditions. Wecan derive thavave equations for P- and SV-waves frtime elastic
equations of motion and tHeoundary conditions of botthe displacement and the
stressare continuos. Four new wavese generatedthen a P- or SV wavecident

upon a plane interface, whegveanda or 3 are discontinuous , as shown in Fig. 4. The
subscripts 1 refers tilne uppermedium and Zefers tothe lower medium Where 6,

(or B,) represent P-wavecident ( orP-wavetransmitted/refracted) ang, ( or @,)
represent PS-wave reflected angle ( or transmitted/refracted angle). All four waves obey
Snell’'s law. That is
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Fig. 4 Energy partitioned at the interface of elastic media.

APPROXIMATION OF ZOEPPRITZ EQUATIONS

The exact P-P and P-S reflection coefficients are expressédempritzequations.
The complexity of the Zoeppritz equations defies physiesight. A single major
problemposed inextracting rock property information frothe shape ofreflection
coefficient curves is that there are more unknowns than there are equations. To arrive at
approximatesolutions, howeversimplifications are made to theguations governing
reflections (the Zoeppritequations), anémpirical relationships of dependency are
established between some thie parametersMany authors have developed useful
approximations and most ttiem are derivefom Aki and Richard’s (1980). West

the Aki and Richard equations of RR.g and Rgas follows:

1 Aa ZAB 1
Rpp = —-4 1-4
PP 200520 O pBB = pB) @
_ 2,2, 2 cosB cosQ, Ap 0 2 2 cos6 cos@, AB
Rps = - 2COS(p[(l 2B°p” +2B TT)? (4B°p” - 4B o B )[3
3)
— 1 _ 22A_[3_1 _ 22%
ss = (20052(p 4|o[3)B 5 4pB)p 4)

. . A
The impedance contrast across an interfacassemed to be very small, oﬁﬁu
a

<<1, IIA?BII<< 1, and ﬁp—pll << 1. The P-wave, PS-wave, and SH-SH waflection
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coefficients in the Aki and Richards equations are simplifiedexpilessed in terms of
fractional change in P-wave velocity, PS-wave velocity and ttesisity. Wherea, 3,
andp are average values of the two medihe fractional changesA¢/a, AB/B, and

Ap/p) equal to the actuaontrasts from above to belotive interface divided by the
average value of the two layers.

Aa 0o -0 A - A

a2y 2 1 (5)1 _B - BZ Bl (6), _p P2 pl (7)

20 az+og 2B PBo+By 2p P2 tpPy

Many other forms of reflection coefficients approximation with emphasis on

different applications also provide some insight on the reflectivity beh&Viegh. look
at some of the better known reflectivity approximation:

1. Shuey’s (1985) approximation:

1 Aa Aa 1- 20 Ao
Rpp =R +[———2(R ) ]s
PP = RPO o pot 1-o (1 0)2

n20+22% tan?9-sin20)
2 a

(8)
Shuey’s equation is arranged in terms of incident angleslmdhates the properties
in B andAp in favor of Poisson’s ratic andAo througha's relationship witho, 3 :

CX2 /0(2
0=(05",-1) /(- -1
B® B> . 9)

Shueyclaims thatPoisson’sratio is the elastiqproperty most directlyrelated to
angular dependence of reflection coefficient. Tihg term is thezero-offsetreflection
coefficient, thesecondterm characterizes at intermediatagles, andhe third term
describesthe approach taritical angle. The third term reveals that the reflection
amplitude at wide angles relates only to the change in P-wave velocity.

2. Parson’s (1986) approximation:

Ry = ~(1+tan?0) SO 2 o 25208 4 1 iar2g) 2P 10
4 (A +2p) u o 4 P (10)
Parson’sequation can be derivetdom the Aki and Richards equations, where

y:E, a?= )\pzu dB

a
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3. Smith and Gildlow’s (1987):

5 1,. 1 Aa NPPWAC]

R = (= - =y?sin’0+ =tan”B)— — 4y*sin 60—

PP (8 Zy sin 2 an ) a y sin B (11)

Smith and Gildlowusethe equation ofAki and Richards, buteplace the density
% 00 _1Aa

with P-wavevelocity using Gardner'&mpirical relation p = ka 2 :
) a

k is a constant ang = g) . Smith and Gildow also define the fluid factor as

aF=2% 116,28
a B

(12)

wherethe 2ndterm is the value ofa/a predicted fromAB/B using Castagnas’s
mud rock- line.

4. Fatti’s (1994) approximation:

Res = %(1+ tan’ 9)—AI| == —8yzsin26% -

PP s

1 Ap
Z(1-tan?0) ==
A0 (13)
Goodway et. al. (1997) used this linear equation to inyeand L. Then theyused
impedance relationships to extract values of density x Lame’s modlp(e@dup).

They usedthesetwo parameters agasindicatorsuccessfullyNote: |, and k are the
average acoustic impedances as expressed in eqns 13, 14, and 15.

Alpp _lppy ~lppy _ 202 —p10g

2lpp  Ippy +lppy P20 +P10y (14)
Al - lss; = lss - PoB, — Py
20 sy tlssy  PB, PP (15)
5. Hilterman’s (1990)
_ Ao .,
Rer = Rp,COS° 0 + -0 sin’0 (16)

As noted by Hilterman(1990), the first term is morestrongly associated with
chronostratigraphy (the macro layer/low frequency) andtiteterm can beused as a
lithostratigraphic (the lithology related information) tool.
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where R, is the zero-offset P-wave reflectivity

Rpo = PR ry (17)
Afpa) _ (pa)2 —(Pa); _ pAa —adp _ 1 Aa , 2py
2000 (pa)y + (por)g 2p0 2'a  p (18)

6. Bortfield’s(1961) approximation:

a,

1 a,3,cosB, sn
ZBZ l+ S:ZL)] (19)

R, = =In 852 _p 22+ P2 n%2 - 1n
2 apfcose, aZ " 7 p, O, a,

OTHER RESERVOIR PROPERTIES

Other reservoir properties such as porosity or fluid saturatinalso beestimated
using seismicdata. For isotropic porous medityid saturation effects on bulk and

shear moduli K & p) at thelow frequencylimit can be simplified using the Biot-
Gassmann equation:

_ Ks — K¢ 4
“= kg Ko, KdTgMd -
Ks -0 & +¢-9) (20)
Ks K

wherekg, Ky, K;, K are the bulk modules of solid material, dry material, poftuir

respectively angl,, 4 are theshear modules for porodsame andporousframe with
fluid saturation.

In AVO analysis, many of the above parameters have to be estimated with
uncertainty. Incompatible parametaan generaterrors. There is no direcivay to
judge whether thealculatedresult is correct onot. Wehave to understandow the
individual, or combination of rock parameters alfect velocitywith different fluid
saturations.

CONVERTED WAVE VERSUS PURE SHEAR WAVE REFLECTIVITY

From Aki and Richards converted waveflectivity equation Bs and pure SH
reflectivity Ry, we can derive its relationship as follows:

From equation 3, for small offset, i.e. 8 and ¢ are small, then
cosB = cosp = 1,equation 3 becomes:
A

by

Res = 00 [(1- 2% +29) P - (4p%p? - 4y)
2 p B

—pa . A
Res = %[_85”12 PR —8yRg, +(1- ZV)?p]

sinceB andg are small , the first term is very small, then
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—sne
Res =~ [-8YRg, + (1~ 2v)—p] o
. 1-2y) ApO
R_. O4ysn - —
= q’@?‘% & 0 (21)
where
1EAp ABD
R, O-
= 2Hp BH (22)

in a same manner cRcan be expressed in terms @fR

R = —Rg, + ; AB n’e (23)
Rqois the zero offset approximate reflectivity for SH wave.
If y=1/2, then the 2nd term in egn. (21) vanishes leaving
Res = 20sin@ORg, (24)

We therefore casaythat the reflectivity of B at a given offset willscale up or

down proportionally tahe Rgreflectivity and is insensitive to Rreflectivity at the
interface.

In general, P-wave reflection coefficient,gRvaries withlocal angle of incidencé
according ta

Rep = Rpp +(Rpp — ZRs)Sinz 0 (25)

This linear equation has a slope (or gradient) equaldpg BRRss), it reveals that the
reflection amplitude on theear-offset traceb(= 0) primarily representthe normal
incidenceP-wave reflectivity. The far-offset controlled by d#inear combination of R

and the normal incidencshearreflectivity Ry, Thus, the new additional piece of
information extracted is thshearreflection coefficientwhich is what weattempt to

record by usingmulticomponentgeophones,except that g, refers to S-waves
polarized in the plane of incidence (i.e. SV) while typically feear records S-wave
polarized transverse to that plane (SH wave).

DISCUSSION

The angle of incident can be computes each sample in a normal moveout
corrected CMP gather. Any of the above approximated Zoeppritz equations can then be
fitted to the amplitudes oéll the traces at eaclime sample of thegather. The
reflectivity information is thentransformed into velocity, density or intelastic
properties of interpreter's choic&he extracted parametefiom seismicare easily
understooddeterministicallyfrom laboratory andheoreticalresults. Apetrophysical
seismic section can be generated and displéyrefiirther interpretationOne common

CREWES Research Report — Volume 9 (1997) 7-9



Grace Y.C. Yang and Robert R. Stewart

used statistical analysis is the cross-plot or clustering analysis which provides a way to
examine multiple seismic parameters to identify interewagiions that statistically
resemble the seismic properties at locatkmswn to be favorable. Aadvantage of
clustering analysis is that many attributes iaoerporated, even througheir physical
connections with reservoir properties may not be understood.

If converted seismic data is available, we can nmsgful petrophysicgbarameters
throughthe area.Each of thesenappingscan be incorporatedith statistics inferred
from well logs and cores, and then used as hydrocarbon or lithology indicators.

The reflection coefficient is related to seismic amplittitdeugh knowledge of the

impulseresponse and waveldi/hen the incident angle smaller than®,38oeppritz’s
equations or théki and Richards equatiortsin be simplified to a linear equation of
fractional change of angwo petrophysical parametershese fractional changes of
petrophysical parameters are then determined by fitting the curve defined by equation to
the reflection amplitudes of MO corrected CMPRgather. A petrophysicaeismic
section is then displayetbr further interpretationWhen incorporate with other
geological knowledge derived from wdtlgs, cores, and theory, wanuse it as a
lithology or even a hydrocarbon indicator.

This seismically derived petrophysicplrameter technologgoes notattempt to
recover absolute rock properties but rather invothesconstruction of aimmage of
subsurface rock propertsariation and hopefully correlateem to thehydrocarbon or
reservoir properties.
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