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GEOPHYSICAL TRANSACTIONS 1983
Vol. 29. No. 3. pp. 191-202

GENERAL THEOREM ON MEAN WAVE ATTENUATION

Gabor KORVIN*

In 1980 Aki conclusively demonstrated that the quality factor Q for shear waves in the crust
and upper mantle increases with frequency over the range 1-25 Hz, in contradistinction to earlier
assumptions and theories on the constancy of Q. The aim of the present paper is to show that this
phenomenon can be explained within the framework of the mean field concept of random wave
propagation theory. A general asymptotic formula is derived for the high-frequency behaviour of
the mean field attenuation coefficient and, as an application of this general formula, it is shown that
for plausible models of the random velocity fluctuation the mean field approximation provides a
frequency-dependence of Q that is compatible with Aki’s data.

d: wave propagation, attenuation, models, velocity fluctuation

1. Introduction and problem discussion

The constancy of Q over a broad frequency range has been widely accepted
by seismologists since Knopoff’s [1964] important review on the subject. In
exploration seismology Attewell-R amana [1966] also compiled a large num-
ber of published data proving a nearly linear frequency-dependence of the
coefficient of absorption. (The definitions of the quality factor Q, absorption
coefficient a and of other measures of attenuation are summarized in
Bradley-F ort [1966]. The quality factor Q and a are connected by Eq. (34)
of the present paper.) In the last decade, however, several papers have been
published reporting evidence on or assumptions about a possible frequency-
dependence of Q [in seismology Tsai-A ki 1969, Solomon 1972, Nur 1971,
Lee-Solomon 1978, etc.; in exploration seismology Bodoky et al. 1971,
Crowe-A 1hilali 1975, Petrovics et al. 1975 in rock physics
Auberger-R inehart 1961, Militzer-Stoll 1968, Militzer-Schon 1972].

A recent paper of Aki [1980] has gained considerable attention. This paper,
based on an analysis of the filtered records of some 900 earthquakes occurring
in the region of central Japan with focal depths to 150 km, and on some earlier
findings of Fedotov-Boldyrev [1969] and Rautian-K halturin [1978], con-
clusively demonstrates that Q for the shear waves in the crust and upper mantle
increases with frequency over the range 1-25 Hz, at least in the areas studied.
Since the publication of Aki’s paper several works have been devoted to
explaining these findings and to revising the existing absorption—scattering
theories [Aki 1981; Kikuchi 1981; Dainty 1981; Sato 1982a, 1982b; Wu 1982].
Following an approach of Warren [1972], D ainty [1981] fitted Aki’s Q [0 data
between 1and 30 Hz by

* EOtvds Lordnd Geophysical Institute of Hungary, POB 35. Budapest, H-1440
Manuscript received: 31 March 1983
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Qco) B, + w @

with Qj being the intrinsic Q [Q, = 2000], v the shear wave velocity [assumed
to be 3.5 km/sec], g0 = 0.01 km 1for the observations in Japan and g0 =
= 0.005 km-1 for Central Asia.

The original data of Aki [1980] are reproduced in Fig. 1. The frequency
dependence of B~ “is similar to that obtained by a simple relaxation model, with
the peak around 0.5 Hz. The descending flank of the curve for frequencies higher
than 0.75 Hz is fitted by Aki [1980] by a Q~I = const -/~06 law, as against
Dainty’s Eq. (2).

o

In his 1980-paper Aki analysed a number of absorption mechanisms and
has found that most of them are not compatible with his earthquake data. In
view of this he ruled out the frictional energy dissipation on sliding crack
surfaces, the viscous damping due to liquids in cracks, the dislocation glide, etc.,
and he found the thermoelastic effect or scattering due to inclusions and cracks
to be the most viable models.

A possible explanation of Aki’s findings is provided in a recent paper of
Wu [1982], who tries to explain the frequency-dependence of 3~ * by a simplified
multiple-scattering approach. Wu begins his paper with a criticism of the single
scattering theories and of the mean field concept. First, he even queries the
physical reality of the concept of “mean fields” in random wave propagation
theory and claims that the “attenuation of the mean field is in fact only a
statistical effect that measures the rate of randomization for waves passing
through a random medium” and “the usual comparison between the measured
attenuation of amplitude and the calculated mean field attenuations cannot
produce meaningful results”. Wu bases this assumption on his Fig. 3 which
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suggests that the mean field formalism would result in a Q 1 (f) function
infinitely increasing with frequency, in obvious contradiction to Aki’sdata. (See

also Sato 1982a, 1982b.)
For low frequencies the agreement of the mean field formulation with

conventional scattering theory has already been shown, in a particular case, in
Korvin [1980]. In the present paper we shall derive a general asymptotic
formula for the high-frequency behaviour of the mean field attenuation coef-
ficient and we shall show that, for appropriate models of the random velocity
fluctuation, the mean field approximation could also provide a frequency-
dependence of Q-' that is compatible with Aki’s data.

2. General theorem on the asymptotic behaviour
of the mean wave attenuation coefficient

Suppose an elastic wave u is propagating in a medium with the random
velocity distribution

c(x) = Gg+ as(x) +he2(x) +0(e3 2

where, letting square brackets denote expectations and using the terminology
of Tatarski [1967], e(X) is a homogeneous isotropic random field with
<r(x)>= 0,<£2(x)>= e2. If we introduce the average wave number k0 = co/cO
the wave equation

m+~tmn=20 3

can be developed in series in terms of powers of e(x):
Nu(x) +k@[1+ yte(x) + y22(X)] m(x) = 0 4)

where terms of O (£3) had been omitted.
In terms of the coefficients a and b of Eq. (2) the constants y1land y2 can
be expressed as

2 = 2a 2b (5)
=" 0 co

It should be noted that for the most conventional random wave propagation
problems the general expression (2) of the velocity distribution assumes one of
the following forms:

cr(x) = c0(x) + £(x) (6a)
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c2(\) = cOX)[l +e(X)] = @(X) + cO(x)e(x) (6b)

c3(x) = = c0(x) - cOx)e(x) +cOx)EXx) + 0(c3) (60)

The form (6¢) is widely used in the perturbation solution of the random wave
equation [Keller 1964, Karal-K eller 1964]; propagation problems in tur-
bulent atmospheres [Tatarski 1967] are generally solved on the basis of model
(6b); for seismic problems expression (6a) seems to be the most appropriate
[Kats et al. 1969, Korvin 1973]. Since, by introducing a new variable e' =e/c0
model (6a) can be reduced to (6b), the case (6a) should not be dealt with

separately.
Matching Egs. (6b, 6c), in turn, with the general expression (2), the coefficients

a, b become
a(x)=c0(x) b(x)=0 (7b)
a(X)=- cax)  b(x)=c0(x) (7¢)

that is, by Eqg. (5), the coefficients yr and y2 of the wave equation (4) become
for the respective velocity models (6b), (6¢):

Ti= 2 y2=3 (8b)
71=+2 y2=1 (8c)
Let us introduce the normalized random variable

£
A ®) - <t 2((3>(<))()> 2 Eri() ©)

and denote by N(r) the autocorrelation function of fi(x):
</I(X)I(x")>= N(r), r=|x-x'| (10)
If we expect a planar wave solution to Eq. (4) as
< m(x)>= Ae'kx (H)
for the mean field <n(x)> it can be shown by a slight generalization [Korvin

1977] of Keller’s stochastic perturbation method [Keller 1964, Karal-
Keller 1964] that the effective wave number K satisfies a dispersion relation

K2 = K1+ ey2ko+e2 N\ /Q eikrsin krN(r) dr (12
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For low frequencies the dispersion relation (12) can be solved by the method
of successive approximations:

Ko * l+e2y2+ £2"o7i/0 e'krsin KOrN(r) dr =

= 1+e2y2+eX0yi 4/(1 ~eANN(r) dr (13)

from where the effective absorption coefficient, i.e. the imaginary part of the
effective wave number, becomes

2

a= 42k%?°(|—cos 2KONN(r) dr (14)
0

For exponential autocorrelation functions Eq. (14) provides the well-known
Rayleigh scattering on the small-scale inhomogeneities [Karal-K eller 1964,

Korvin 1977].
In what follows we shall show that the successive approximation solution

to Eq. (12) cannot be justified for higher frequencies, that is— in contradistinc-
tion to the statement of Sato [1982 a, b] and Wu [1982] — the mean field
approximation does not imply a scattering that would infinitely increase with
frequency.

Indeed, if we write Eq. (13) as

j2 = 1+ EQ2+EX0y | f N(r)dr- ekOy\ | / eaN(r) dr (15)

the second integral on the r.h.s. of Eq. (15) behaves, by Riemann’s lemma,
asymptotically as

f ediN(r)dr = O if kO-+o00 (16)

that is, if

00

/0N(r) dr ® 0 17)

the successive approximation would imply

t-%_»co if kO oo (18)
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that would contradict the principle of causality [cf. Azimi et al. 1968, Claer-
bout 1976]. This contradiction shows that for k0> 1 the dispersion relation (12)

should be solved more accurately.
The solution of Eqg. (12) for k0> 1 will be sought for in the form

where /c”0) and k2(k0) are real functions of the average wave number and, by
the principle of causality, we assume that

dm, o =0 (20)

Since in the high-frequency approximation the inhomogeneities e(x) satisfying
Eq. (2) always reduce the effective propagation speed [see Korvin 1973], we also
have

i(&o)=I for k0$1 (22)
The integral on the r.h.s. of Eqg. (12) can be written as
©

[(k\,k2) = / €*rsin kKrN(r) dr =
1@ 1m (22
= fe*oMr) dr—y.J eik+MN(r) dr

where, because of Eq. (21),
Re(k+ k0 >0, Re(k-kO~ o0 (23)

For the determination of the asymptotic behaviour of the integrals figuring in
Eqg. (22) we shall make use of the following general theorem [see Erdélyi 1956,
p. 47]:
If 0{t) is N times continuously differentiable for a~t~b then

Jex0()dt = Bu() —ANX) +0(x~N as  x->00 (24)
al
where N,
A = | _imdpa)x~mEe
n(x) s fa)
BAX) = | r'-"@("\b)x~nm-ex
n=0

and OW = dro/df.
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The result remains true when a=—co(or b=co) provided that <Rp)t)-*0 as

t-* —oo {or t—=co)for each n=0, 1, . . N—1, and providedfurther that d)t)
is integrable over (a, b).

Equation (24) can readily be derived by repeated partial integrations, the
remainder term is obtained by Riemann’s lemma.

By Eq. (24) the integral expression (22) becomes, with an accuracy of
0 (k0~2 and by taking into account that N(0)= 1 (cf. Egs. 9 and 10):

P ko) 2T {r(% k) (" Lk[+>)) +

+iA®A:)1_~ ~ )} +0(4a) =

Sl VOUDN I IR L] €7

that is, from Eq. (12):

K2 = k@+e2y2

*[-Nr(+0)-*o~* -~ (+0)-No+n] +0(e2) (25)
If N' (+0) & 0 then, for sufficiently large values of

KI\N' (+0)| (if KO\BM (+0)  1e)

the solution of Eq. (25) becomes
K = kO (l+01<e2>'I2+062<e2> - N '(+0)+0(e2) (26a)

where the coefficients §are related to the yt—s (of Egs. 4, 5, 8) by

A (26b)
S2={"-V 2 (260)
&= 1 (26d)
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Equation (26a) shows that, if N' (+ 0) ® 0, for high frequencies the imaginary
part of k, that is the effective mean field attenuation coefficient, tends to a

frequency-independent constant value
a(*0->-\ N (+0)ifirfedjpco 27)

Since, because of the Cauchy-Schwartz inequality N (r) < N (0) for r ¢ 0, the
absorption coefficient given by Eq. (27) is always positive. Also, observe that
the high-frequency mean wave absorption coefficient is independent of e and of
the coefficients yland y2, that is of the actual strength of the inhomogeneities,
an(zl it (;nly depends on the local geometry of their distribution, expressed by
N'(+0).

In the particular case of the velocity distribution (6¢), and for the cor-

relation function N (r) = exp (~r/a), Eq. (27) reduces to a (k0) = ~ (if

ak0X e 2>~12 previously derived by Karal-Keller [1964, Eq. 31].
ITN'(+0) =0, the mean wave absorption coefficient tends to zero at least as fast
as O (\/k0). It should be noted that the essential difference between the attenuat-
ing properties of random media for which N'(+0)®0 and N'(+0) =0, respec-
tively, has also been observed — in another context — in a discussion between
Armstrong and the present author in 1981 [Korvin 1981].3

3. Application of the general theorem to Aki’s shear wave absorption data

On the basis of the general result of Eq. (27) a possible explanation for
Aki’s [1980] shear wave absorption data could be provided by the following
random velocity model: Suppose the shear wave velocities c(x) are distributed
in the regions studied as

(28)

where the fluctuating part of the velocity is composed of a “slowly” varying part
£i(x) of relatively larger scatter and of a “rapidly” varying part e2(x) of smaller
scatter; suppose, further, that both £j and e2 are of zero expectance, that er and
£2 are independent, and that both fluctuations have a depth dependence that is
basically Poisson in character [as suggested, e.g., in Kats et al. 1969, Tucholke
1980]:

E(X) = £j(x)+ £2(x) (292)
<EI(x)>=<£2(x)> = 0 (29b)
<E£?(x)>= fif <£2(x)> = £2 (29c)
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<el(x)e2(x")>= 0 for all X x' (29d)
<el(x)el(x') >= ej exp (~r/rr) (29)
<e2(x)e2(x") >= e2exp (- rjrd (291)
el>ej (299)
rr>r2 (29h)

where in Egs. (29e and f) r = [x-x'|. From Egs. (9, 10, 29a—f) we have
N{r) =~ r sJ [efe tr"+efe-"] (30)
For low frequencies, by Egs. (28), (7b), (8b), (14), (29, b, c) and (30), we have
«= TNeM +® 1) (31)

that is, we get the conventional Rayleigh scattering from both kinds of inho-

mogeneities  and e2.
For higher frequencies, by strength of the general theorem (27) we have,

for the correlation function (30):
(32)

If we define the mean correlation length r by

11 [el ,ell
r ef+ellr! r2]

the asymptotic expression (32) is valid if
kOr> 1

If we make a further assumption, that

el rr (290)

Eq. (32) can be approximated by
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Matching this expression with Dainty’s result for the scattering part of Q 1(cf.
Eq. 1) and recalling that

cla J_
fit ~ Q 34
we have
r2= g-gé' (35)

where g6 1= 100 km for Aki’sJapan data [Dainty 1981]. On the other hand the
Rayleigh-scattering result seems to be valid up to frequencies of about
0.3-0.4 Hz, that is r2is less than or equal to the wavelength corresponding to

these frequencies:
r2i 10-M2km (36)
If we take the correlation distance r2 of the short-distance inhomogeneities as
r2x 10-r 12 km
in accordance with earlier results of Aki [1973] and Capon [1974], the random

velocity model (28) subject to the constraints (29a)-(29i) can be satisfied, for
example, by the following choice of parameters:

r2 « FOH-12 km [cf. Eq. (36); Aki 1973, Capon 1974]
€2/c0 X 2 H-4% [cf. Capon 1974]
rg0x 100.01 = 0.1 [cf. Eq. (35) and Dainty 1981], that
is,
El 6- 12
cO ’

and finally, from Eq. (29i)
" r2 lo/g ~ 10r2

that is rx> 100 H-120 km. (It is easy to check that kOr> 1 even for 1Hz.)

Thus, we have shown that for a plausible choice of the random velocity
fluctuations a mean wave attenuation theory can, in principle, also explain the
observed frequency dependence of B -1, in contradistinction to the statement of
wu [1982] and sato [1982a, 1982b].
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KORVIN GABOR
ALTALANOS TETEL AZ ATLAGOS HULLAMTER CSILLAPODASAROL

1980-ban Aki meggy&zéen bizonyitotta, hogy a foldkéregben és a kopenyben terjedé 5 hul-
lamokra a Q mindségi tényez6 az 1—25 Hz tartomanyban a frekvencia novekedd fliggvénye,
ellentétben a Q allanddsagat kimondé korabbi feltevésekkel és elméletekkel. A dolgozatban meg-
mutatjuk, hogy a jelenség megmagyarazhat6 a véletlen hullamterjedés ,,atlagos tér” elméletének
keretein belil. Altalanos érvény( aszimptotikus dsszefiiggést vezetiink le az atlagos tér csillapodasi
egyutthatojanak nagyfrekvencias viselkedésére. Az osszefliggés alkalmazasaként megmutatjuk,
hogy — fizikailag realis véletlen sebesség fluktuacidkat feltételezve — az atlagos tér kozelités Aki
adataival 6sszemérhetd Q(f) fliggést szolgaltat.

. KOPBUH
OBLUEE MOJTIOXXEHVE O 3ATYXAHUW CPEAHEIO MNMOJ1A BOJIH

B 1980 r. Aku y6eauTenbHO [oOKasan, YTo A/ pacnpoCTpaHsOLLMXCS B 3eMHOW Kope U
MaHTUW BOSIH TMNa S Ka4ecTBEHHbI hakTop Q BO3pacTaeT c HacTOTO B AnanasoHa oT 140 25 I,
B NPOTUBOMNOMOXHOCTb MPEXHUM NPeSNoNOXEHNAM 1 TEOPUAM, BbICKa3bIBaOLLMM MOCTOAHCTBO
Q. B paboTe nokasaHo, YTO ABMEHNE MOXET ObITb 06BACHEHO B paMKax TeOPUM «CPeAHEro nons»
CNy4aliHOro pacnpocTpaHeHWst BOMH. BbIBOAWTCA acuMMNTOTUYeCKas 3aBUCUMOCTb, MMeloLLas
BceoOLLee feiiCTBUE, AN BbICOKOYACTOTHOrO NOBEAEHMS KO3 (UMLIMEHTA 3aTyXaH s CPeAHEro nons.
B KayecTBe NPUMEHEHNS 3aBUCUMOCTM MOKa3bIBAETCSs, YTO NPY NPeSNoNoxKeHUN u3nMyeckn oboc-
HOBaHHbIX CNy4aiiHbIX KonebaHuii CKOPOCTM annpoKcMMalus npyu NoMOLLM CPefHero nons aaet
yHKumio Q(f), consmepmmyto ¢ faHHbIMKU AKMU.
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RELATIONSHIP BETWEEN LONGITUDINAL WAVE VELOCITY
AND DENSITY IN SEDIMENTARY SERIES

G. N. GOGONENKOV*, YU. V. KRASAVIN*

In order to develop criteria for interpreting the curves obtained by the pseudo-acoustic
transformation of seismic traces the paper analyses the results of sonic and gamma-gamma logs
measured in wells in the Ural-Volga region, in the Caucasian Foredeeps and in W. Siberia. The
coefficients of the velocity- and density variations are computed and the correlation between these

parameters is analysed.
It is shown that the degree of correlation between velocity and density strongly depends on
the lithology of the formation and this should be taken into account in the inversion of the seismic

traces.

d: velocity, density, pseudo-acoustic log, lithology

1. Introduction

In the last few years considerable attention has been paid to the trans-
formation of seismic traces into acoustic impendance logs (pseudo-acoustic
logs, cf. Gogonenkov et al. 1980, Lavergne et al. 1977). One of the most
important steps in this transformation is the computation of the scaling factor
and the determination of the proper polarity by means of comparing the seismic
data with the acoustic impedance (i.e. the product of the longitudinal wave
velocity and the density) directly measured in boreholes. Comparison of the
pseudo-acoustic log (PAL) with the directly measured acoustic impedances is
of basic importance in estimating the reliability of the results of the PAL
transform, and for their geological interpretation.'Unfortunately, in most cases
no velocity- or density logs are available for this comparison.

The properties of the detailed density distribution p(z, X, y) in naturally
bedded sedimentary formations have been much less studied than the distribu-
tion characteristics of the longitudinal velocity. Since the solution of the inverse
dynamic problem yields the product of these quantities, it is of utmost impor-
tance to establish a connection between V and p in actual sections.

The relationship between V and p has been analysed in a number of
preViOUS studies (Berezkin 1963, Minaitov 1965, Gogonenkov 1972, Gard-
ner et al. 1974). In Gogonenkov (1972) a quantitative estimation is given for
the correlation relationship between V and p, based on the data of G. I. Pet-
kevich from the Carpathian Foredeep, of E. K. E1anskaya from the Kuibi-
shev-Volga region, and V. F. Kodyarm from Bashkiria. It is shown that the
V-p relationship can be approximated fairly well by the law

* Central Geophysical Expedition of the Oil Ministry, 123298 Moscow, ul. Narodnogo Opolcheniya 40,

korp. 3, USSR
Manuscript received: 13 December 1982
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p=mnmaV D

where m varies from 0.293 to 0.302 for the different regions, n varies between
0.134 and 0.268.

Gardner et al. (1974) compiled a number of V-p relationships for rocks
of different lithologies. It is shown that for the basic lithologic types (sandstones,
shales, limestones and dolomites) the V-p relationship is sufficiently well des-
cribed by Eq. (1). The hydrochemical sediments, however, i.e. salt, gypsum,
anhydrite and also coal, are characterized by an anomalous relationship bet-
ween Vandp (Fig. 1.). All the data presented in G ogonenkov (1972), Berezkin
(1963), M ikhaitov (1965) and G ardner et al. (1974) are based on investigations
carried out on core samples. There are much fewer data available on in situ
velocity-density studies — even though such data were of basic importance in
the interpretation of seismic materials. The development of the gamma-gamma
density log (GGDL, cf. Gurin 1975) has created novel possibilities for the
experimental study of the V-p relationship in real media. First of all, let us call
attention to the important contribution of A rov (1981) who, on the basis of a
limited amount of data, compared the in situ measured densities in real deposits
with those values measured in saturated core samples. It was found that the
deviations between the different measurements did not exceed 0.02 g/cma3.

9dei3

Fig. 1. Connection between velocity
and density for different types of rocks
(after Gregory 1977)

1 — rock salt; 2 — limestone; 3 —
sandstone; 4 — time average (sand-
stone); 5 — dolomite; 6 — shale;
7 — anhydrite

1 4bra. A sebesség és slrliség kozti
Osszefliggés kilonboz6é kdzettipusok
esetében (Gregory 1977 szerint)

1— k6s6; 2— mészkd; 3— homokkd;
4 —homokkd id6 atlaga; 5— dolomit;
6 — pala; 7 — anhidrit

Pue. 1 3aBucuUMOCTb CKOPOCTU OT
NA0THOCTU 415 Pa3fIMYHBIX TUMOB Mo-
pog (no Mperopn 1977)

1— Kam. conb; 2 — W3BECTHAK; 3 —
necyaHuk; 4 — cpefHoe Bpems (necya-
HWK); 5 — [ONOMUT; 6 — T[WHa;
7 — aHrngput
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In Japan, Ishii et al. (1975) also reported on the relationship between V and
p, obtained from acoustic logs and GGDL data. Their data are also fitted by
a law of the form of Eqg. (1); in some parts of the section there is a very good
correlation between V and p, in other parts the correlation deteriorates —
though the paper does not provide any explanation for these discrepancies.

In the present paper an alaysis of sonic log and GGDL data will be given
obtained from the Ural-Volga region, from the Caucasian Foredeeps and from
West Siberia. Before describing the methods and results, let us briefly discuss
the most important parameters in the V-p relationship from the point of view
of the seismic method.

2. Statistical estimation of the contribution of the velocities
and of the densities to the distribution of the coefficient of reflection

Let us suppose that for a sedimentary series the values of V and p in the
layers follow a normal distribution P:

_ 1 -(v-vO
PV) = tTvifht

2

1 .
p(P) — Opfht ¢-ip-PoYltap

where VO and pO are the mathematical expectations, a2 and a] are the disper-
sions of V and p, respectively. If the acoustic impedance is given by W = V-p
and the correlation between V and p is characterized by the correlation coef-
ficient R, W will be distributed according to the law

R(W) = O—]V\l&(.t-tW-W]pb (3)
where W0 = p0VO0 (4)
a® = plol+2Rp0Voofov+ Via2 (5)

Let us introduce the reflection coefficient (K) for the case of normally incident
waves at the boundary of two layers i and j:

_oowij Wi

KJ~ W+ W =)

let us apply the transformation described in Velzeboer (1981). Suppose that the
first two momenta of Wtand Wj are equal and that Wtand Wj are uncorrelated.
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Under these assumptions we obtain
KO(i,j) = 0 ani,j) =A — @)

where KQ(i,j) and o”i, j), respectively, are the expectance and dispersion of the
coefficient of reflection. Substituting Egs. (3) and (4) into (7) and omitting the
indices i and j, we obtain

12
= —(a_ 2il +
ok= — U L oret (8)

Thus, the standard deviation of the reflection coefficient can be expressed in the
above-described model — in accordance with the earlier statistical experimental
findings in Agard 1961, Bois and Hemon, 1963, G ogonenkov and Asriyants

1969  in terms of the coefficients of variation of the velocity and the
density, and of their correlation coefficient.

In the case of a complete positive correlation between V and p, that is, for
R=+1

for an inverse correlation, i.e. for R = —I:

while in the absence of any correlation (i?= 0):

This analysis has shown that for a proper interpretation of the estimated
acoustic impedance values one has to know the variation coefficients of V and
p, and the character of the correlation between these parameters.

3. Characteristics of the experimental data and method of their analysis

The coefficients of the velocity- and density variation and the correlation
coefficient R were estimated on the basis of measured sonic logs (SL) and
gamma-gamma logs (GGL) from 9 wells. Study sites and depth ranges are
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compiled in Table I. The depth ranges studied include some of the most promis-
ing hydrocarbon deposits. The premliminary sonic- and gamma-gamma logs
had been checked and edited in order to eliminate gross errors due to cavities
or other effects (Gulin 1975), making use of caliper logs and other kinds of
standard well logs. The velocity from the sonic log had been estimated from the
tx, t2 and At curves; recorded acoustic full waveforms had also been utilized.

Next, on the basis of a joint analysis of the V() and p (z) curves the
intervals studied were divided to homogeneous layers of 3-15 m thickness. Each
of these layers was then represented by the mean value of the respective par-
ameters within the layer. The values of V and p computed for the subsequent
layers are shown in Figs. 2, and 3 for typical wells.

The values of V and p were fitted by two kinds of correlation laws. The first
is a traditional one, similar to that applied in Gogonenkov 1972, G ardner et
al. 1974, IsHii et al. 1975, where the principal aim is to find some quantitative
relationship in order to predict one of the parameters from the values of the
other. Let us refer to this law as “general correlation”. It can be estimated from
plots where one of the axes denotes the values of velocities, the other the
densities, in the same layer. Typical plots are shown in Fig. 4. (a, b) for several
well and for all layers belonging to the given lithology.

Another kind of correlation law, of particular significance for the analysis
of seismic data, establishes the correlation between the V (z) and p (z) curves.
This type of correlation will be called “correlation versus depth”—Rz. Strict-
ly speaking, this type of correlation coefficient Rz should be used in formulae
(9 1). In order to exclude the effect of the different gradients of the V (z) and
p (z) curves, and to determine the peculiarities of the correlation between V and
p in the different layers, the estimation of R, has been realized in subsequent
intervals of 400-500 m thickness (cf. Table 1.) according to the formula

! {v-v)-(p-p)
R (12)

where i is the serial number of the layers in the given interval (i = 1,2,.. ,,j).

4, Results

The basic quantitative estimations of the characteristics of the correlations,
and of the velocities and densities, respectively, are compiled in Table I. Con-
sider first the coefficients of the variations of V and p. As seen from the Table,
the mean values and standard deviations of the investigated parameters follow
the well-known rules: the mean values increase with increasing depth of the
ranges analysed, and with increasing values of the carbonate fraction.

The standard deviation of the velocity, av, is the more sensitive parameter,
it shows the largest differentiation. The variation coefficient of the velocity
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No

Region

W. Siberia

Kuibyshev
region

Kuibyshev
region

Vicinity
of
Krasnodar

Vicinity
of
Krasnodar

Vicinity
of
Krasnodar

Vicinity
of
Krasnodar

Kaspi
region

Kaspi
region

G. N. Gogonenkov-Yu. V. Krasavin

Well

Pokacheva—II

I'men—4

II’'men™—5

Saratov—10

Troitsk— 1631

Podsol-
nechnaya— 15

Uro-
zhainoe—50

Smolyan—I

Russky
Khutor—95

Interval

1705-
2836

502-
2310

600-
2290

594-
2666

345-
1515

2365-3-
541

2379-
2650

4213-
4678

1200-
2300

Number
of
layers

94

93

70

199

124

123

23

36

74

Age

Cretaceous—
Jurassic

Carboni-
ferous—
Permian

Carboni-
ferous—
Permian

Paleogene—
Neogene

Neogene

Cretaceous—
Paleogene

Cretaceous—
Neogene

Cretaceous

Paleogene

Lithology %

shale
sandstone
aleurolite

limestone
dolomite
sandstone
shale
aleurolite

limestone
dolomite
sandstone
shale
aleurolite

shale
aleurolite
marl
sandstone
limestone

shale
sand
aleurolite
sandstone

shale

limestone
sandstone
aleurolite

limestone
shale
chalk

limestone
sandstone
shale

shale
aleurolite
sandstone

52.0
40.0
6.0

36.0
32.0
32.0

Uy/V varies from 0.054 to 0.169, its mean value being 0.102. The parameter
oplp varies between 0.031 and 0.056, with a mean of 0.041. On the basis of the
ratio of the coefficients of variation the terrigeneous* formations can be defi-
nitely distinguished from the terrigeneous—carbonate ones. In the first, the
ratio of the coefficients of variation is 1.5-2.35; in the second, 2.37-4.02.
Consequently, taking into account Egs. (9)—€11), the coefficients of reflection
are much more affected by the velocities than by the densities. In terrigeneous—-
carbonate series the densities play a very slight role in the generation of the

* The translation follows the author’s terminology by using “terrigeneous” instead of “clastic” (Editor)
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v " aviap Interval %ggﬁilggﬁ? Coeffcient
av ay P p ¢ coefficient Rz . !
P o ylp for intervals ~ mean m N

3642 305.8 0.084 253 0.142 0.056 150 1705-2095 -0.040 +0.403 0.162 0.331
2095-2480  +0.648
2480-2836  + 0.601

502-1415  + 0.956
1415-2310 +0591 +0.774 0.167 0.319
5066 568.8 0.112 252 0.119 0.047 2.38

600-1655  +0.899
5512 670.7 0.122 2.64 0.115 0.044 277 1655-2290 +0.981 +0.940 0.165 0.323

594-1099  +0.539
1099-1522  + 0.668

2387 1498 0.063 2.06 0.066 0.032 1.97 1522-2060 +0.570 +0.547 0.171 0.315
2060-2666  +0.412

345- 625 +0.300
2073 1116 0.054 2.09 0.067 0.032 1.69 625-1050 +0.686 +0.481 0.230 0.290
1050-1515  +0.457

2365-2784  +0.944
4235 7179 0169 255 0.107 0.042 4.02 2784-3181 +0.776 +0.615 0.487 0.199
3181-3541  +0.374

3523 5179 0.147 247 0.113 0.046 3.20 2379-2650 +0.569 +0.569 0.365 0.233

5870 525.8 0.090 2.85 0.107 0.038 2.37 4213-4678 +0.843 +0.843 0.142 0.345

1200-1850  +0.856
2823 205.9 0.073 243 0.076 0031 235 1850-2300 +0.348 +0.602 0.107 0.391

reflected waves whereas in mainly terrigeneous formations they have a signifi-
cant effect; as a matter of fact in some particular intervals the whole dynamics
of the wave is governed by the density variations. This should be especially
evident if we analyse the coefficients of correlation with depth. If in the ter-
rigeneous—carbonate series there exists a strong positive correlation between
V and p (0.57<RZ<0.94), then a much weaker relationship belongs to the
terrigeneous rocks (0.40<RZ<0.60). As a general consequence of this, by Eqgs.
(9—€11) the mean value of the reflection coefficients will be much higher in the
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carbonate sections, implying an increased activity of the inter-bed multiples, in
accordance with the available experimental evidence. From the point of view
of the recovery of the petrophysical properties from the seismic data, the
guantitative relationships obtained show that in essentially carbonate or ter-
rigeneous—carbonate series the form of the pseudo-acoustic log can be com-
pared without significant errors with the values of the sonic log. In terrigeneous
series, however, no comparison with the PAL can be found unless both the sonic
log and the GGL are available. Substantial differences could exist between the
PAL and SL curves that are due to the absence of density information, rather
than to the erraneous computation of the PAL.

Fig. 2. II'men™—5 Well. In situ values
of Vand p

Stages: 1 — Bobrovka; 2 — Tula;
3— Oka; 4— Tarusa; 5— Serpukhov;
6 — Bashkirian; 7 — Vereiski; 8 —
Kashira; 9 — Podol’sk; 10 — Myach-
kovo; 11 — Assel; 12 — Artinsk—
Sakmara

2. abra. II'men—5. sz. faras. V és p
in situ értékei

| — karbon; la — als6, Ib — kdzéps6,
Ic — felsd; 11 — perm; Ma — also.
Emeletek: 1 — Bobrovka; 2 — Tula;
3 — Oka; 4 — Tarusza; 5 — Szerpu-
hov; 6 — Baskir; 7 — Vereiszki; 8 —
Kasira; 9 — Podoliai; 10 — Mjacsko-
vo; 11 — Asszel; 12 — Artinszk—
Szakmara

Puc. 2. CkB. MinbmeHeBckas 5. Mpadu-
KW NNacToBbIX 3HayeHuin V v p

| — Kap6oH, la — HWXHWA, 16 —
cpepHuiA, 1u — BepxHuid, Il — Mepm-
cKasl, Ha — HWKHSA.

Apycbl: 1— BobpoBckuid; 2 — Tynb-
ckuii; 3 — OKckuii; 4 — TapyccKuid;
5 — CepnyxoBckuii; 6 — bawkup-
ckuii; 7 — Bepeiickuin; 8 — Kawnp-
ckuii; 9 — TMopgonbcknid; 10 — Msu-
KoBckuii; 11 — Accenckuid; 12 — Ap-
TUHCKMIi—CaKmapCcKuii

A striking example for the above argumentation will be provided if we
consider the results of an analysis of the Pokacheva-I1 Well, West Siberia. There
is an interval within the productive layer where there is a zero (or slightly
positive) correlation between V and p. If we also take into account that the coef
ficients of variation of V and p are anomalously low in this part of the section,
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it can surely be stated that any modelling of the wave field within this layer, any
PAL processing or interpretation, should be based on a joint interpretation of
the SL and GGL data. Without this, no meaningful conclusions are obtainable.

3 Fig. 3. Pokacheva—II Well. In situ
values of V and p
Stages: 1 — Toarcian; 2 — Callo-

vian—Volga; 3 — Berriasian—Valan-
ginian; 4 — Hauterivian—Barremian;
5 — Aptian + Albanian + Cenoma-
nian. Formations: 6 — Tyumen; 7 —
Vasyugan, 8 — Bazhenovo; 9 —
Megion; 10— Vartovo; 11 — Alymka;
12 — Pokur

3. Aabra. Pokacseva—II. sz. flras V és
p in situ értékei

| — Jura; la—b — alsé + ko0zéps6;

le — fels6; Il — kréta; lia — also.

Emeletek: 1 — toarci; 2 — kallovi—
volgai; 3 — berriasi—valangini; 4 —
hauterivi—barrémi; 5 — apti + albai

+ cenoman.

Formacidk: 6 — Tyumen; 7 — Vasz-

jugan; 8 — Bazsenovo; 9 — Megion;

10 — Vartovo; 11 — Alimka; 12 —
Pokur

Puc. 3. Cks. MokayeBckas Il. Mpadukn
NnacToBbIX 3Ha4YeHUn V up

I — HOpckas, la—6 — HWKHWIA + Bappemckuii; 5 — AnT. + Anbb. +
cpeaHuii, 1u — BepxHuii, Il — Meno- CeHOMAaHCKWIA.

Bas, Ma — HWKHUI CBuUTbl: 6 — ToMeHbcKas; 7 — Bacto-
Apycbl: 1 — Toapckuit; 2 — Kenno- raHckas; 8 — baxeHosckas; 9 — Me-
Bel—Bomkckuin; 3 — beppuac— rmoHckasa; 10 — BapTosckasd; N —
BanaHXUHCKWI; 4 — [OTepMBCKUIA + AnbimcKas; 12 — Tokypckas

Incidentally, it is by no means surprising that we have encountered such
an anomalous layer in a terrigeneous section for it is well known that the two
basic lithotypes of the terrigeneous formations, viz. sandstones and shales, are
characterized by an inverse relation between velocity and density: on the av-
erage, the velocity is higher in sandstones than in shales [Sheriff 1980, Butato-
va et al. 1970, Dortman 1976], while the shale density is generally higher
[Gregory 1977, M axant 1980, Turezova €t al. 1975] In other WOde, in an
idealized alternating sand/shale sequence the velocity increase during a shale/
sand transition will be counteracted by a density drop; that is, the V (z) and
p (2) curves will have a negative correlation.
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The quantitative relationships between V and p are also important if one

has to estimate or predict one of the parameters from the other. The mutual
relationships are plotted for several wells in Fig. 4(a, b). In all cases the
relationship is fairly well approximated by a formula of type (1), with the coef
ficients m and n given in Table I. Fig. 5 presents the mutual relationship for the
same lithology and for all wells. The quantitative characteristics practically
coincide for the sandstones and shales (m=10.190 and 0.189, «=0.309 and 0.312,
respectively). For limestones the relationship is nearly linear, taking into acc-
ount the large scatter, however, one can also use an approximation of form (1)
without too large errors, and the coefficients will be close even to those for

sandstones and shales.

v m/s

vm/s

6000

5000

4000

r

Fig. 4. Plots showing the V=Rj>) relationship
a) Pokacheva—II Well, b) II’'men—5 Well

Conditional notations: 1— shale; 2 — sandstone; 3 — shaly sandstone; 4 — limestone;
5 — shaly limestone; 6 — dolomite; 7 — aleurolite
4 abra. A V=f[p) osszefiiggés

a) Pokacseva—II faras, b) 1I’'men™—5 faras
Feltételes jeldlések: 1— pala; 2 — homokkd; 3— palas homokkd; 4 — mészké;
5 — palas mészkd; 6 — dolomit; 7 — aleurolit

Puc. 4. Ipathmkmn 3aBucumoctn V=flj>)
a) Cks. Mokauesckas Il, b) CkB. MinbmeHeBcKas 5.
YcnoBHble 0603HaYeHNs: 1 — rnnHa, 2 — MecyaHuK, 3 — MecYaHWK FUHUCTbINA,
4 — V3BECTHSK, 5 — W3BECTHAK IMINMHUCTLIA, 6 — AONOMUT, 7 — aneBponuT
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Fig. 5. Combined V =flp) plots for all
layers of the same lithology and for all
wells analysed

a) limestones, b) sandstones, c) shales

5. dbra. Egyesitett V =Rj>) diagramok

az Osszes elemzett flrasra
a) mészkd, b) homokkd, c) agyag

Puc. 5. 'padkn 3aBucmmoctn V=j\p)
[Nl COBOKYMHOCTM NacTOB OAHOMN NN~
Tonorun no 6eem MpoaHannM3MpoBaH-
HbIM CKBaXXMHaM

a) N3BECTHSK, b) MecyaHnku, C) rnHbI

In most cases connected with the solution of the inverse problem we have
to study the effect of the densities on the reflection coefficients determined from
sonic logs, and on the low-frequency components of the distribution of the
reflection coefficients computed from estimated interval velocities or from well
velocity surveys. In these cases we have from Eq. (1):

— Vi+xP A-ViPi = e/ - Vlf" (13)
ViEpi A VP F VY e

that is, from the point of view of the computation of the reflection coefficients,
only the exponent n of Eg. (1) has any effect. It has been found, however, that
the value of n is quite stable for different wells and lithologies: it is around
0.304+0.032 (In G ardner et al. (1974) a similar value of n=0.25 is reported
on the basis of laboratory studies on core samples).

It can be stated that for terrigeneous—carbonate series, in the absence
of hydrochemical sediments and coals, one can use the estimated value of n in
order to predict the reflection coefficients from measured velocity data.
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In those series, however, where salt, gypsum, anhydrite or coal are present,
we have first of all to separate these rocks. Their density can be estimated fairly
well from the lithology since their densities (as well as velocities) have only a
very slight variability. According to the published data compiled in Dortman
(1976), the following density values can be used:

salt 2.16 g/cm3
gypsum 2.37g/cm3
anhydrite 2.96 g/cm3
coal 1.40 g/cm3

5. Conclusions

It has been shown that the dispersion of the values of the reflection
coefficients is determined by the coefficients of variation of the velocities and
densities occurring in the section, and by the degree of correlation between these
parameters.

Directly measured longitudinal wave velocities and density values were
presented, obtained in wells of some of the most important oil-producing
regions. It has been shown that in series containing a large fraction of carbonate
rocks the variation coefficient of the velocity is significantly larger than that of
the density, and there is a clear-cut positive correlation between Vand p if they
are considered as functions of depth. If the geoseismic modelling is carried out
under these conditions, the proper scaling of the pseudo-acoustic transforma-
tion and the comparison of the pseudo-acoustic log can be carried out on the
basis of the sonic log alone, by estimating the density values from the velocities.
In terrigeneous sediments the coefficients of variation of the velocities and
densities are very close, and the correlation between Vand p is significantly less.
In such cases direct velocity and density measurements should be utilized to
analyse the seismic data.

In some productive layers of West Siberia there appears an interval between
the Alymka Formation and the lower third of the Vartovo Formation where
the correlation between velocity and density abruptly deteriorates, up to an
interval where even negative correlations appear. In such cases of course, no
meaningful modelling or computation of the pseudo-acoustic logs can be carried
out on the basis of the sonic log alone.

We have analysed the mutual connection between velocity and density for
different wells and various lithotypes of rocks. It has been shown that for
practically all cases the connection can be approximated fairly well by a law of
form (1). The quantitative values of the coefficients to be used in the prediction
of the densities of the rocks from the velocities have also been determined.
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G. N. GOGONENKOV, JU. V. KRASZAVIN

AZ ULEDEKES KOZETEK LONGITUDINALIS HULLAM-SEBESSEGE
ES SURUSEGE KOZTI OSSZEFUGGESEK VIZSGALATA

Annak érdekében, hogy a szeizmikus csatornak pszeudo-akusztikus transzformaciojaval nyert
gorbék kiértékelésének kritériumait meg tudjuk hatarozni, elemezziik az Ural—Volga vidékén, a
Kaukazus el6terében és Nyugat-Szibéria teriiletén 1évé kutakban mért szonikus és gamma—
gamma karotazs eredményeket. Kiszamitjuk a sebesség—slriiség valtozasok egyitthatdit és ele-
mezzik az egyes paraméterek kozti korrelaciot.

Megmutatjuk, hogy a sebesség és siirliség kdzti korrelacié mértéke nagyban fiigg a formacio
litologiajatol, és erre a szeizmikus csatornak inverzidja soran figyelemmel kell lenni.

. H. TOFOHEHKOB, 0. B. KPACABUH

COOTHOLUEHME CKOPQCTEI7I PACIMPOCTPAHEHUA MPOAOJIbHbLIX
BO/TH N OB BEMHOW MJIOTHOCTU B OCAAOYHbBIX PA3SPE3AX

C uenbio pa3paBoTKM KpUTEPUEB MHTEPMNpeTaLi KpUBbIX NCEBA0aKYCTUHECKOro Npeo6paso-
BaHMs CEiCMMYECKMX TPacc MpoaHanu3vMpoBaHbl Pe3ynbTaTbl U3MEPEHUs aKyCTUYECKUM W ram-
Ma—raMMma KapoTaxamu B CKBaXWHax Ypano—IloBomkbs, MNpeakaskasbsa u 3anagHoit Cuéu-
pu. PaccumTaHbl KO3(MUUMEHTbI BapuaLMn CKOPOCTEA W NNOTHOCTeW, MpoaHanU3MpoBaHbl UX
KOPPeNsLMOHHbIE 3aBUCUMOCTW.

MoKa3aHo, YTO CTeneHb KOPPEeNsLumy MeXay CKOPOCTbIO M NAOTHOCTLIO CUIbHO 3aBUCUT OT
NINTONOTUK pa3pesa M 3TO [O/MKHO YUNTbIBATLCS NPU MHBEPCUN CEACMUYECKUX 3anicei.
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CORRELATION OF ATTENUATION OF ELASTIC WAVES WITH
OTHER PETROPHYSICAL AND LITHOLOGICAL PROPERTIES

Laszlo6 GOMBAR*

The paper summarizes the basic mechanisms of seismic wave absorption and the effect of the
different petrophysical and geological factors on the coefficient of absorption. Laboratory experi-
ments were performed in order to study the connection between the logarithmic decrement and the
longitudinal propagation velocity in different types of rocks. For shales and sands an inverse
relationship has been found between the attenuation parameter and the velocity, for fresh andesites
the relationship is of the opposite direction. The main task was to check a hypothesis of Savit and
Mateker [1971], according to which the sedimentary rocks (shale, sand, limestone) can be distin-
guished on the a—V diagram. According to the analysis of the laboratory data, this lithologic
discrimination can be carried out only if the attenuation and velocity values are reduced to the same
reference depth on the basis of known attenuation—depth and velocity—depth dependences,

d: elastic waves, attenuation, absorption, physical properties, laboratory studies

1. Introduction

In up-to-date seismic prospecting, new possibilities are given by digital
data-acquisition techniques and true-amplitude-preserving processing for deter-
mining seismic parameters that are directly related to the lithology of the layers.
From the point of view of elastic wave propagation the most important para-
meters are the propagation velocity and wave attenuation. Both parameters can
be determined by seismic methods and their joint study enables a more reliable
estimation of the lithology.

The attenuation of the amplitudes of elastic waves propagating in rocks is
due to several effects. One of the most significant is spherical divergence that
can exceed by several times the effect of absorption. Before determining the
absorption coefficient one has to correct for the disturbing effects of the other
of attenuation factors; the inaccuracy of these corrections, however, makes the
correct determination of the absorption very difficult. Savit and M ateker
(1971) proposed that the most common sedimentary rocks could be distin-
guished on the basis of their absorption coefficient and velocity as indicated in
Fig. 1.

The paper first summarizes the most commonly applied parameters de-
scribing the dissipation of energy during wave propagation. Basic absorption
mechanisms and the petrophysical and geological factors affecting the absorp-
tion are reviewed, together with the laboratory methods for determining the
absorption parameters. Next, relations are presented, obtained in laboratory
measurements on different kinds of rocks, connecting the logarithmic decrement
with ultrasonic velocity, and with the depth of the rock.

* E6tvos Lorand Geophysical Institute of Hungary;

POB 35. Budapest, H— 1440
Manuscript received (revised form): 17 January 1983
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Fig. 1. Lithologic distinction of
& sedimentary rocks (sand, shale,
limestone) on the basis of their
attenuation and velocity (after
Savit and Mateker 1971)

1 &bra. Az Uledékes kdézetek
(homok, agyag, mészkd) litolo-
giai osztalyozdsa a csillapo-
das—sebesség alapjan (Savit és
Mateker 1971 nyoman)

Pue. 1. J/lutonormnyeckasa Knac-
cumKauma ocafouHbIX Nopog,
(necka, rvHbI, N3BECTHAKA) NO
3aTyXxaHuto n ckopocTtu (no Ca-
6uty U MaTekepy, 1971)

2. Parameters describing the absorption of elastic waves

For planar elastic waves propagating in not totally elastic rocks the wave
amplitude (A) decreases with the distance (R) travelled according to the law
A(R) = AOexp [-a(/)7?]. The attenuation of the waves, i.e. the energy-
dissipating property of the rock, is usually characterized by one of the following
interrelated quantities:

a — absorption coefficient

0 — logarithmic decrement

Q — quality factor.
The absorption coefficient (a) describes the relative amplitude decrease at

unit distance:

1 ]nA(Ruf)
ad)  Ri-Ri A(R2J) and N

The logarithmic decrement (<& expresses the dissipation of energy along a path
corresponding to the wavelength. It is related to the coefficient of absorption as

K_ mail)
f

The quality factor Q is defined by the expression

AE = 27
E Q

where E is the total energy, AE the fraction of energy dissipated during a period.

©)
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An equivalent definition of Q is provided by

Q = a(f)Vv(f) &)

As seen from Egs. (2) and (4), the propagation velocity of elastic waves is
a function of frequency, V= V{f). In a narrow frequency band, however, this
frequency dependence does not exceed a few per cent, so that the velocity-
dispersion can be neglected in practical applications and the V(f) « VP = const,
approximation can be used. Field investigations and laboratory studies carried
out on different kinds of rocks have shown that, in the case of dry rocks, the
Q factor characterizing the interior friction only slightly depends on frequency
and can be considered as approximately constant in the seismic and sonic
frequency range [Tokssz et al. 1979]. This also implies that, if the velocity
dispersion can also be neglected, the absorption coefficient is a linear function

of frequency:

a(f) =WU)'fK k 'f ©)

Attewell and Ramana [1966], studying a large number of published data, and
using the method of least mean squares found a frequency dependence of the
form

a(f) = 1.012- 10" (1l dB/m 6)

for the frequency range 1-108 Hz.

3. Mechanisms of absorption

The basic cause of the linear frequency dependence of the absorption
coefficient of elastic waves in rocks has still not been unambiguously clarified,
very possibly it is a joint effect of several physical phenomena. The physical
mechanism of absorption has been treated in a great number of papers, the
mechanisms proposed thus far can be grouped as follows [cf. M avko et al.
1979]:

— ]Ioss in connection with the viscous fluid filling the pores,
— loss derived from the properties of the solid rock matrix,
— thermoelastic effect,

— scattering (and other) losses.

According to laboratory measurements the fluid content of the rocks plays
a significant part in the absorption mechanisms. Even a few per cent fluid
content abruptly increases the energy dissipation as compared with a dry rock,
since the wetting of the grain surfaces decreases the intergranular cohesion
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[Titeman et al. 1972]. For greater fluid saturations the relative displacements
between the fluid and solid phases due to the periodic elastic stresses, as well
as the viscous stresses induced in the fluid, also increase the absorption [John-
ston et al. 1979]. According to Winkler and Nur [1982] the quality factors Q
Qs, characterizing longitudinal and shear waves, respectively, are more sensitive
to changes of fluid content than the corresponding velocities and, consequently,
are better indicators for detecting oil- or gas-bearing layers.

As for the solid rock matrix, it can be stated that the inherent inelasticity
of the constituent grains and crystals can be neglected compared with the
frictional losses along grain boundaries and the surfaces of microcracks
[Toksoz et al. 1979]. The quality factor Q is of order of 103—20s in monocrystals,
while in a rock consisting of the same crystals it is only of the order of 101202
From among the further mechanisms of absorption the scattering losses are
considered as the most significant. The elastic waves are scattered at the surfaces
(edges, vertices) of the constituents of a polycrystalline or granular rock, their
amplitude decreases. This effect might become significant if the wavelength
approaches the characteristic size of the inhomogeneities [Bradley and Fort,
1966].

Generally, the amount of dissipation and the frequency dependence of the
absorption coefficient are determined by a superposition of the above effects.
The relative importance of these phenomena, however, is greatly influenced by
the characteristic lithological, petrophysical and geological parameters of the
rock. With porous rocks the absorption coefficient and the longitudinal
propagation velocity are influenced [according to Militzer and Schon, 1972]

by

— rock texture,

— cementation and cohesion of the grains,

— elasticity and size distribution of the grains,

— porosity and fluid saturation,

— properties of the pore content,

— pressure, depth, geologic age, temperature,

— the applied frequency.

The absorption mechanisms and the dependence of absorption on the rock-
physical parameters have thus far been mainly studied under laboratory con-
ditions, on core samples. Since these measurements are carried out in the sonic
and ultrasonic frequency range, their results cannot immediately be ex-
trapolated to the relatively narrow 10-250 Hz band of the in situ frequency
measurements. The results of the measurements on core samples can, however,
be brought into a closer correspondence with the seismic elastic and dissipation
parameters by means of sonic logs and VSP surveys.
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4. Laboratory measurement of the absorption parameters

There exist several published methods for the laboratory determination of
the absorption parameters. It is a general problem in these kinds of measure-
ment that the energy losses arising at the sample—instrument coupling, or
depending on specimen geometry, have to be taken into proper account. The
following are the most widely used measurement techniques:

1 The method based on the phase difference between a slowly changing

periodic stress and the induced periodic deformation [Born 1941].

2. The method determining the amplitude decrease of a harmonic, monochro-

matic signal [Toksoz et al. 1979].

3. The method determining the amplitude decrease of an impulse, multiply

reflected at the parallel facets of the rock specimen [Truelt et al. 1969].
4. The resonance method [Born 1941, Schreiber €t al. 1973].

The resonance method requires the simplest instrumentation. A cylindrical
rock sample, secured at its centre, is periodically vibrated at one end, i.e. the
bar exercises a forced vibration. The dilatational vibration amplitude of the bar
becomes maximum if some integer multiple of the half wavelength of the

induced vibration agrees with the length of the rod: n"e‘z L. The dissipation

factor Q can be determined in terms of the resonance frequency fr and the
resonance band-width Af as

(7)

where zf/is the difference of the two frequencies around/, where the amplitude
falls to 1//2 times its maximum value. It can be shown that this definition is
equivalent with Eq. (3) [see Truenr et al. 1969]. The method presupposes that
only longitudinal displacements occur in the sample, i.e. the transverse vibration
modes can be neglected. Equation (7) is not exact unless the length of the
specimen is much greater than its diameter. If this is not satisfied, the measured
resonance frequencies should be corrected according to the Rayleigh formula
[Schreiber et al. 1973].

We have studied the connection between the absorption parameter and the
longitudinal propagation velocity in different types of rocks by means of lab-
oratory measurements. Core samples were taken from two Hungarian locations:
the Oligocene shaly and sandy rocks from a bore-hole in Many, the Miocene
andesite samples from a borehole around Nagymaros.

The absorption parameter was determined by the resonance method, the
longitudinal velocity by a direct measurement of the transit time of the elastic

impulse.
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5. Connection of absorption parameter with
longitudinal velocity and with depth

From the measured data it seemed most convenient to search for a relation-
ship between the longitudinal velocity and the logarithmic decrement and to
check the fulfilment of the Savit-M ateker [1971] hypothesis between these
quantities. In recent literature there are only a few reports on similar experi-
ments. C. Ramachandran and M. Ramachandran [1981] carried out absorp-
tion and velocity measurements on Carboniferous, Permian and Triassic sand-
stones and shales and found a relationship of the form

a=A—BVP ®)

From the Russian literature, a similar relationship is reported by Ivakin et al.
[1978] for sandstones and marls, on the basis of sonic logs.

It is more convenient to use Q or 6 instead of a because of the frequency-
and velocity-dependence of the latter. For our laboratory data the correspond-
ing pairs of logarithmic decrement and longitudinal velocity values were better
fitted by the expression

O=AVPR (n<0) ©

than a linear relationship. For example, for shaly rocks there corresponded a
correlation coefficient R= —0.69 to the linear fit

A= 0.308-0.072 VP (10)

while the relationship
6 = 0.243 VpOW® (12)

was satisfied by R = —0.79. For sands the correlation coefficient corresponding
to Eq. (9) is greater by only 0.04 than that corresponding to Eq. (8); for andesites
the difference is only 0.02, i.e., by proceeding towards more compacted rocks
relation (9) gradually goes over to the linear relation (8):

A n R
shales 0.245 - 0.649 -0.79
sands 0.226 -0.462 -0.52
andesites 0.182 -0.350 -0.42
fresh andesites 0.080 0.236 +0.30

The determination of the values of A, n and R was made by the least mean
squares method (VPis given in km/s). The absolute values of A and n gradually
decrease from the shales towards the andesites. With shales and sands there is
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Fig. 2. Connection between lo-
garithmic decrement and lon-
gitudinal velocity for shales and
shaly marls (a), sands (b) and
andesites (c)

2. dbra. A logaritmikus dekre-
mentum—sebesség kapcsolata
agyagok (a), homokok (b), an-
dezitek (c) esetében

Puc. 2. CBsisb norapugmuye-
CKOr0 [JeKpemMeHTa CO CKOpo-
CTblO ANA [WH U TAMHUCTBIX
mepreneii (a), neckos (b) u aH-
fesntos (c)

an unambiguous inverse relationship between 6 and VP (Figs. 2a, 2b). For the
andesites, however, this relationship is not that clearcut—by considering the
fresh andesites we can even observe an opposite tendency (n becomes positive,
see Fig. 2¢). Pavienkin [1967] presented a similar “opposite” relationship
between the velocity and logarithmic decrement values measured in granites.
M arie’s [1980] anisotropy measurements also seem to suggest that for intrusive
rocks the absorption parameter increases with velocity. So, on the basis of the
very few measured or published data, it can be supposed that for certain types
of magmatic rocks there exists an anomalous relationship between the velocity
and the absorption parameter.
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Fig. 3 shows the absorption coefficients belonging to the resonance fre-
guencies. For the individual rock types the linear law a=kf is fairly well
satisfied. According to the slope of the lines we can distinguish three domains
on the diagrams. Fresh andesites are situated between the straight lines of slope
K = 2- 5+¢10~5 For the more compacted sandstones and shaly marls the value
of k varies from 6- 10-5 to 8 «10~5 The loosest sands, shales, decomposed
andesites cluster around the straight line of slope 13 «10"50r on the left side

of it.

Fig. 3. Frequency-dependence
of the absorption coefficient for
the rocks studied, on the basis
of the resonance frequencies

1 — shale and shaly marl;
2 — sand; 3— decomposed an-
desite; 4 — fresh andesite

3. dbra. Az abszorpcids egyiitt-
haté frekvencia fiiggése a vizs-
galt kézetekre vonatkozoan, a
rezonanciafrekvenciak alapjan
1 — agyag és agyagmarga;
2 — homok; 3 — bontott ande-
zit; 4 — Ude andezit

Puc. 3. 3aBucumocTb Ko3ghu-
Li¥eHTa NOrMoLeHns oT YacTo-
Tbl ANS U3y4yaemoii nopogpl Mo
PE30HAHCHbIM 4acToTaM.

1— rAnMHa 1 rnHKUCTas Mep-
renb, 2 — necoK, 3 — BbIBET-
puBLUKiica aHAesuT, 4 — cBe-
XUiA aHae3nT

On the 6— Vp diagram of Fig. 4 the fresh andesites are fairly well separated
from the sedimentary rocks, the distinction between the shales and sands
however cannot be judged as clearly as would have been anticipated on the basis
of the Savit-M ateker [1971] hypothesis. A possible cause of this discrepancy
could lie in the transitional character of the lithology of the rocks studied (sandy
shale, shaly sand, etc.). Also, for the younger, only partially consolidated
sedimentary rocks both the absorption parameter and the propagation velocity
could considerably depend on depth. The basic cause of this depth-dependence
is the decreasing porosity of the rocks with depth due to compaction.

Fig. 5 shows the logarithmic decrement of the rock samples as a function
of depth, for the 200-400 m depth range. For this depth range 6 decreases with
depth approximately exponentially, in accordance with the findings of Mititzer
and Schon [1972] and Gardner et al. [1964] (the velocity does not show a
systematic variation along this depth range).
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Fig. 4. Lithologic classification
of rocks on the basis of the lo-
garithmic decrement and the
longitudinal velocity. Key as in
Fig. 3.

4. abra. A kézetek litologiai osz-
talyozasa a logaritmikus dekre-
mentum—Iongitudinalis sebes-
ség alapjan

Puc. 4. lntonornyeckasa knac-
cumKauma ropHbIX nNopog no
norapuMnyeckomy LeKpeMeH-
TY W NPOAONbHOW CKOPOCTW.
OO6bsICHEHNE YCOBHbIX 0603-
HayeHWin NnpuBeAeHo Ha puc. 3.

Fig. 5. Connection between lo-
garithmic decrement and depth,
for shales (a) and sands (b)

5. dbra. A logaritmikus dekre-
mentum—meélység  kapcsolat,
agyagok (a) és homokok (b)
esetében

Puc. 5. CBA3b Mexay norapud-

MUYECKUM EKPEMEHTOM W T/1y-
6uHOIi ana ravH (a) M Neckos

(b)

Using a least mean squares fit, we obtain the relationship

O= 0581 exp [-3.63 +10-3h] (12)

R = -0.88
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for shales, and
6= 0.235exp [-1.09 «10“3h] (13)
= -0.33

for sandstones. The absorption parameter of shaly rocks decreases more rapidly
and more systematically with depth; for sandstones we observe a large capri-
cious fluctuation superimposed on the decreasing trend. This might be due to
the fact that the compaction of porous permeable sands is governed by the
difference of the lithostatic pressure and the pressure of the pore fluid, i.e. by
the differential pressure, while the state of compaction of the shales corresponds
to the lithostatic pressure. Consequently, for sandstone layers one can predict
the changes of the pore fluid or of its pressure on the basis of the deviations of
the absorption parameters from the general trend.

The 6(h) function can be used to reduce the absorption parameters of rocks
from different depths to a common reference depth. For our study site this
reduction can be carried out by the formulae

O(H) = 0(h) exp [-3.63 *10~3 (H-h)\ (14)
for shales, and
6(H) = 0(h) exp [- 1.09 « 10“3 (H-h)] (15)

for sands, where H is the reference depth. Fig. 6 shows the $values, reduced
to the depth H—500 m by means of Egs. (14) and (15), as a function of VP. The
values reduced to a common depth are already in a much closer connection with
the lithologic properties of the layers and the sands and shales can be separated
with greater certainty on the attenuation—velocity diagram, in conformity
with the Savit-M ateker hypothesis.

The author would like to express his sincere thanks to Tamas Ormos and
Gabor Korvin for their help and advice during the laboratory experiments and
the preparation of this paper.
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cf (H)i

0,20

013 Fig. 6. Distinction between
shales (shaly marls) and sands

016 - on the basis of the logarithmic
decrement and the velocity va-

014 .. lues, reduced to the same re-
ference depth (#= 500 m)

012 6. dbra. Az agyagok és homo-
kok osztalyozdsa az azonos

010" mélységre (H= 500 m) atszami-
tott logaritmikus dekrementum

008 és sebesség alapjan

Puc. 6. Knaccudukaums raumH,
0,06 FNIMHUCTLIX Mepreneil 1 Neckos
Nno NpUBEAEHHbIM K 0fMHaKO-

004 t 1 h BOWi rnybuHe (H—500 m) nora-
T 1 2 3 V.  pUMUYECKOMY [EKPEMEHTY U
P ckopocTu.
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GOMBAR LASZLO

RUGALMAS HULLAMOK ELNYELODESENEK KAPCSOLATA
A KOZETFIZIKAI ES LITOLOGIAI TULAJDONSAGOKKAL

A dolgozat dsszefoglalja az alapveté abszorpciés mechanizmusokat, valamint a kézetfizikai
és geoldgiai tényez6k hatasat az elnyel6désre.

Kulonb6z6 kézetekre vonatkozéan megvizsgalja a laboratériumi mérések soran kapott loga-
ritmikus dekrementum és longitudinalis sebesség kapcsolatat. Agyagok és homokok esetében az
elnyel6dési paraméter és a sebesség kozott inverz kapcsolat van, mig az tde andezitekre ez a
kapcsolat ellenkez6 iranyl. A dolgozat vizsgalja a Savit és Mateker (1971) hipotézis teljesiilését,
amely szerint az a— V sikon az uledékes kézetek (agyag, homok, mészkd) elkiilonitheték egymastol.

A mérési eredmények elemzése alapjan megallapithatd, hogy a litolégiai osztalyozasra csak
akkor van lehet8ség, ha a csillapodas és a sebesség mélységtél valo fliggésének ismeretében egy
k6zds szintre redukaljuk a csillapodas- és sebességértékeket.

N. TOMBAP

CBA3b MNOrJ/IOWEHVA YTMPYT WX BOJ/IH C NETPO®PUNINYHECKNMU
N INTOJTOIN OYECKMIWN CBOVICTBAMU

B pa6oTe NoAbITOXMNBAKOTCA OCHOBHbIE MEXaHW3Mbl MOF/OLEHNS, @ TaKXKe BAUAHKUE NeTPo-
(hN3NYECKNX U Fe0NOrMUYeCKUX (PaKTOPOB Ha MOTrNOLLIEHNS.

Bbin NpoBeaeHbl N1a60paTopHble U3MEPEHUs AN U3YUeHUs CBA3W NOrapudMmUUecKoro feK-
pemMeHTa C MPo/A0/bHOI CKOPOCTbLIO Ha Pa3Hbix Nopodax. s ruH 1 NecKoB CyLecTBYeT 06paTHas
CBA3b MeX[y NapameTpoM MOI/OLIEHUS 1 CKOPOCTbO, a [/ CBEXMX aHAe3UTOB Takas CBSi3b
COCTOMT B MPOTUBHOM HanpaeneHun. B pa6oTe paccMaTpUBaeTCs BbINONHEHUA runoTes3a Casuta
1 Matekepa (1971), no KOTOPOMY UMEETCS BO3MOXHOCTb PasfennTb ocafouHble nopofp! (FUHbI,
MECKM W U3BECTHAKM) MO MIOCKOCTN a— V.

Mo aHanu3y pes3ynbTaToB W3MEPEHUs MOXHO OTMETWUTb, YTO MPOBECTU AUTONOTUYECKYIO
KNacCU(MKaLmMio MOXHO TOMbKO B CMydyae, KOrja Ha OCHOBE 3HAHWA 3aBUCUMOCTM 3aTyXaHus
1 CKOPOCTM OT FNY6MHbLI 3HAUYEHWS 3aTyXaHUs 1 CKOPOCTW MPUBOAATCSA K 06LLEMY YPOBHIO.
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DEVELOPMENT OF INTERPRETATION METHODS
OF PSEUDO-ACOUSTIC SECTIONS ON THE BASIS
OF GEOSEISMIC MODELLING

G. N. GOGONENKOV*, N. D. PAVLOV*, V. D. LEVCHENKO?*,
B. . AGAFONOV*

The paper presents geoseismic modelling studies carried out on a geologically typcial site of
the Volga—Uralian oil-gas province. Computed synthetic time sections are retransformed into
acoustic impedance sections in order to study the possibilities of pseudo-acoustic logs in investiga-
tions of the fine structure and material properties of productive formations. By analysing the results
and comparing them with the original input models general conclusions are drawn and requirements
are formulated concerning the proper interpretation of the pseudo-acoustic sections.

d: synthetic seismograms, oil and gas fields, seislog, models, reefs

1. Introduction

The most promising new ways of increasing the efficiency of the seismic
method are connected with the solution of the inverse dynamic problem, i.e.
with the estimation of the detailed distribution of the elastic properties on the
basis of the seismic wave field. To date, the solution to this problem has been
realized in a method consisting in the inversion of the seismic traces, termed the
pseudo-acoustic transformation or pseudo-acoustic log in the Russian literature
[Gogonenkov €t al. 1980, Gogonenkov-Petersen 1982], and “SEISLOG”,
“VELOG?”, etc. in Western technical papers [Bois 1978, Lindseth 1979, Street
1978, Gardner 1974].

Due to the fact that in this methodology the solution of the inverse dynamic
problem results in an effective seismic model that does not contain the whole
spectral range of the distribution of the elastic properties but only a limited part
of it bounded from above by some cut-off frequency, the practical interpretation
of the pseudo-acoustic sections involves certain difficulties (Gogonen-
kov-A ntipin 1970). These difficulties become even more serious if in the low-
frequency part of the spectrum there is also missing information on some of the
spectral components. Such cases are encountered if we somehow cannot get
information on the formation velocity model of the medium, or if the velocity
model only describes the very low-frequency variations so that there is a gap
between the frequency band of the layer model and the frequencies of the seismic
trace where we have no information on the amplitude- and phase characteristics
of the respective spectral components.

* Central Geophysical Expedition of the Qil Ministry, 123298 Moscow, ul. Norodnogo Opolcheniya 40,

korp. 3, USSR’
Manuscript received: 13 December 1982
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In order to study the distortions in the distribution of the elastic properties
due to these effects, and to develop a proper methodology for the interpretation
of the pseudo-acoustic sections, we have carried out model studies for typical
geological situations. Study sites were selected from the seismically explored
territories of the Ural—Volga region, W. Siberia and the Caucasian Fore-
deeps.

The main results of this model study—besides increasing our under-
standing of the proper interpretation of the pseudo-acoustic logs—will de-
monstrate that there is a real possibility for the detailed delineation of the
productive intervals; also, we will be able to state the requirements concerning
the bandwidth of the seismic records that are necessary for solving a given
geological problem.

In the present paper only a selected model study will be dealt with, in
connection with a typical geological structure from the Volga—Uralian oil
and gas province.

2. Method of modelling

The structures to be modelled were selected on the basis of the following
criteria: typicality of the geological situation, CH-prospects, sufficiently well
known with regard both to the geometry of the layers and to the elastic and
density properties. As a rule, such structures were selected where a sufficient
amount of geophysical well log data was available, including sonic and density
logs. The model profiles are perpendicular to the srike of the main geological
objects, and go through the boreholes. Using the available well-log data and the
seismic sections the individual layers were correlated and a detailed geological
model was constructed. The thickness of the layers varied between 5and 30 m.
Next, on the basis of the available sonic and gamma—gamma logs, the
geological model was transformed into a petrophysical one where to each layer
we allocated the corresponding P-wave velocity and density values. Where
found appropriate on the basis of the geological model, the horizontal gradients
of the elastic and density properties were also indicated within the layers.

The geological—petrophysical models were converted in the next step
into a theoretical seismic section, by convolving the corresponding spike-
seismogram with a wavelet having rectangular amplitude characteristics in the
prescribed frequency-band and a zero phase shift. The seismic section obtained
should be considered as the model of an ideally processed seismic material, after
true amplitude recovery, wave-shaping and a drastic reduction of the multiples.
Generally, if not otherwise mentioned, diffractions have not been included since
it has been found that they play a negligible role in the case of the structures
studied.

The seismic model sections derived from the geological—petrophysical
models were then entered as inputs to the Pseudo-Acoustic Log (PAL) program
package where they re-appeared at the output as reconstructed petrophysical
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models in the given frequency band (Gogonenkov €t al. 1980). The PAL
sections were computed both with and without using the low-frequency con-
stituents of the input models.

3. Modelling results

The carbonate reefs associated with the anticlinal structures of the
Volga-Uralian oil and gas province were modelled on the basis of the geologi-
cal-petrophysical conditions of the II’'men’ site of the Kuibyshev-Volga region
(S. E. rim of the Mukhanovo-Erokhovski depression). A preliminary geologi-
cal-petrophysical section and the vertical distribution of the velocities and
densities are shown in Fig. 1. The section contains lower and middle Car-
boniferous deposits, the high-velocity carbonate formations enclose two ter-
rigeneous* complexes forming the main acoustic inhomogeneities: the Vereiski
of about 90 m thickness, and the Tarusa of about 15 m thickness. The Vereiski
formation is an alternating sandstone/shale sequence, it is relatively poorly
differentiated as regards velocities and highly differentiated as regards densities.
The thickness of the individual layers fluctuates between 3and 15m. The Tarusa
Formation consists of shales. Within the carbonate formation the large acoustic
inhomogeneities are due to nonuniformly distributed shaly limestone interbed-
dings of 3-10 m thickness.

The spatial model was constructed on the basis of the data of 5 wells
(including the sonic- and gamma—gamma log from the H'men™4 well). Re-
sults of the high-resolution seismic survey (up to 100 Hz) of the Central
Geophysical Expedition were also utilized. The constructed model reveals a reef
structure in the Serpukhov stage, located on a small-amplitude uplift. The
nucleus of the structure consists of high-density carbonates, joined at the flanks
by more shaly differentiations. The complex is overlain by an anticlinal structure
within which oil has been found in the upper part of the Bashkirian, in one of
the sand layers of the Vereiski Formation, and at the bottom of the Kashira.
The petrophysical anomalies associated with these accumulations are small,
they only cause a decrease of some 4-6 per cent in the acoustic impedance of
the oil-containing layers. Dips and curvatures of the boundaries are also small,
0.5-1.5°.

In this region, the seismic method has to solve the following geological
problems (besides the traditional task of mapping the reef body):

a) A general lithologic division of the section into terrigeneous and carbonate

layers.
b) Detection of the anomalies due to the presence of hydrocarbons and
delineation of the oil-bearing intervals in the Bashkirian, Vereiski and Kashirian

horizons.
c¢) Further subdivision of the Vereiski terrigeneous stratum, tracing of the

sand layers.

The translation follows the author's terminology by using “terrigeneous” instead of “clastic” (Editor)
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1 2 3 4 5 6 7
Fig. 1. Geological—petrophysical model of the II'men’ oil field (horizontal scale
compressed 1:5) 1-3 — limestones: shaly (2); organic (3); 4 — shales; 5— aleurolites;

6 — sandstone; 7 — oil deposits
1. dbra. Az II'men’ olajmez8 foldtani—kd&zetfizikai modellje (a horizontalis 1épték
1:5 aranyban 6sszenyomva) 1-3 — mészké: palés (2), szerves (3); 4 — pala; 5 — aleurolit;
6 — homokkd; 7 — kd&olaj telepek
Puc. 1. Meonoro-neTpogusnyeckas Mogens paspesa VbMeHeBCKOrO MeCTOPOXAEHUS.
1—3 — W3BECTHSKU: FNNHUCTbIE (2), opraHoreHHble (3); 4 — rWHbI; 5 — aneBponnTbI;
6 — MecyaHuKU; 7 — 3anexmu HedpTu.
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d) Tracing the facies changes before and after the reef where the shaly
limestones change into the dense organic limestone constituting the nucleus of
the reef.

e) Mapping the roofs of the reef bodies.

Theoretical seismic time sections, obtained from the above-discussed geo-
logic model, are shown in Figs. 2. and 3, for oil and gas traps and for two
frequency bands. The 15-40 Hz band corresponds to the real possibilities of the
state of the art, while the 20-110 Hz band is just intended to call attention to
the potentialities of the seismic method.

Comparison of the time sections clearly illustrates the increased resolving
power of the seismic technique for a wider frequency band. The sections clearly
show the anticlinal crest connected with the carbonate structure, the structural
details however appear rather different in the different spectral ranges. It seem
practically impossible to infer any conclusions on the distribution of the mate-
rial composition on the basis of the time sections. The oil accumulations do not
cause any visible effects on the dynamics of the waves.

The same figures also present the pseudo-acoustic transformations of the
corresponding time sections in two variants: with and without utilizing the low-
frequency components of the seismic traces. In the display of the PAL results
the isolines correspond to equal acoustic impedance values, the actual values
being indicated by the density of the hachures. Special attention should be paid
to the proper selection of the shades since in the present version of the SHAD-
CON program only 5-6 different gradations can be generated; this is obviously
not enough to describe the intricate distribution of the material parameters in
a wide frequency range. Consequently, the boundaries between the different
tones should specially be chosen to allow that the most important acoustic
inhomogeneities be clearly separated on the display by visual contrasts between
different tones. The problem, and the methodology of the selection of tones
should be clear from the analysis presented in Fig. 4. The figure shows the
original distribution of the acoustic impedances dnd the pseudo-acoustic logs
computed from different frequency bands of a model trace, located at Well
No. 4. In the original acoustic impedance curve the blackened parts indicate the
change in the acoustic impedance where the formation-water is substituted by
oil (and gas, as well) in the potential reservoirs. If we trace this change across
the finite-bandwidth seismic model, the boundaries between the different tones
have to be chosen such that the transition should coincide with the zones of
changes in the formation properties. Obviously, even the visualization of the oil-
bearing zones alone would require all possible tones (attaching a single tone to
each productive interbedding). Of course, this kind of display would be for from
optimal for the illumination of the rest of the geological problems. To circum-
vent this difficulty, we tried to find another way to select the tones. It goes
without saying that this selection was not optimal in each case. The final
solution of this question is anticipated from the use of colour plotters having
at least 15-20 gradations of colour.
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Fig. 2. Comparison of the synthetic time section (A) with the pseudo-acoustic log without
(B) and with (C) low-frequency components, for the 15-40 Hz band

2. dbra. A szintetikus iddszelvény (A) 0sszehasonlitasa a pszeudo-akusztikus komponensek
nélkil (B) és azokkal egyitt (C) a 15-40 frekvenciasavban

Puc. 2. conocTtaBnenune cunTeTUUECKOTO BpemeHHOro paspesa (A) ¢ paspesamu MAK 6e3
BBeJeHUA HM3KOYacTOTHOI cocTaBnsowei (B) n c ee yyetom (C) Ha yactoTax 15-40 Iu.



.. .interpretation methods ofpseudo-acoustic sections. . . 235

Fig. 3. Comparison of the synthetic time section (A) with the PAL section for the 20-110 Hz
spectral range. B and C as in Fig. 2

3. dbra. A szintetikus id&szelvény (A) dsszehasonlitasa a pszeudo-akusztikus karotazs
szelvénnyel a 20-110 Hz frekvenciasavban. B és C mint a 2. abran

Puc. 3. Conoctasnenne cunTeTMUecKOTO BpemMeHHOro paspesa (A) ¢ paspesamu NMAK Ha
yactoTax 20-110 l'y. B u C cm. Ha puc. 2
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The pseudo-acoustic sections of Figs. 2 and 3 were displayed by using
gradations determined as described above. To facilitate the analysis, four origi-
nal PAL curves are also superimposed on the sections. Let us first consider the
sections constructed without low-frequency components. In order to better
understand the following conclusions, it is suggested that simultaneously con-
sideration be given to comparing the curves in Fig. 4. In addition, comparison
of the pseudo-acoustic sections should also be done with reference to Fig. 4.
where the mutual correspondence of the anomalies can easily be checked.

Fig. 4. Comparison of the PAL traces (computed for the 1I'men’—4 well) in different frequency
bands, without low-fequency components

4. dbra. Az II’'men’—4 sz. fUrasra szamitott pszeudo-akusztikus karotazs csatornainak
Osszehasonlitasa kiilonb6z6 frekvenciasavokban az alacsonyfrekvencias komponensek nélkiil

Puc. 4. ConocTaBneHune Tpacc MAK B onopHoi Touke (CkB. 4 — MibMeHeBCKas) Ha pasHbIX
hunbTpaumnax 6e3 HU3KOYACTOTHOW COCTaBNsAOLLEN

The PAL section in the narrowest frequency band of 15-40 Hz (Fig. 2)
cannot be used except for roughly solving Proble- :), i.e. for separating the
terrigeneous formation. No other problems can be solved because of the limited
resolution of the display. Also, it should be noted that, in this particular case
the PAL section provides erroneous information about the presence of a thick
zone of decreased acoustic impedance in the centre of the organic structure. The
suggested thickness of the Vereiski terrigeneous deposit is also misleading.

The section constructed in the 15-70 Hz band yields more definite informa-
tion. From among the problems listed a), d) and e) can be solved; the effect of
the thin deposits is still small and we cannot trace the sand layer in the Vereiski
Formation. An essential difference will be found if we consider Fig. 3 construc-
ted from the 20-110 Hz band. All five problems can be solved on the basis of
this section. Let us elaborate only one of them, the indication of the small effects
due to the oil traps. The deposit in the Kashira limestone presents itself with
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a decrease of the acoustic impedance of the first high-velocity layer overlying
the Vereiski at 0.67 s. The deposit in the sandstones of the Vereiski horizon also
appears with an impedance decrease in the cap of the structure, at 0.685-0.695 s.
The most clear-cut anomaly belongs to the Bashkirian deposit, encircled by the
12,500 m/s eg/cm3 isoline at 0.71 s.

The pseudo-acoustic section constructed from the 20-160 Hz band does not
contribute too much to the previous one. The sequences of thin beds can be a
little bit better separated, it is easier to trace the oil deposit in the sands of the
Vereiski horizon while, on the other hand, the quality of the productive Kashira
and Bashkirian layers deteriorates.

As for the differences between the pseudo-acoustic sections constructed
with and without supplementary low-frequency information, respectively, it
should be noted that the incorporation of the low frequencies resulted in a more
detailed lithologic differentation of the layers, and in an important subdivision
of the section into intervals of various thickness having different interval veloci-
ties (impedances). As the Vereiski terrigeneous formation thins out there clearly
appears a zone of increased velocity (impedance) in the reef body and in the
underlying carbonates. At the same time, some tiny structural details become
less evident since now they are superimposed on a significant background of the
velocity increase, recovered from the low-frequency components. For example,
in the 20-110 Hz section it is quite difficult to interpret the effect of the deposits.
Only the deposit within the Vereiski sandstones reveals itself by increasing the
thickness of the low-velocity layer. No other deposit can be traced. Evidently,
in such cases where the explored anomalies are small compared with the am-
plitudes of the low-frequency effects, it could be meaningful to construct and
analyse a section without low frequencies.

It is very important to observe that the introduction of the low-frequency
components is also helpful in the quantitative estimation of the petrophysical
parameters. The accuracy of this estimation will be the larger, the higher the
upper cut-off frequency in the seismic spectrum. In order to illustrate this
statement we computed the mean square deviation of the generated model from
the original one, both for the whole spectrum and without the low-frequency
components. The results are shown in Table I.

Table I.
Mean square errors (<) of the PAL values
<r(P)[ms] a(vp) [m's my/cm3
Cut-off frequency . . .
Hz with low-frequency  without low-frequency ~ with low-frequency without low-frequency
components components components components

15- 40 530 960 1380 2512

30- 70 500 880 1300 2297

15- 70 470 870 1220 2268

20-110 370 900 960 2363

20-160 350 845 900 2197
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It can be seen that in the models where the low-frequency components had
been included the mean square errors are relatively small and they fruther
decrease significantly with increasing bandwidth. If the low-frequency com-
ponents are omitted the error abruptly jumps and depends on the spectral
bandwidth.

The model considered above is an example where it is extremely difficult
to detect the anomaly due to the deposit, for this effect is 5-8-times weaker than
that due to the lithological differentiation in the section. Let us also consider
a more simple example—when the objects studied are deposits containing
gas rather than oil. In this case the acoustic impedance mismatch abruptly
increases to 15-20%, instead of its previous value of 3-5%. Figures 5 and 6 show
models constructed for the 15-40 Hz and 20-110 Hz frequency bands, produc-
tive layers being assumed as gas-bearing. It is immediately seen even on the
synthetic seismic section that the wave patterns have undergone a significant
change in the intervals of the deposits. There is a change in the intensity of the
seismic records, there appeared the classical “bright spot”, especially clearly
seen at low frequencies. The correlation of the reflections in the Vereiski Forma-
tion has deteriorated. The velocity decrease in the deposits has led to a flattening
out of the arch of the structure so that the amplitude of the structure in the
Tarusa horizon has become barely observable. Note that on the PAL sections—
both with and without the low-frequency components—we can always clear-
ly see the anomalies associated with the reservoirs. The 15-40 Hz range, how-
ever, is obviously insufficient for an accurate localization of these deposits,
whereas the 20-110 Hz range efficiently maps all of them individually, deter-
mines their spactial dimensions and configuration. Let us also add that while
in the PAL section with “oil deposits” special care had to be taken for the proper
selection of the gradation of the hachure in order to enhance the desired effects,
in the case of “gas” an arbitrary distribution of the shades has been used and
the anomalies are nonetheless clearly seen.

4. Conclusions

In summary, the analysis of the model result suggests a number of general
principles concerning the proper interpretation of the PAL sections:

a) The extension of the frequency spectrum of the signals to be transformed
plays a key role in the correct geological interpretation of the PAL data. For
any actual geological problem and for any set of seismic conditions we can
formulate the requirements concerning the frequency bandwidth. These require-
ments can be determined by means of modelling as in the study described above.

b) If the object studied has extreme acoustic impedance properties in the
analysed interval (this interval should contain at least 2.5-3.0 periods of the
dominant frequency) and the variations of the acoustic properties through the
object’s boundary are much stronger than the differentiations in the distant
parts of the section, the pseudo-acoustic construction would reliably delineate
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Fig. 5. Comparison of the synthetic time section (A) with the PAL section for the 15-40 Hz
spectral range, in the presence of a gas deposit. B and C as in Fig. 2

5. abra. A szintetikus id6szelvény (A) 0sszehasonlitasa a pszeudo-akusztikus karotazs
szelvénnyel a 15-40 Hz frekvenciasavban, gaztelep esetén. B és C mint a 2. abran

Puc. 5. Conoctasnenune cuHTeTueckoro BpemeHHoro paspesa (A) ¢ paspesamu MAK Ha
yactoTax 15-40 Iy c 3anexbto rasa. B u C cm. Ha puc. 2
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Fig. 6. Comparison of the synthetic time section (A) with the PAL section for the 20-110 Hz
band, in the presence of a gas deposit. B and C as in Fig. 2

6. dbra. A szintetikus iddszelvény (A) dsszehasonlitasa a pszeudo-akusztikus karotazs
szelvénnyel a 20-110 Hz frekvenciasavban, gaztelep esetén. B és C mint a 2. dbran

Puc. 6. Conoctasnenue cuHTeTnUECKOTO BpeMeHHOro paspesa (A) c paspesamu MAK Ha
yactotax 20-110 Iy c 3anexsbto rasa. B n C cm. Ha puc. 2
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the object and it would clearly show the variations in its material properties. The
accuracy of the reconstruction of the original values of the elastic parameters
of the study object depends on the ratio of its thickness (in transit time units)
and the upper limiting frequency in the signal spectrum. The quantitative
estimations of the acoustic impedance will agree with original values only if the
condition

j» (3
is valid, where
fn isthe upper limiting frequency in the spectrum of the seismic records;
AT is the two-way transit time across the object studied,;
h isits thickness;
V is the sound wave propagation velocity in the object.

If Condition (1) is not satisfied, estimations of the material properties will
contain substantial errors; however, the spatial location of the target and the
general character of the changes of the parameters within this target will be
obtained fairly reliably.

c) If the study object is not extremal with regard to its acoustic impedance
in the interval analysed, i.e. there is an even more contrasty acoustic inhomoge-
neity in its immediate neighbourhood, then, if Condition (1) is satisfied both for
the study object and for the nearby inhomogeneity, the study object can ac-
curately be mapped and its properties estimated. If Condition (1) does not hold
either for the study object or for the more contrasty nearby inhomogeneity, very
significant errors could result from estimating the properties, position, form and
even the very existence of the target.

d) The absence of the low-frequency components does not complicate, in
some cases it even facilitates the detection and mapping of those targets whose
two-way time thickness is significantly larger than the lower limiting frequency
in the seismic spectrum. In this case, however, no accurate quantitative estima-
tion of the elastic parameters can be given, though the relative change between
the properties in the anomalous body and its surroundings can fairly well be
estimated.

e) The application of the low-frequency components helps in dividing the
section into layers of considerable thickness having different lithology. If Con-
dition (1) is met both for the study object and for the surrounding layers, the

elastic properties of the object can quantitatively be determined.

f) If the PAL sections are displayed using impedance isolines, the appro-
priate selection of the boundaries between different gradations plays a decisive
role. Preferably, this selection should be made in advance, in correspondence
with the geological problem to be solved and with the expected changes of the
material properties. If there are several anomalous objects on the same section,
having widely different properties, it could be meaningful to prepare two or
more different displays with different gradations of the hachures.
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g) The results of analyses of this kind should be compiled to be used as
educational materials for a wide circle of seismic interpreters and geologists
interesed in the possibilities and limitations of the method of pseudo-acoustic
transformation of seismic data.
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G. N. GOGONENKOV, N. D. PAVLOV, V. D. LEVCSENKO, B. I. AGAFONOV

A PSZEUDO-AKUSZTIKUS SZELVENYEK SZEIZMIKUS MODELLEZESEN
ALAPULO KIERTEKELESI MODSZEREI

A cikkben a Volga—Urali olaj- és gazmezd foldtanilag jellemzd teriiletén végzett szeiz-
mikus modelltanulmanyt mutatnak be. A szamitott szintetikus idészelvényeket akusztikus im-
pedancia szelvényekké transzformaljak vissza annak érdekében, hogy tanulmanyozhassak a
pszeudo-akusztikus karotazs alkalmazasi lehet6ségeit a produktiv formaciok finom szerkezetének
és anyagi jellemz@inek kutatasaban.

Az eredményeket elemezve és az eredeti input modellekkel 6sszehasonlitva altalanos kovetkez-
tetéseket vonnak le, és a pszeudo-akusztikus szelvények megfeleld kiértékelésére vonatkozé el6-
irasokat fogalmaznak meg.

. H. TOPOHEHKOB, H. A. MABNOB, B. 4. TIEBYEHKO, b. N. ATA®OHOB

PASPABOTKA METOANKW NHTEPIMPETALIUN
MCEBAOAKYCTUNYECKKX PASPE3OB HA OCHOBE
MEOCCENCMWNYECKOIO MOAEJTMPOBAHUA

Ha npvmepe reonornyeckoin cutyauuun, TUNUMYHOK ANS paiioHOB Bonro—Ypanbckoi Hed-
TerasoHOCHOW NPOBUHLMK, NyTEM PAcYETOB CUHTETUYECKMX BPEMEHHbIX Pa3pe3oB M NocneaytoLLe-
ro npeo6pasoBaHMs UX B pa3pe3bl aKyCTUYECKOW >XeCTKOCTU AEeMOHCTPMPYIOTCS BO3MOXHOCTU
METOAMKN NS M3YUYeHUs AeTaNbHOro CTPOEHMS W NMPOAYKTUBHBIX TOALW,. AHanU3 nonyyeHHbIX
pe3ynbTaToB U UX COMOCTAaB/EHWE C WCXOAHOM MOJENbI reodM3nyeckoro paspesa Mo3BoUN
chopMynMpoBaTb HEKOTOPbIE MPUHLMMNLI MHTEPMPETALMN AaHHbIX NCEBA0AKYCTUYECKOr0 Npeobpa-
30BaHus.
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AUTOMATIC VELOCITY ANALYSIS

Rébert MARLE*

A new way is described for the automatic determination of seismic velocities, by means of
iterative stacking. The procedure is based on the favourable properties of iterative summation and
on some general observations concerning the behaviour of the stacking velocity.

d: seismic velocity, iterative stacking, signal detection, algorithm

1. Introduction

A novel method is introduced for the automatic determination of the
stacking velocity. The basic idea of velocity analyses can always be reduced to
a signal detection problem. The algorithm selects that particular value of the
velocity for which there is the highest likelihood of signal arrival. The decision
about the presence or absence of the signal is made on the basis-of statistical
hypothesis testing. One has to define and compute a measure S of similarity and
to compare it with some prescribed threshold SOto see whether it is greater than
or less than this threshold. If S>S0 we accept the hypothesis that a signal
arrived and we then determine the corresponding velocity. Following N aess
[1979] we propose determining the measure of similarity by means of an iterative
stacking technique. This iterative procedure improves the S/N ratio and, conse-
quently, provides an easier way to determine the velocities [Naess and
Bruland 1979]. Some mathematical properties of the iterative summation meth-
od are given in the Appendix.

The final determination of the whole velocity function is carried out by an
algorithm based on the properties of the stacking velocity [Cochran 1973].

2. Algorithm of iterative stacking

The algorithm should be carried out on the amplitudes belonging to the
same time instants of the statically and dynamically corrected CDP traces. Let
us introduce the following notations:

di the z-th positive amplitude,

b) they-th negative amplitude,

m number of positive amplitudes,

n  number of negative amplitudes,
M fold number.

* Eo6tvds Lorand Geophysical Institute of Hungary;

POB 35. Budapest, H-1440
Manuscript received (revised form): 30 March 1983
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We denote by S' = S++S'- the usual stacking where

- £

In the next step, let us define the amplitudes a" and bj as follows:

If d>s'+ then

if d<s\ then < =
if b'j<S'- then b"=S"-
if b'j>S'- then b"=b;

From these new amplitudes a summation yields the next stacking:

S§" =SI +8S-
where
-a 4 ?
More generally, after the #-th iteration step we have
SNe = SCE+ S&
with =t
S-(i-) ™M y a

55) = W" P

The amplitudes dp and bf}are obtained as follows:

If
if
if
if

iff <sNe
bp>sP

then
then
then
then

df+)=msp
df+)=df)
b+'= SP
b<t+D=Db f

(9

2

(3)

()

(5)

(6)

(N
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wherep=12, .. q—]

The upper index g indicates that the amplitudes have been changed, at
most, (g—1) times. During these changes the amplitudes get increasingly closer
to each other and the S/N ratio improves.

3. Algorithm of velocity determination

The task of velocity determination is reduced to a signal detection problem.
On borrowing terms from statistical signal detection theory, the problem can
be rephrased as follows:

Signal detection is basically a problem of statistical hypothesis testing. We
have to choose between two hypotheses, viz. HO: no signal present, Hr: signal
present. In order to decide between these alternatives we compute a statistics
r and compare it with a previously given threshold r0. For r>r0, the hypothesis
#! is accepted. (For details see Helstrom 1968).

In the case of velocity analysis the statistics is provided by the similarity
function S(t0, v). 1T S(t0, v) # SOwe accept the hypothesis Hu if S(t0, v) < SO,
we accept HO. The choice of the threshold value SO will be dealt with in the
Appendix.

Obviously, the greater the value of S(t0, v), the greater likelihood we have
for signal arrival.

Consequently, in order to find those values of t for which we receive a
signal, and to determine the corresponding velocities, we have to select all local
maxima of the S(t0, v) function that are greater than some prescribed SO.

In the conventional velocity spectra interpretation we look for the local
maxima of the following similarity function:

S(0, v) N M (8)
;2=i y=

where M is the fold number, N the length of the time gate [Taner and Koehler
1969]. Equation (8) defines, obviously, the energy of the stacked trace divided
by the average of the energies of the original CDP traces. Because of the
favourable properties of iterative stacking, if we use in the numerator of the
r.h.s. of (8) M-times the value of the iterative stack rather than the conventional
sum £ aj, the local maxima of the function S(t0, v) would become sharper, i.e.
better recognizable both visually and automatically.
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The main idea of the algorithm is that the velocity values will be sought
only within a quite wide, though definite range, being characteristic to the field
material. The local maxima of the function S(t0, v) will be selected so that the
resulting velocity function should satisfy the following criteria [Cochran 1973].

L In order to grant a reasonable accuracy in the estimation of the interval
velocities there should be at least some prescribed lapse (say 100 ms) between
subsequent reflections.

2. The interval velocities should change between physically plausible limits
(e.g. not less than 1500 m/s and not greater than 10,000 m/s, the boundaries
being dependent on the study site).

3. No reflection can be expected unless there is at least 2% difference
between the interval velocities.

4. If for any reflection arrival belonging to the two-way time TO there
appears another one around the time 2TO, having approximately the same
velocity, this latter one should be considered as a multiple.

Ofcourse, besides meeting all the above criteria, the local maximum should
also exceed the prescribed threshold. The exact value of this threshold strongly
depends on the number of iterations in the stacking process.

The flow-chart of the algorithm is shown in Fig. 1

4. Practical examples

The following examples refer to two separate time sections, the S/N ratio
on the first section is significantly less than on the second one.

Figs. 2 and 3 show the velocity functions determined at two CDP points
of the first section. The dashed line denotes the conventionally computed and
interpreted velocity function, the solid line the automatically computed one. In
Figs. 4 and 5 the automatic velocity analysis results are presented, by solid lines
for the second section, the thresholds being 0.05 and 0.3 for Figs. 4 and 5,
respectively. Dashed lines denote the manual interpretation of the velocity
spectra results by two independent geophysicists.

Finally, the last two Figures provide a comparison between the second
sections processed according to the conventionally determined (Fig. 6), and the
automatically determined (Fig. 7) velocity functions.

The results obtained thus far have proven the reliability of the proposed
method.
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( START )

SUBSEQUENT
LOCAL
MAX.

Fig. 1. Block diagram of the automatic velocity determination algorithm
1. dbra. Az automatikus sebességmeghatarozas algoritmusanak blokkvazlata

Puc. 1. Bfiok-cxema anroputMa aBTOMaTUYeCcKOro onpefeneHns cKopocTu
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slocking velocity

stacking velocity

R. Marle

Fig. 2. Velocity functions obtained by constant veloc-
ity stack (dashed line) and by the new automatic
velocity determination (continuous line) for part I. of
the profile

2. abra. Alland6 sebességli 6sszegzéssel (szaggatott
vonal) és az (j automatikus sebességszamito eljaras-
sal (folyamatos vonal) meghatarozott sebességfiigg-
vény (a szelvény |. szakaszara)

Puc. 2. CKOpOCTHble (DYHKLWW, MOMyYeHHble B pe-
3ynbTaTe HaKOMMEeHUs C MOCTOSIHHOW CKOPOCTbIO
(NokasaHHble MYHKTUPOM) W MPUMEHEHUS HOBOIO
cnocoba N5 aBTOMAaTUMYECKOrO OMNpeaeneHns cKo-
pocTu (NOKa3aHHbIE CM/IOLIHOWM NMHMER) ANSA yYacTKa

| npochmns

Fig. 3. Velocity functions obtained by constant veloc-
ity stack (dashed line) and by the new automatic
velocity determination (continuous line) for part II.
of the profile

3. abra. Allandd sebességii 6sszegzéssel (szaggatott
vonal) és az (j automatikus sebességszamitd eljaras-
sal (folyamatos vonal) meghatarozott sebességfiigg-
vény (a szelvény Il. szakaszara)

Puc. 3. CKOpOCTHble (PYHKLUMK, MONMYYEeHHble B pe-
3ynbTaTe HaKOM/IEHUs C MOCTOSAHHOW CKOPOCTbIO
(nokasaHHas MYHKTUPOM) W MNPUMEHEHWS HOBOMO
cnocoba s aBTOMATMYECKOro OnpefenieHns CKo-
pocTu (nokKasaHHas CNOWHOM NMHKUER) ANa yYacTKa
Il npocmns
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stocking velocity

stacking velocity

Fig. 4. Velocity functions obtained by two different
interpreters using constant velocity stack (dashed
lines) and by automatic velocity determination (con-
tinuous line). In automatic computation the thresh-
old: 0.05

4. &bra. Alland6 sebességli 6sszegzéssel, két kiilon-
b6z6 kiértékeld altal (szaggatott vonal), és az auto-
matikus sebességmeghatarozé eljarassal (folyamatos
vonal) meghatarozott sebességfiiggvény.

Az automatikus sebességmeghatarozasnal alkalma-
zott kiszobérték: 0,05

Puc. 4. CKOpPOCTHblE (PYHKUUM, MONYYEHHblE ABYMS
pasHbIMW MHTepnpeTaTopaMu NPy HaKomMIeHU € No-
CTOSIHHOW CKOPOCTbO (MOKasaHHas MYyHKTMPOM), W
B pe3ynbTare MCMOMb30BaHWs cnocoba aBToMaTmye-
CKOro onpefeneHns cKopocTu (nokasaHHas cnaoL-
HOI NNHVENR).

3HayeHve nopora npu aBTOMaTU4ecKoM onpegene-
HUM ckopocTu cocTaBngaet 0,05

Fig. 5. Velocity functions obtained by two different
interpreters using constant velocity stack (dashed
lines) and by automatic velocity determination (con-
tinuous line). In automatic computation the thresh-
old: 0.3

5. abra. Allandé sebességli dsszegzéssel, két kiilon-
b6z6 kiértékeld altal (szaggatott vonal), és az auto-
matikus sebességmeghatarozé eljarassal (folyamatos
vonal) meghatarozott sebességfiiggvény.

Az automatikus sebességmeghatarozasnal alkalma-
zott kiszobérték: 0,3

Puc. 5. CKOpOCTHbIe (hYHKLMW, NONYYeHHbIE ABYMS
pasHbIMU MHTepnpeTaTopamMmu Npy HaKoMaeHUM ¢ no-
CTOSIHHOW CKOPOCTbHO (MOKa3aHHasa MyHKTUMPOM), U B
pesynbTaTe WCMOMb30BaHUs crocoba aBTOMaTuUye-
CKOro ornpefieNileHns ckopocTy (NokasaHHas croL-
HOI NINHVENR).
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Hg. 6. Seismic time section using CVS velocity functions for processing

6. abra. Allandé sebességii dsszegzéssel meghatarozott sebességfiiggvény alkalmazasaval
feldolgozott idészelvény

Puc. 6. BpemeHHbIn pa3pe3, 06paboTaHHbI C NPUMEHEHWEM CKOPOCTHON (PYHKLMN,
onpeaeneHHoR NyTeM HAKOMMEHNs C NOCTOSHHOW CKOPOCTbIO
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Fig. 7. Seismic time section using the velocity functions of the automatic velocity determination
for processing

7. abra. Automatikus sebességmeghatarozo eljarassal kapott sebességfiiggvénnyel feldolgozott
id6szelvény

Puc. 7. BpemeHHbIn pa3pe3, 06paboTaHHbI C NPUMEHEHNEM CKOPOCTHOW (YHKLMW, NOMYYEHHbI
€noco6oM aBTOMaTUUYECKOr0 OnpefeneHns CKopocTu
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Appendix

Basic properties of iterative stacking

In what follows we shall derive the expectance and scatter of the iterative
stacking for a very simple case when only noise is present. It is hoped that this
simple example will suffice to demonstrate the advantages of the method com-
pared with conventional stacking.

Suppose we are given N traces each containing only a binomially distri-
buted binary noise assuming the values of + 1or - 1 We proceed to show that
if the probability p (of the positive value) is near to /2, after two iterations the
scatter of the iterative stack will be less than that of the conventional stack.

Suppose that from among the N traces there are k “+1”-s and (N-k)

‘—I -s. The probability of this is gN k(p+q = 1)

The value of the conventional stack is, for this case, 2k —1, its expec-

tance being

with a scatter

°2« - & (f -y (?2)w -'"-cr-ir - $

Let us now consider the evolution of the iterative stack:

o _ K _ N -K
S =N “ N
K . _ N-k
df = N if = N
K2 _ (N-k)2
W=, A= N2
K2 . {N-k)2
?: =
d? N2 i f N2
_ K3 <F (N-k)3
N3 e N3

&= _KY _ 2k3+3NX-3Nk2
N3 N3
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The expectance of the above expression is

[ 2k3+3NX%-3Nk2-N 3 KNk

and similarly, after some awkward but elementary algebra,

R 2(5<3) = 9pa+ LW p3a3-p 282) + 0N -in

Consequently, D2(S@)< D2Z(S) if 1/4</»< 3/4.

In other words, in all practical cases the S/N improvement in the iterative
stack will be faster than in conventional summation.

In the selection of the threshold we recall the well-known fact that it is very
unlikely that no signal will be found if the magnitude of the statistics is greater
than three times the scatter. For example, ifp= 1/2, and N= 12, the threshold
0.05 seems appropriate. It is not worth while to select a much larger threshold
for this would increase the probability of missing some of the signals that have
actually arrived.
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MARLE ROBERT
AUTOMATIKUS SEBESSEGANALIZIS
A dolgozat egy olyan automatikus sebesség meghatarozd eljarast ir le, amely iterativ

stacking-et hasznal fel. Az eljaras az iterativ stacking-nek a sebesség meghatarozas szempontjabél
elényds tulajdonsagain és a stacking-sebesség altalanos jellemzdin alapul.

P. M3PJIE
ABTOMATUYECKUIA AHAJIN3 CKOPOCTEN
B paboTe onuckiBaeTCs CNOCOG aBTOMATUUECKOTO OMPeSeNeHNsi CKOPOCTH, KOTOPbI UCNosb-

3yeT UTepaTtuBHOE HakanameBaHUe. Cnoco6 ocHoBaH Ha [OOCTOMHCTBaxX UTepaTuBHOro HakKaninea-
HUA C TOYKKM 3peHna onpeaeneHna CKopoctu n OGU.I,VIX XapaKTeEPUCKNTaAX CKOPOCTU HaKOMNEHUA.



Integrated interpretation of geological and geophysical data. . . 255

GEOPHYSICAL TRANSACTION 1983
Vol. 29. No. 3. pp. 255-262

INTEGRATED INTERPRETATION OF GEOLOGICAL
AND GEOPHYSICAL DATA IN OIL AND GAS EXPLORATION
AND PROSPECTING

V. Yu. ZAICHENKO*, E. V. KARUS**,
E. A. KOZLOV**, V. M. TIKHOMIROV***

The problem of integrated interpretation of geological, geophysical and geochemical data
before preparing oil- and gas-exploratory drillings is solved by a sequence of special procedures.
Their main steps are: outlining of a region with indications of oil accumulation; quantitative
prediction of hydrocarbon potential, estimation of parameters of the reservoirs (size, shape, hydro-
carbon content) and selection of sites of exploratory wells.

The performing of the described procedure is based on a specialized package of computer
programs which was tested on two hydrocarbon occurrences.

d: oil and gas fields, reserves, computer programs, prediction maps

1. Introduction

At the present time the organizations of the USSR Ministry of Geology
apply geophysical methods to delineate and prepare for drilling around 96% of
oil and gas prospective structures. The switch-over to digital data acquisition
in the main geophysical methods brought a sharp increase in the bulk of annual
information, and improved its reliability and geological comprehensiveness.
The implementation of digital data processing allowed more complex geological
interpretation.

The main difficulties in practical geological interpretation are related to the
fact that the traditional visual methods—comparing maps and sections—are
unable to provide for high-quality integrated analysis of the geological,
geophysical, well-logging, and geochemical data-sets. As a result, at the pros-
pecting stage, the problem is limited to the use of a single relationship—the
correlation of hydrocarbon accumulations with anticlines (structural traps),
which is usually confirmed in about 30% of the cases. For the same reason, the
data of geophysical surveys at the exploration stage are applied even less,
usually when selecting sites of the first wells. The subsequent drill sites are
selected using maps compiled from the results of exploratory wells.

The presented approach is implemented by using the existing automatic
data management systems in the process of exploration for oil and gas to

* USSR Ministry of Geology 4/6 B. Gruzinskaya str. Moscow 123242 USSR
** VNIIgeofizika 22 Chemyshevski str. Moscow 103062 USSR
**» Npo VNIlgeofiziki 5 Kievskoe shosse, Naro-Forminsk, Moscow region, 143300 USSR
Paper presented at the 27th International Geophysical Symposium, Bratislava, Czechoslovakia, 7-10
September 1982
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manage the process of prospecting for oil and gas regardless of the details of
the approaCh [Aronov 1977, Volkov 1977, K noring 1977]

2. Geological—geophysical data management systems

A number of organisations of the USSR Ministry of Geology have been
engaged in developing the GEOPACK system [k oziov-T iknomirov 1979]
with the aim of increasing the efficiency of exploration by the more comprehen-
sive use of the accumulated geophysical information. The system involves the
realization of the full processing-cycle, as well as independent and integrated
interpretation of geological, geophysical, geochemical and other data, including
exploitation management decisions.

GEOPACK is a complex of interrelated subsystems with the following
main structural elements: (Fig. 1.):

— a set of program packages for different methods: seismic (SEISPACK),
gravity (GRAVIPACK), etc.;
— a package of integrated interpretation and management (COMPACK);

— geophysical data base.

Fig 1 structure of the GEO-
PACK system

1 dbra. A GEOPACK rendszer
felépitése

Puc. L crpyxkrtypa rEONAKa

The packages process the initial data of each method up to a level of
qualitative and quantitative interpretation. The output of results (geophysical
and geochemical contour maps, charts, sections, etc.) is stored in the geophysi-
cal data base in the form of files on disks and tapes.

The integrated interpretation of the diverse information available is carried
out within the COMPACK subsystem. Through the geophysical data base,
COMPACK takes in the whole flow of geological/geophysical parameters
resulting form the program packages of separate geophysical methods, and
produces management decisions.
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The COMPACK subsystem can be considered as the software basis of
automatic control systems (ACS) currently developed:

EACS — to control exploration within an area, and

PACS — to control prospecting of the located oil and gas traps (reser-

VOirs).

The main tasks performed by the EACS system are:

— selecting promising targets (intervals, structures, zones, etc.);

— the evaluation of the selected target;

— selecting the optimum sites for prospecting wells including the number of
wells and their order of succession;

— decision-making concerning stopping or continuing the exploration
process;

— making preliminary reserve estimates for the located reservoir before its
prospecting.

The PACS system is designed for

— contouring an up-dated structural map of the territory;

— mapping the internal and external oil, gas, and water outlines;

— making a quantitative reserve estimate and appraising its error;

— determining the intensity of further prospecting (the number of rigs to be
operated);

— selecting the site of the next well or group of wells;

— determining the number of wells sufficient for prospecting.

The aims of the EACS and PACS systems are reached through solving the
following problems which may be reduced to processing of the initial and
intermediate files:

(1) construction of a multidimensional matrix of indicators,
(2) selection of a rational set of geophysical methods,

(3) reduction of the initial data set,

(4) prediction of hydrocarbon potentials,

(5) integrated evaluation of all parameters,

(6) planning of exploration drillings,

(7) planning of prospecting drillings.

The structure of the COMPACK subsystem is presented in Fig. 2. The
formulation of these problems and the approaches to their solution can be
reduced to the following:

1 The problem of generating an integrated table of the initial data consists
of the collection and systematization of the available geological, geophysical
and geochemical data to form a multidimensional matrix of indicators. The
problem falls into several subproblems:

11 Transformation of qualitative, non-measurable indicators (for instance,
colour) in binary codes over a regular or non-regular grid;

1.2 preliminary data processing, switch-over from the non-regular grid to
a regular one, and subdivision into blocks. Quantitative, essentially non-
continuous fields are corrected using the results of drilling (e.g. faulting);

1.3 preliminary smoothing;



258 Zaichenko-Karus-Kozlov- Tikhomirov

14 interpolation of the missing values of indicators;

15 Expansion of the matrix of indicators presented by the cumulative table
using the spatial properties of scalar-, potential- and encoded qualitative fields.

Such qualitative parameters as the squared dip of a horizon, its total and mean
curvature, relationship of horizons, and others are used as additional indicators.

2. The selection of a rational set of surface geophysical surveys is made with
the aid of the method of conventional correlation capable of estimating the
significance of the relationships between groups of indicators. The resulting data
file is a table of correlation coefficients that helps in selecting the most efficient
set of geological, geophysical and geochemical surveys.

Fig. 2. Flow chart of the COMPACK subsystem
2. dbra. A COMPACK alrendszer blokkdiagramja

Puc. 2. Cxema npeo6pasoBaHns uHdopmaumm B nogeucreme KOMMAK
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3. The reduction of the initial indicator matrix generated at stage 1.5 can
be accomplished by several different techniques. One of them is the method of
main factors which — under favourable conditions — renders possible a quan-
titative estimation of the factors responsible for the observed anomalies. The
resulting file contains the values of the main factors instead of the values of
indicators.

4. The prediction of hydrocarbon potentials consists of three consecutive
steps including the generation of a reference sampling calculation of a mathema-
tical model of the reservoir, and estimation of oil and gas reserves.

4.1 The sampling of reference vectors is reduced to generating the STAN-
DARD file which contains all data on oil and gas potentials (total- and net sand
thickness and primary oil reserves in a productive formation); the file also
contains the values of the main factors calculated with respect to the given
drill site.

4.2 The calculation of the mathematical model from the STANDARD file
can be carried out either by the well-known technique of pattern recognition or
by mathematical modelling of an oil reservoir. The result is stored in the
MODEL file which includes regression coefficients and diffusion matrices as
well.

Mathematical modelling is based on the assumption that the hydrocarbon
potentials of an oil/gas reservoir can be expressed in terms of a current reserve
estimate g(X, Y, G), which is a function of the X and Y co-ordinates of observa-
tion points, and a set of geological, geophysical and geochemical information
available at the sites. The matrix representation has the form

tha« = v=12 oy

where @ is the matrix of indicators, which are functions of the X, Y co-ordinates
of the observation points and observed geological, geophysical and geochemical
fields; each row of matrix ®is one observation point; a@) are the column vectors
of regression coefficients of local models forming a complete model of a reser-
voir; RVis the difference between the reservoir top and the true or supposed
oil-water or gas-water contact and S® s the thickness of the oil-bearing layer.

4.3 The estimation of oil and gas potentials includes calculation of the
nominal values and probability of an oil/gas deposit, prediction errors at a given
level of significance, and extreme (guaranteed and probable) estimates of oil and
gas potentials at the same level of significance.

The calculation is made solving the system of the equalities and inequalities
(1) with respect to the column vector of the reservoir.

5. A complete set of the calculated local reserve estimates consists of three
response surfaces inserted into one another and resting on the common zero-
datum plane. The regions of their validity (projected on the horizontal plane)
form the proven, probable and possible areas of oil reserves.
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The integrated parameters — volumetric parameters and reserves esti-
mates — are calculated analogously with the area estimates, resulting in the
proven, probable and possible volumes and reserves of the reservoir.

6. The planning of an exploratory drilling program includes the subdivision
of the territory and the estimation of the probability of oil and gas occurrence
jointly analysed by the experts,

6.1 The subdivision of the territory is made in the space of the main factors
by the methods of set-analysis.

6.2 The probability of oil (and gas) occurrence is calculated taking into
account the values obtained from the first and second local models (v= 12
see 4.3). The results are plotted as maps. The maximum probability points are
selected as sites for drilling.

7. The planning of a prospecting drilling program consists of three steps.

7.1 In the first step, certain vectors of the file of the main factors belonging
to wells, containing oil and gas at the interval concerned, are selected from the
STANDARD file with all due allowances for the MODEL file.

7.2 In the second step, a set of the PREDICTED main factors characteriz-
ing the points lying within an inferred oil outline is generated from the file of
the main factors with all due allowances for the MODEL file.

7.3 In the third step the mean- and covariance vectors, formed from the
main factors in steps 7.1 and 7.2 are compared, and all points are classified in
order of preference.

Commonly, the purpose at each subsequent step is to drill a well at a site
which will minimize the error of oil reserve estimation. In real situations,
however, other purposes can be set, such as maximization of oil reserve addi-
tion, minimization of the error of reservoir approximation, and others.

Minimization of the error of reservoir approximation is accomplished by
trial and error and by simple comparison of the estimates of the local uncer-
tainty of the reservoir’s model.

It is assumed that a well drilled at the site of the maximum preferability
will tap a deposit of the calculated total or net thickness, or calculated reserves.
Then the mathematical model of the deposit is calculated again producing
another drill site and so on.

The solution of problems 2 and 6 is required only for EACS and problem
7 — only for PACS. The other problems (1, 3, 4, 5) are related to both.

The block construction of the system allows one to choose between several
combinations of the procedures at each step, in particular to use deterministic
processes along with statistical ones.

3. Case histories

The system was tested in the Botuobinski oil and gas bearing province
(south-western Yakutiya) and in Belorussia. In the latter case, (Fig. 3.) the
system was applied to oil prospecting within the Rechitski tract in the northern
part of the Pripyat depression, where the known oil occurrences are confined
to large-amplitude highs bounded by faults, and occur in intermittent limestones
and dolomites lying between salt beds.
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Fig. 3. Scheme for selecting sites for exploratory wells:

1— scale of hydrocarbon content coefficient (the ratio of nominal estimate of effective oil-
saturated thickness to its error); 2 — known oil fields. Deep wells: 3 — productive, 4 — dry,
5 — previously recommended, 6 — recommended by COMPACK, hydrocarbon content
indicated

3. dbra. A feltaro furasok helyet kijel6l6 eljaras menete
1— a szénhidrogén-tartalom egyutthat6 skalaja (az effektiv olajjal telitett vastagsag névleges
becslésének a hibahoz viszonyitott értéke); 2 — ismert olajmezék. Mélyfarasok: 3 — produktiv,
4 — medd6, 5— korabban javasolt, 6 — a COMPACK altal javasolt (szénhidrogén-tartalom
jeldlve)

Puc. 3. Cxema nnaHMpoBaHMS CETU MOUCKOBOro GypeHus.

1— wkana 3Ha4eHnn KoahduumeHTa HehTerasoHOCHOe™ — OTHOLEHUS HOMUHANIbHOW OLEHKM
3(h(heKTUBHOWN HeTEHACHILEHHOW MOLLHOCTK K ee OLMOKa; 2 — W3BECTHbIE MECTOPOXAEHNS
HerTVI. Fny60K|/|e CKBaXKUHbI: 3 — NPOAYKTUBHbIE, 4 — HENPOAYKTUBHbIE,

5— 3anpoekTupoBaHHbIe paHee, 6 — peKoMeHAOBaHHbIE, C YKa3aHWeM KO3(huLMeHTa
He(pTerasoHocHoe ™

The COMPACK application helped:

— to distinguish complex anomalies of the “oil reservoir” type;

— to select a pattern of exploratory wells within the located anomalies.

The initial matrix of indicators included the depths to the Turonian and
Cenomanian reflector, the AT values of the geomagnetic field, the Ag Bouguer
anomaly values, the temperatures at 50 m, and the values of an integrated
geochemical index. Well logs were available, and inflow tests had been made in
23 exploratory and prospecting wells available in the region.

Processing of these data with the COMPACK resulted in the location of
five “oil reservoir” type anomalies where the probability of tapping a reservoir
containing hydrocarbons exceeded 70%. Six sites for exploratory wells and one
for a prospecting well were recommended at the maximum preferability points
of these areas.

Two wells were drilled after recommendations and both proved the predic-
tion.
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V. Ju. ZAJCSENKO, E. V. KARUSZ, E. A. KOZLOV, V. M. TIHOMIROV

FOLDTANI ES,GEQFIZIKAI ADATOK KOMPLEX KIERTEKELESE
A KOOLAJ ES FOLDGAZ KUTATASA ES FELTARASA SORAN

A foldtani, geofizikai és geokémiai adatok komplex kiértékelésének feladatat — a kdolaj- és
foldgazkutato furasok el6készitését megel6z6en — specidlis eljarasok sorozataval oldjak meg. A
folyamat f& lépései: az olaj szempontjabol reménybeli teriilet kérvonalazasa; a szénhidrogén-poten-
cial mennyiségi becslése; a rezervoar paramétereinek (méret, alak, szénhidrogén-tartalom) becslése
és a feltard farasok helyének kijeldlése.

A leirt eljaras végrehajtasa az erre a célra kifejlesztett programcsomagon alapul, melyet két
szénhidrogén-telepen probaltak ki a gyakorlatban.

B. 10. 3AMYEHKO, E. B. KAPYC, E. A. KO3/10B, B. M. TUXOMWPOB

KOMIT/IEKCHAA NHTEPIPETALUKA MEONOI O-TEOPUNINYECKINX
HHbIX MPU NMONCKAX U PASBEAKE
HE®TEIA3OMNEPCMNEKTVBHbLIX OB bEKTOB

3afja4a KOMMNAEKCHOM MHTEPMpeTaLuy reonoro-reopuanyecknx n reoxXMMmMUYeckux AaHHbIX
npu NoAroToBKe K MOMCKOBOMY pa3BefouHOMY GYpeHMi0 HedTerasonepcrneKkTUBHLIX 06bEKTOB
cBefieHa K Moc/nefoBaTe/bHOCTM Npeo6pa3oBaHnii, BKNOYAOWMX (HOPMUPOBAHME MPOCTPAHCTBA
NPU3HAKOB HA/INUMSA 3a1eXKM, KOMMYECTBEHHbIA MPOrHO3 He(hTEra3oHOCHOCTM, OLIEHKY NapameTpoB
061bEKTOB (pa3mep, hopma, CTerneHb HedTerasoHacbnLeHNs), NNaHNPOBaHKe Pa3MeLLeHMs NMOMCKO-
BbIX 1 Pa3BEAOYHbIX CKBXWH. TeXHONOTrUs 06paboTKN OCHOBaHa Ha MPUMEHEHUM CreLuanuamnpo-
BAHHOIO Naketa nporpamm. [aH npuMep NpUMEHEHNUs TEXHOMOrnN.
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