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EDITORIAL

A number of basic changes in publishing policy were decided upon by the
Editorial Board to bring Geophysical Transactions into line with the latest
trends of scientific publications.

The most important task of our journal remains that of acquainting the
world of geophysics with the latest results of Hungarian geophysicists. But at the
same time we would like to broaden the scope of topics as well as the circle of
authors by including papers of researchers of all countries. With this in mind,
mention is made here that the present issue includes a paper from the GDR and
a contribution from the USSR.

Geophysical Transactions has been published since 1952 and is sent on an
exchange basis to 360 institutions of exploration geophysics in 59 countries. It is
thus guaranteed that your work will reach an international audience. Geophysi-
cal Transactions is reviewed regularly in Applied Mechanics Reviews and Refer-
ativny Zhurnal. We are currently concerned with extending the reviewing possi-
bilities to enable all information appearing in our journal to flow into the main-
stream of worldwide information circulation.

In addition to the strong background indicated above we are able to offer:

— publication of accepted manuscripts (if necessary revised according to

referees’ opinion) within six months;

-charge-free supply of 25 separata; for more than two authors—on

request—this figure can be doubled.

Starting with this issue, from now on English abstracts will be published at
the beginning of the article; Hungarian and Russian abstracts will appear at the
end of each paper. Figure captions are provided in three languages (English,
Hungarian, Russian) for the benefit of a wider audience.

The Editor will be pleased to receive letters, comments and opinion from
readers and contributors.
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CERTAIN PROBLEMS OF SEISMIC
AND ULTRASONIC WAVE PROPAGATION IN A MEDIUM
WITH INHOMOGENEITIES OF RANDOM DISTRIBUTION. IllI.
STATISTICS OF THE DIFFUSE REFLECTION
SHADOW FOLLOWING A ROUGH REFLECTING BOUNDARY*

G. KORVIN**

It has been since long a basic problem of reflection seismics in Hungary that in many cases we
can get only intricate diffuse reflections from the uneven surface of the basement. These diffuse ref-
lections tend to make it difficult to accurately map the basin floor, diffraction arrivals from surface
roughnesses follow the basement reflection as a “diffuse shadow” of a few hundred ms length inter-
fering with eventual deeper arrivals.

The statistical properties of diffuse reflections arising from Gaussian differentiable, random
surfaces are dealt with. The temporal amplitude behaviour of the diffuse reflection shadow is deriv-
ed and an interesting analogy between two-dimensional Brownian motion and backscattering from
random surfaces is pointed out.

Introduction

It has been since long a basic problem of Hungarian reflection seismics
that in many cases we cannot get but intricated diffuse reflections from the un-
even surface of the basement (szénas and Aaam 1953). Due to these diffuse ref-
lections it is rather difficult at some places to map the basin floor accurately: dif-
fraction arrivals coming from the surface roughnesses follow the basement reflec-
tion as a “diffuse shadow” of a few hundred ms length so that it tends to be very
difficult to detect eventual deeper reflections. The existence of the diffuse reflec-
tion shadow following rough boundaries has also been demostrated by model
experiments (Voskresenskiy 1962, Leong et al. 1971). For a special non-differen-
tiable random surface model the time-behaviour of the diffuse reflection shadow
was theoretically investigated in the low-frequency limit by Biot (1957). In the
present paper Gaussian differentiable, random surfaces will be considered for the
case when the wavelength is much shorter than the characteristic size of the inho-
mogeneities. Surface-surface multiple scattering and corrections for the self-sha-
dowing of the random surface (Beckmann 1965) will not be taken into account.

I will derive the expected temporal behaviour of the amplitude distribution
of the diffuse reflection shadow, and call attention to an interesting analogy
between the Brownian motion (two-dimensional random walk) and the back-
scattering from random surfaces. Connections with digital processing are to be
dealt with in a separate paper.

The problem was called to my attention some 10 years ago by the late Dr.
Gy. Szénas (see Editorial note to kK orvin 1973). This paper is dedicated to his
memory.

* The first two parts of this series of articles appeared in Geophysical Transactions, Vols 21
(1973) and 24 (1977).

** EOtvos Lorand Geophysical Institute (ELGI) of Hungary
Manuscript received: 24. 9. 1981



6 G. Korvin
Statistics of the Diffuse Reflection Shadow
The measurement geometry utilized is shown in Fig. 1 The random surface

is described by the function £(x, y); it is supposed that £(x, y) is homogeneous
and isotropic (Tatarski 1967) with

0 = -7 =-=exp(-t2d2r2 (1)
a\2n
and correlation function
yW xv ¥2)> = °2exp (—2rg), )

where r2 = (x1—x2)2+ (yl—y2)2',r0 is termed the correlation length. If we con-
sider a section of f (x, y) along an arbitrary direction x the power spectrum of

£(x) is given by
Br=" ef{_IH 0

(cf. T atarski 1957). Suppose that ¢(x) is at least twice continuously differentiable
and introduce the new variables

él ) glx : Ox2-
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Obviously, and £2 are also Gaussian and, by the general formula of Rice

1944, 1945), if exists, then
( ) @

<0 =ya- (I) E()kchdk @

Substituting Eq. (3) into (4) and making use of the integration formula 3.461.2 of
G radshtein— Ryzhik (1963)

yi- <«> = —(@1 )" »2 )

where, with the usual notation,

@2n—!! = 1-3-5. .(2n—1). (6)
Particularly,
22
<A>S = N\ =-2> (7)
<il> - ri - (8)

Now, suppose ¢(x) is an arbitrary stationary stochastic process with zero mean
and the autocorrelation function

= <Ne +1i)>.

As is well known, if G(X) is continuously differentiable then

(See €.0. Chernov 1960)
Then
dE(X) _ dE(X + t)\ dRA(r)
dX C(X+ t)) - -<(;(X) dr dl‘ (10)
implying that
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oG

that is Cand ix are uncorrelated,
Applying this result for  and 2, their covariance matrix will be

< Umjfi,7=1,2-
i.e. the 2-dimensional joint distribution of (" £2) is
(ID

After these preliminaries we select on the (x, y) plane an arbitrary straight line
passing through the origin, say the axis x. Measurements are performed by
generating and receiving the waves at point P = P (0,0, h), lying on the z axis at a
height h above the plane (x, y) (this case corresponds to NMO corrected seismo-
grams or time-sections). It is supposed that P lies high above the random surface,

that is
(12

Let X denote the point £(x), let R=PX (Fig. 1). We obtain a reflection from point
X ifand only if x is a stationary point of the function R(x)=PX, i..

ie. if
(13

If we introduce the notation x = 1/h and neglect the second term on the Lh.s. of
Eqg. (13) on the strength of assumption (12), the necessary and sufficient condition
of a reflection from X = £(x) will be the validity of

"(X)=xx. (14)

Denote by N(x) dx the probability of a reflection arrival from some surface point

£(x) above the interval (x, x + dx).
N(x) will be determined by means of the method of K uznetsov et al. 1954

(See also Bass and F uks 1972, Longuet— Higgins 1960)
Suppose C(X) is an arbitrary differentiable random function, <p(x)a differenti-

able deterministic function. Denote by

(15
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the probability of the event that the function z = C(x) intersects the vertical line
segment

PR ™z cp(x)+AC (16)
in such a manner that the slope at the crossing remains within the limits
yrthy + 4 - 17)

As seen from Fig. 2 this occurs, for a sufficiently small A£ if and only if C(X) and
(b(x) cross each other within the interval

w(C=(p(x);t=y)\t-g>\AtAx (18)
is the probability that £(x) intersects cp(x) while its derivative £ stays within

YiCny +AG.
So, the probability of £ crossing tp in the interval (x, x + dx) is given by

P = dx J W(E9, Y)ly-<p()ldy. (19

Taking, in view of Eq. (14), £(X)=E!(x), £(X)=£2(X), cp(x)=xx the probability of
having a reflection from £(x) (x  x'  x+ dx) is given by
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N(x)dx = exp.-h~(r* T+ Myi)Ite-&2|dA2- (20)

dx
2nylyl
Performing the integration in Eq. 20 we obtain
a

N(x) ="expjn- "x2X2yR jxjexp”™- *tdr +y2exp x2)J-,(21)

where | introduced the notation
=+ =i i 22)

Assuming that

a 1
1 23
h /6 h2a @
we can neglect the first term in the wavy brackets of Eq. (21), so that
N (x) « 1 hexp( - —jexp (- ]X x2yj | =
- N oexp(“T2i% ) eXP[- (29

Let us now determine the expected number of reflections 9t(x) dx scattered
from the ring between the radii x and x+ dx around the origin 0 of the (x, y)
plane. If y is the propagation speed of sound waves above the plane (x, y) and
R » yx2+h2 then 9t(x)dx is the expected number of reflection arrivals from the
surface £, at the time instant t = 2R/V.

Denote by Cx the circle of radius x around 0, let e be an arbitrary line
through the origin that intersects Cx at pont Q, and Cx+dk at point Q'. Let us
define a function e(Q) along the circle Cx in the following way: _

e(0= 1 ifthereis a reflecting point on surface £, above the segment QQ,

e(Q)=0 otherwise.

Evidently

9t(x)dx = " § e(Q) ds™>;

on the other hand, because of the isotropy and ergodicity of the random sur-
face
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§ e(Q) dsv
&b N T /-2 X)X
that is
91(x)dx = 2nxN(x)dx. (25)

By Eq. (24):

llZ\Ae{(‘A?)*exp(- Nviyi) @

i.e. the expected number of reflections at the time instant t = 2R/v from the ran-
dom surface Cis

9lI(x)dx = Axexp”™ " xx2y2] dx, (27)
where
N=2"lexp(-+"). 28,
Since A is a bounded function of depth h:

A = A(h) = 0(1) (29)

and y\ is independent of h, the expected total number of reflections from the Gaus-
sian random surface C(x, y) is

W=n|xexp(-" xx2yljdx =j* =0(h2) (30
0

i.e. a finite value of the order h2, in agreement with the result of Longuet— H ig-
gins (1960)
The function

xexpl - 21 & 1)

attains its maximum for xna, where
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(3D

that is

(32)

Since, by Eq. (7), y\ is the mean square slope of the surface £(x), Eqg. (32)
allows the following simple geometric interpretation (Fig. 3):

Fig. 3. Condition of maximal energy return from a random Gaussian surface
3. &bra. Véletlen feluletrdl varhatd maximalis reflexi6 feltétele
Puc. 3. YcnoBue MakCUManbHOr0 OTPaXKeHUs OT CyYaliHOl NOBEPXHOCTM

The greatest number of reflections from the random surface C(x, y) will be
obtained for the angle of incidence 9 for that

The corresponding distance Rn& will be, by Eq. 31
€0

or, in terms of two-fold arrival times, the maximum number of backscattered ref-
lections is to be expected at

t toVi+y?. (35
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where t = 2R/v, t0 = 2hlv, v is the propagation speed above the plane (x,Y).
If the propagating wave has the dominant frequency f the corresponding
wavelength is

A=j (36)

and the first Fresnel zone on the (X, y) plane has the radius
Xj = \Ahj2.
As is well known, the scattering has no important effect unless
ro<xu 37
in this case the total energy of the diffuse reflections coming from the circle of
radius x will also be proportional to their total number 9I(x) dx (cf. c1ay and
Leong in Hampton, 1974)
For the applicability of geometrical optics we require the following condi-
tions
A<r0 (C1
A<h (C2)
a further evident geometrical restriction that

@<h2 (cf. Eq. 12) (C3)

should hold.
The condition of significant diffuse reflection noise is Eq. (37) i.e.

(C4H
In the neglection made in expression (21) we assumed (cf. Eg. 23) that

fn<vi = <& =%f- (C5)

If we are given the geometry (a2, r0) of the random surface f, it is only con-
dition C.I that implies a restriction on the wavelength, all the other conditions
C.2—C.5 are automatically satisfied for sufficiently large depths h.

With regard to the width of the diffuse reflection shadow, it begins at the
distance
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x=0
assumes its maximum at
x2=h2y\  (cf. Eq. 31)
and it practically dies out for
x2*3h2yl (38)
The corresponding distances R are given by
RO=h,
I
R., * h('T+ 3. (39)
In terms of two-fold travel times, the shadow exists between
‘o A Ao yT+3yf

it starts with zero expected energy, its energy gradually builds up, attains its maxi-
mal value around

‘max = h j/lI+ r1
and from that point on it decreases faster than exponentially until it disappears
around

‘end A 'OV A+ 3y f.

As an example consider the case of v = 4000 m/s;/ = 40 H z h —4000 m;
ro0 = 250 m; a2 = 5000 m2 (A= 100 m). It is easy to check that conditions
C.|I—C.5 are met. The time-behaviour of the diffuse reflection shadow is charac-

terized by:

t « 2.078s,

max

‘ad ~ 2.228 s.
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Connections with Two-Dimensional Random Walk

Equation (26) can be re-written, by means of Egs. (28) and (30), as

(40)

where N is the expected total number of reflections from the random surface

It will be shown that Eqg. (40) has an interesting physical interpretation.

Let us consider a particle walking randomly along the (x, y) plane in such a
way that it starts at r=0 then performs its Brownian motion with a free path-
length decreasing inversely with time. More exactly we are going to solve the fol-
lowing problem, by a generalization of Ray1eigh's (1877) method.

Denote v(t, X, y) the probability distribution of the event that the particle
starting out from the origin at i=0 arrives to the point (x, y) at time t. This can
only happen (Fig. 4) ifat the time-instant (t—At) the particle had been at some
of the equally probable points of the circle of radius a(t) centred around (X, y):

y
a (i)
Fig. 4. Generalized Brownian motion
4. dbra. Altalanositott Brown-mozgas
Puc. 4. O606LeHHOe 6pOyHOBCKOE
[BWXeHVe
v(t,x,y)= v(t—At, x—acos q y —asin (p)~~. (41)

Developing the integrand into series according to the powers of acos @ and
asin (p and performing the integration with respect to qx

If we assume that the free path-length decreases in inverse proportion with time:
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where B is constant and we let At ->0, Eq. (42) leads to the following 2-dimen-
sional diffusion equation with time-variant diffusion coefficient:

dv- B (‘dh I'dh 44)
dt~ 2(t+1)2\dx2 + dy2)-
It is easy to check that the solution to Eq. (44), subject to the initial condition

v(t=0, X'y) = <X, is

sey)e hxpl -k (T} (45)

Introducing polar coordinates r, ¢ by
X —rcos ¢,
y = rsindg
we have

t+1 29li+1 rArAd

(46)
2BtFJ Bt 2n

v(t, X y) dx dy = exp

that is the probability that the randomly walking particle would be a distance r
from the origin at the time instant t is given by

«,rydr=exp[— 47)

Asymptotically, for t -* 00, the moving particle slows down and its location
will finally be distributed on the (X, y) plane according to the law

limv(t, Ndr =~ exp” dr. (48)

The similarity of our result (40) and the limiting distribution (48) is evident, by
taking

B=ylh2

Consequently, the backscattering effect of the Gaussian surface £(x, y) can be
substituted by the following Brownian motion model.
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Suppose that at t= 0 IVrandomly walkingj>articles start out from the origin 0
of the (x, y) plane, where N is a finite number of 0(h2), defined by Eqg. (30). Sup-
pose the particles perform their Brownian motion independently of each other,
with unit velocity and with a gradually decreasing path length

Yih
f+r (49)

Asymptotically, for i-too and for a sufficiently large N, the particles will be
distributed on the (x, y) plane according to (48), with

B=y\h2

If we now consider the particles as small mirrorlike monopoles of frequen-
cy- and direction-independent backscattering coefficient, the backscattered
radiation observed at P(0,0, h) will be the same for t> 1 than that received from
the original random surface £(x, y). Strictly speaking, the above substitution of
random surfaces by the random walk of monopoles on the (x, y) plane is only
valid for sufficiently high frequencies satisfying conditions C.I, C.2.

However, as observed by many researchers (Marsh 1961, Langleben 1970)
the backscattering coefficient is frequency-independent for a very broad range of
frequencies. It seems very likely that our main result (26) and the Brownian-mo-
tion model of random surfaces can be extended from the case A<r0 up to the
wavelengths A«r0. In the low frequency limit (4>r0) there appears a coherent
specular reflection coming from the mean surface (g) (Tolstoy and Ciay
1966)—followed by a diffuse echo trail of exponentially decaying density (Biot
1957). The time-constant of the exponential density decay is—in contradistinc-
tion to our results—frequency dependent for low frequencies: it is proportional
to the square of the wave number (Biot op. cit. 8 4, 5).

It should be noted that the proposed Brownian motion model of wave scat-
tering from random surfaces is in good agreement with the recently recognized
interconnection of random wave propagation and Brownian motion (see e.qg.
Berckhemer 1970, Frisch 1968, Sulem and F risch 1972).
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KORVIN GABOR

A VELETLEN KOZEGEK ELMELETE ES A SZEIZMIKUS, VALAMINT
ULTRASZONIKUS HULLAMTERJEDES NEHANY PROBLEMAJA. Ill.
AZ EGYENETLEN FELSZINU REFLEXIOS HATARFELULETEKET
KOVETO DIFFUZ REFLEXIOS ARNYEK STATISZTIKAI TULAJDONSAGAI

A magyarorszagi reflexiés szeizmika régi problémaja, hogy a bonyolult feliileti medencealj-
zatrol sok esetben csak diffiz reflexiot kapunk. A diffaz reflexio helyenként az aljzat pontos kimuta-
tasat is megneheziti, az aljzat feliileti egyenetlenségeirdl jové beérkezések pedig néhol tobb szaz ms
hosszl ,,arnyékként” kovetik az aljzatrél szarmazo reflexiot, megnehezitve az esetleges mélyebbrél
jovo beérkezések kimutatasat.

A dolgozat a Gauss-eloszlasu, véletlen, differencidlhato feliiletekrél vald diffuz hullamvissza-
ver@dés statisztikai tulajdonsagaival foglalkozik. Levezeti a diffiz reflexios arnyék amplitidojanak
id6beli lefutasat és felhivja a figyelmet a véletlen feliiletekr6l vald hullamvisszaverddés és a kétdi-
menziés Brown-mozgas kozotti analdgiara.

A dolgozat legfontosabb eredményét a (26) egyenlet tartalmazza, a levezetéseknél alkalmazott
kozelitéseket a (C.1)—(C.5) feltételek foglaljak dssze.
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. KOPBVH

TEOPWA CI'IyL-IAVIHI?,IX CPEA W HEKOTOPbLIE MPOBJTEMBbI
PACMNPOCTPAHEHNA CENCMNYECKUX N YNIbTPA3BYKOBbIX BOJIH
11.

CTATUCTUYECKNE OCOBEHHOCTN ONODY3HOW TEHU
OTPAXEHUNW, MPOCNEXUBAIKOLWEWN HEPOBHbBIE OTPAXAKLNE
MPAHWLIbI

OpfHa u3 npobnem ceiicmopasseaku MOB B BeHrpun jaBHO 3aK/104aeTCs B NOMyYeHUN B psi-
[ie cnyyaeB TOIbKO AMDY3HbIX OTPaXKEHWI ¢ 0CHOBaHWS BacceliHa Npy COXHOM NOCTPOEHNM €ro
penbeda. Audipy3Hoe oTpaKeHNe MecTaMy TakxKe 3aTPyAHSeT TOUHOe BbISIBNIEHME OCHOBaHUS, a
BCTYMN/IEHNSI C HEPOBHOW NOBEPXHOCTW OCHOBAHWS MOSBNSIOTCSH B KAYECTBE «TEHW» A/IMHON A0 He-
CKOMbKUX COTEH MC, 3aTPYAHSS BbiSiBNeHWE CnydaliHbIX BCTYMNAeHUid oT Gonee rny6oko 3anera-
IOLLMX FTOPU30OHTOB.

B paboTe 06Cy»xaar0Tca CTaTUCTUYECKMe 0COBEHHOCTU ANPQY3HOro OTpaKeHWs BOAH OT
CNyyaliHbIX MO raycoBy pacnpefefieHut0 NoBepXHOCTeld, KoTopble mogfarTcs AuddepeHumany.
[aeTca BbIBOJ BPEMEHHON XapaKTepUCTUKM amMnauTyfAbl TeHU AuddY3HOTO OTPaxXeHus u
o6pallaeTcs BHUMaHWe Ha aHaNOTU0 MeXAy OTPaKeHUEM BOSIH OT CAyuyaliHbIX MOBEPXHOCTel K
[BYXMEPHbIM GPOYHOBCKUM [BUXXEHUEM.

BaxHelwnii pe3ynbTaT paboThl NpeCcTaBNeH ypaBHeHMEM (26), a NpUMeHsieMble A5 BbIBO-
[I0B annpoKcumMauun nogsiToxmeatotcs B ycnosusax (C.1)—C.5).
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SIMPLE TECHNIQUE FOR MODELLING
AND RECOMPRESSING SH TYPE CHANNEL WAVES

T. BODOKY*, E. CZILLER* A KORMENDI**

The increasing importance of in-seam seismic techniques used in coal mines necessitates a bet-
ter understanding of seismic channel waves. To achieve this goal different numerical modelling tech-
niques have been developed for studying the different types of these waves under arbitrary condi-

tions.
A simple numerical model of SH type channel waves is presented and utilized to derive a
recompressing filter to remove dispersion of the waves.

Simple model of SH type waves in a seismic wave guiding channel

When studying the propagation of SH type waves in a seam we can use a
similar scheme of the raypaths to that used by Burg et al. to explain seismic
repetitive patterns in shallow water (Fig. 1). We consider the wave propagation
in a seam having parallel plain boundaries and a thickness H. The distance
between the source and the receiver is x. For simplicity’s sake we assume sym-
metry in the model, i.e. both the source and the receiver are placed in the middle
of the seam and the distortional waves have the same velocity both in the upper-
and underlying layers. If this velocity is V2and that in the seam Vu then \2>V1t.

There are a great number of possible raypaths between the source and the
receiver because of the reflections on boundaries of the seam. Thus, at the
receiver, the wavelets, which have propagated along different raypaths and have
different arrival times, are subjected to interference and this interference is
recorded as a seamwave wavelet. In the formation of this interference, two fac-
tors play important roles:

a) a series of “geometrical delays” coming from the geometrical length of
raypaths,

b) phase shifts occurring at total reflections. The lengths of the raypaths and
the travel times belonging to them are given by the geometry of the model. If the
travel times are represented by t, then in the case of n reflections

Tn= 1|/(«5)2+x2 @)
\

The phase shifts are independent of frequency at the total reflection of SH
type waves and are given by the formula

* EoOtvos Lorand Geophysical Institute (ELGI) of Hungary.
** Tatabanya Coal Mines.
Paper presented at the 43rd EAEG Meeting, Venice, 25-29. May, 1981.
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Fig. 1 A scheme of the raypaths and the “geometrical delays” in a wave guiding channel
1 abra. A geometriai késleltetések vazlata egy hullamvezet6ben
®ur. 1. Cxema reoMeTpuyecKnx 3afepXek B BOJIHOBOJE

where is the phase shift, 3 the angle made by the raypath with the boundary of
the seam, and g is the density.
If a raypath involves n total reflections then its total phase shift is

'I'n=n'J'(9n), (©)

where 3, comes also from the geometry of the model:
3, = arctan — . )]

Now, if we denote the source signal as S(t), the Fourier series of S(t) can be
written as
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A
s(t) = +1”cos (wkt+qk), ()

K

where the series Akis the amplitude spectrum and the series gk s the phase spec-
trum of S(t).

From the source signal the dispersed in-seam wavelet can be derived by
summing all source signals propagating along the possible raypaths and under-
going the attendant phase shifts. If the dispersed wavelet is denoted as W(t) then

W(D) = S(+2 X X Akcos [wk(t- t,)+opk+1A] ©)

The number of summands (m) can be determined from the critical angle. The
summation has to be continued to the last direction having a &smaller than the
critical angle, viz.

y
3m” -arccos Im+1
Y2

The model can be made better by weighting the summands proportionally
to their source angles and inversely proportionally to the length of their ray-
paths. So the last form of the model is

W(t)= £ — X Akc®s [vk(t- t,)+ qk+ d, @)
n=0 Tn K
where bnis given by the formulae
b0=1

bh=-"0On !l if MN=1212,.,m
Po

*
@n = arctan(—znil)—H )
2X

Formula (7) describes what we call the numerical model of the dispersed SH
type channel wave wavelet. In the following we try to decompose the interference
wavelet on the basis of this formula.

Simple recompression filter derived from the described model

The effect of the series of geometrical delays may be described as a convolu-
tion with a G(x) function, where G(x) takes the form
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G(x) = £ (8)

n=0 Tn

where ¢ denotes the Dirac function.

The G(x) function has a special feature: its autocorrelation function is char-
acterized by a sharp impulse-like main peak with comparatively very small side
lobes. This behaviour can be used to eliminate the effect of geometrical delays,
namely if W(t) is correlated by G(x) then the “short” autocorrelation function of
G(x) will step into the place of the “long” G(x) function in the original convolu-
tion. Thus the dispersed wavelet will be significantly shorter, it will be decom-
pressed.

In real practice however, the source-receiver (source image-receiver) dis-
tance, x, is not known therefore we have substituted the t variable for the fixed x
value using the x = tVt equation. Neglecting the coefficients of delta functions, in
this way the following filter operator is obtained:

o= £ ©

To see the effect of this filter a model using phase inversion instead of phase
shifts was computed and filtered.

Figure 2 shows the source signal, the dispersed wavelet and the filtered
result. As can be seen, the dispersed wavelet is not only recompressed by the filter
in an effective manner but also placed exactly where it could have been expected
if it had propagated as a regular S type bodywave.

The elimination of the phase shift of a single frequency can be done in a
similar way. The phase shifts have to be converted into time delays and these
have to be built into the filter operator.

U* =fn T*

where Tk is the period of the given fksingle frequency:

g(t, fk) = £ _a(Tn+urk. (io)
n=0

For accuracy, the measured trace must be reduced to its frequency com-
ponents and the filtering must be performed on each component with the appro-
priate operator. After filtering, the components have to be summed again.

The solution described above is correct, but it is by no means simple. For
this reason we decided to use the following approach:

the measured trace is filtered by several band-pass filters. The band-pass
filters are zero-phase filters possessing triangle-shaped transfer functions. The
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Fig. 2. A — source signal; B — dispersed wavelet; C — filtered wavelet
2. dbra. A — induléjel; B — diszperz csatornahullam; C — szdrt csatornahullam

dur. 2. A — VcxodHblit curHan; B — AucnepcHas KaHanbHas BofHa; C — OTuMAbTpoBaHHas
KaHanbHas BO/HA

lower and upper frequency limits of the transfer functions fall to the peak fre-
quency of the neighbouring ones (Fig. 3). The band-pass filtered versions are
correlated by the above described g(t, fK) operator, in which fkis the peak fre-
quency ofthe applied band-pass filter. After the correlation the different versions
are summed and the result can then be band-pass filtered again.

This simplified way means that the original task is solved exactly only at the
peak frequencies of the band-pass filters. All other frequency components of the
filtered trace are obtained as a sum from the two neighbouring filtered versions.
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AFTER ADDITION

Fig. 3. The scheme of the proposed filtering 3. abra. A javasolt sz(rési eljaras vazlata
A — block diagram; B — transfer functions A — blokkdiagram; B — atviteli fliggvények

dur. 3. Cxema npeanoXeHHoro crnoco6a hunbTpaumm A — Bnok-cxema; B — YacToTHble
XapaKTepuCTUKK

To illustrate the effectiveness of the procedure three dispersed wavelet
models and their filtered versions are shown. For the model computations the
source signals were different but the other parameters were the same: (x = 100 m,
H=25m, \t= 1,600 m/s, VIV2 = 0.5 and qJ g2 = 0.5).

In Fig. 4 the spectrum of the source signal expands from 100 to 400 Hz. The
dispersed wavelet model is significantly delayed compared with the expected
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arrival time of an S type bodywave propagating with velocity Vu but it is not
attenuated very much. For its filtering, five band-pass filters were used. As a
result of the applied procedure the main peak of the filtered wavelet indicates
precisely the arrival time belonging to Vu and the wavelet has become shorter. If
the processed wavelet is compared with the source signal it can be seen that the
former is no more than 50% longer than the latter.

Fig. 4 A — source signal and its spectrum; B — dispersed wavelet; C — filtered wavelet;
D — transfer functions of the used bandpass filters
4. dbra. A — az induldjel és spektruma; B — diszperz csatornahullam; C — sz(rt
csatornahullam; D — a hasznalt savsz(rék atviteli fliggvényei

our. 4. A - VicxofHblil curHan v ero cnekTp; B - AucnepcHas KaHanbHas BOJHA,;
C - OTunbTpoBaHHaA KaHanbHas BOMHaA; D - YacTOTHbIe XapakTepMCTUKN UCMONb30BaHHbIX MO-
NOCOBbIX (UNLTPOB
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Fig. 5. A — source signal and its spectrum; B — dispersed wavelet; C — filtered wavelet;
D — transfer functions of the used bandpass filters

5. dbra. A — az induldjel és spektruma; B — diszperz csatornahullam; C — szlrt
csatornahullam; D — a hasznalt savsz(rék atviteli fuggvényei

our. 5. A - VIcXofHbIn curHan v ero cnektp; B - [iucnepcHas KaHanbHas BOMHA,
C - OT(hmnbTpOBaHHAA KaHanbHas BofHa ; D - YacTOTHble XapaKTepuMCTUKN MCMOMb30BaHHbIX NO-
NOCOBbIX (UNLTPOB

In Fig. 5 the spectrum of the source signal expands from 150 to 600 Hz. The
dispersed wavelet model is definitely attenuated and high amplitudes appear at
its end. Four band-pass filters were used for filtering but their total width did not
cover the complete signal spectrum. The main peak of the filtered wavelet indi-
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cates again the precise expected arrival time of S bodywaves. The wavelet is
definitely recompressed in spite of the restricted bandwidth.

Figure 6 shows that the spectrum of the source signal expands from 250 to
1,000 Hz. In the first part of the dispersed wavelet model the high frequency sig-

Fig. 6. A — source signal and its spectrum; B — dispersed wavelet; C — filtered wavelet;
D — transfer functions of the used bandpass filters
6. dbra. A — az induldjel és spektruma; B — diszperz csatornahullam; C — sz(irt
csatornahullam; D — a hasznalt savsz(rdék atviteli fliggvényei
dur. 6. A - cxoaHbIA curHan 1 ero cnekTp; B — [ucnepcHas KaHanbHas BOHA;

C - OTMNLTPOBAHHAA KaHabHasA BOMHA; D - YacTOTHbIE XapaKTEPUCTMKN UCMOMb30BaHHbIX MO-
N0COBbIX (PUALTPOB
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nal has very high amplitudes whereas at the end of the wavelet the amplitudes
are weak. For the filtering, three band-pass filters were used with a total band-
width much narrower than that of the source signal. In spite of the narrow band-
pass the result is satisfactory: the filtered wavelet is not more than 60% longer
than the source signal.

Domain of validity

To check the validity of the above described numerical model its dispersion
curves were computed and compared with the theoretical curves.

Figure 7 shows three different sets of dispersion curves: the curves of the
model using calculated phase shifts (LA, IB), the curves of the model using phase
inversion instead of phase shifts (2), and the theoretical curves (3).

phase inversion instead of phase shifts; 3 — theoretical curves
7. abra. Diszperzios gorbék
IA, IB — a fazistolasokat figyelembe vevé modell diszperzios gorbéi; 2 — a fazistolas
helyett fazisforditasokat alkalmazé modell diszperzids gorbéi; 3 — elméleti diszperzids gorbék

dur. 7. AucnepcnoHHble KpuBble
IA, IB —mMogfenn ¢ y4eToM CMeLLeHWI Mo (hase; 2 — MoAenun, NpUMeHstoLLeli MHBepcuio thasbl
BMECTO CMeLLEeHUs Mo (hase ; 3 — TeopeTUUeCKne AUCNEPCUOHHbIE KPUBbIe
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Studying the curves it can be seen that the model using calculated phase
shifts produces two separated wavelets denoted by 1A and IB. Wavelet 1A is
similar to the vibration of a free plate, except for the low-frequency end of the
dispersion curve which is missing because the length of the wavelet is limited by
the critical angle. Wavelet IB is a low velocity wavelet almost without dispersion.
The average amplitude ratio of 1A to IB is 20-25 dB. The two separated wave-
lets can be seen well in Fig. 5 (where the amplitude of wavelet 1A is attenuated
because of the input spectrum), and in Fig. 6. In Fig. 4 none of the possible fre-
guency components of wavelet 1A is present therefore here only wavelet IB is to
be seen.

The model using phase inversion corresponds to the vibration of a plate
between two infinitely rigid half spaces except for the low frequency end of the
dispersion curve, which is also truncated by the limited wavelet length.

Now, to answer the question of validity, one may say that wavelet 1A of the
model using phase shifts gives an acceptable approximation of reality at frequen-
cies above the ratio

In this frequency range wavelet IB, which has nothing to do with reality, can be
treated as background noise because of its significantly smaller amplitudes.

The model using phase inversion provides a worse approximation of the
theoretical phase velocity curve, its group velocity curve fits better.

Conclusions can be drawn as follows:

— numerical models of seismic channel waves which are constructed on the
basis of geometrical optics have similar characteristics to those of vibrations in a
plate even if phase shifts are introduced into the model,

— similarity of the model to the vibrating plates introduces strong fre-
guency limitations if a recompressional filter is derived from it.

BIBLIOGRAPHY

Burg, K. E.,, Ewing, M., Press, F., Stulken, E. J., 1951 : A Seismic Wave Guide Phenomenon. Geo-
physics, 16, pp. 594-613.

Booer, A. K., Chambers, J., Mason, |. M., 1977 : Fast numerical algorithm for the recompression of
dispersed time signals. Electronics Letters, 13, 16, pp. 433-455.

Buchanan, D. J., 1979: The location of Faults by Underground Seismology. Colliery Guardian
Annual Review, August 1979.

Ewing, W. M., Jardetzky, W. S, Press, F., 1957: Elastic Waves in Layered Media. McGraw-Hill
Book Co., London, 1957.

Freystatter, S., 1974: Modellseismische Untersuchungen zur Anwendung von Flézwellen fiir die
untertatige Vorfelderkundung im Steinkohlenbergbau. Berichte des Institutes fiir Geophysik
der Ruhr-Universitat Bochum, Nr. 3., Bochum.



32 T. Bodokv-E. Cziller-A. Kérmendi

KREY, T. C., 1963: Channel Waves as a Tool of Applied Geophysics in Coal Mining. Geophysics,
28, 5, pp_701~714.

Mesko, A, 1977: Szeizmika. Tankdnyvkiad6, Budapest, 1977.

Savarensky, E., 1975: Seismic Waves. Mir Publishers, Moscow, 1975.

Tolstoy, |, Usdin, E., 1953: Dispersive Properties of Stratified and Elastic and Liquid Media: a
Ray Theory. Geophysics, 18, pp. 844-870.

BODOKY TAMAS, CZILLER ESZTER, KORMENDI ALPAR

EGYSZERU ELJARAS AZ SH TiPUSU
CSATORNAHULLAMOK MODELLEZESERE,
ILLETVE DISZPERZITASUK MEGSZUNTETESERE

Adolgozat a két végtelen féltér kozé agyazott rugalmas hullamvezet6ben Iétrejové SH tipusi
csatornahullamok geometriai optikai eszkdzokkel torténd modellezésével foglalkozik.

A bemutatott egyszer, sugarutakra épiil6 modellbél olyan sz(rési eljarast vezet le, amellyel a
diszperz SH tipusl csatornahullamok kozelitéen nem diszperz, impulzusszerd jellé alakithatok. Be-
fejez6 részében vizsgalja a modell diszperzids gorbéit, majd 6sszehasonlitva ezeket az elméleti gor-
békkel, meghatarozza a bemutatott modellezési és sziirési eljarasok érvényességi tartomanyat.

A targyalt témat a szénbanyakban végzett telephullam-szeizmika terjedése és feldolgozasi
problémai teszik id6szer(ivé.

T. BOAOKMW, 3. UNNNEP, A. KEPM3HAN

MPOCTOW CMOCOB ANA MOAENVMPOBAHWNA
KAHAJIbHbIX BOJIH TUMA SH U ONA YCTPAHEHUA X ONCMEPCUAU

B pa6oTe 06CyX/aloTCs BOMNPOCHI MOAENNPOBAHKS NPU MOMOLLM CPeACTB reoMeTpPUYEcKoii
ONTVKM KaHaNbHbIX BOJTH TMNa SH, BOHUKLLMX B YNPYroM BOMHOBO/AE, 3a/1t0YeHHOM MeXAy ABYMS
6eCKOHEYHbIMU MONMYNPOCTPaHCTBAMMU.

Mo U3N0XeHHOI NPOCTOi MOAieNu, MOCTPOEHHOM Ha TPAEKTOPUAX, BbIBOAMUTCS CNOCO6 (INb-
Tpawumn, npu NOMOLLM KOTOPOTO ANUCMEPCHbIE KaHabHble BOMHbLI TUMa SH npeo6pasytoTes B npu-
6NU3NTENBHO HeAMCTEPCHbIE UMMY/bCHbIE CUFHANbI. B 3aKNioueHUM paccmaTpuBaroTcs Aucnep-
CMOHHbIE KPUBbIE MO/IENN, 3aTEM COMOCTABMB WX C TEOPETUUECKUMI KPUBBIMM, ONpeenseTcs ava-
NasoH AeiCTBIA NPUBEAEHHBIX CMOCO60B MOAENMPOBAHMS U (UNLTPALIUN.

AKTYaNnbHOCTb 06CYXK/1aeMoii TeMbl Bbi3blBAlOT PacnpoCTpaHeHMe CcelicMopasBedKn C UC-
No/b30BaHKeM NNacTOBbIX BOJIH B YTOMbHbIX LIAXTaxX W NPo6aeMbl 06paGoTKM MOMyYaeMbIX AaH-
HbIX.
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CURVED RAY ALGEBRAIC RECONSTRUCTION
TECHNIQUE APPLIED IN MINING GEOPHYSICS

L. HERMANN,* L. DIANISKA* AND J. VERBOCI**

A proper understanding of the stress conditions in mines is of utmost importance for economy
and for safety. Because the velocity of seismic waves in rocks is a function of pressure, the velocity
distribution can be used to predict stress conditions.

A method is described that can be considered as a novel version of the Algebraic Reconstruc-
tion Technique. The procedure starts out from somé initial velocity field and performs ray tracing
based on the vectorial form of the Snellius-Descartes principle. By comparing the measured and
computed travel times the velocity field is modified and new raypaths are computed until the devia-
tions become less than some prescribed tolerance. The velocity field obtained represents the velocity

distribution of the site studied.
Repeatedly performed transmission measurements yield information on the possible changes

of the pressure conditions.
Introduction

Economic and safety considerations have made it an important task in
several Hungarian coal mines to get detailed knowledge of the changes in the
state of the surrounding rock formations. Because of mining activities the stabi-
lity of these rock masses that have evolved through geological times becomes dis-
turbed; these stress changes then cause different kinds of destructive phenomena.
The proper tracing of these phenomena in space and time can be done only by a
joint application of the different measuring methods. The Research Department
of the Mecsek Coal Mines have elaborated a mining detection and control sys-
tem [1] involving a method which contains—among other features—the
repeated application of seismic transmission. This transmission technique is
based on a measuring arrangement where the spatial domain to be studied lies
within the sources and detectors; the acquisition of information is generally
based on transmitted seismic waves [2], [3]. The processing and interpretation
of the measurement results raise a number of mathematical and physical pro-
blems in view of which Mecsek Coal Mines and ELGI agreed to cooperate in an
endeavour to solve these problems. The method elaborated and some prelimi-
nary results are presented here.

* Eo6tvos Lorand Geophysical Institute (ELGI) of Hungary.
** Research Department of the Mecsek Coal Mines
Paper presented at the 43rd EAEG Meeting, Venice, 25-29. May, 1981.



34 L. Hermann-L. Dianiska-J. Verbdci

1. Basic principles of the transmission (“transfflumination”) method

The propagation ofelastic waves (direction, velocity, energy absorption and
spectrum) is determined by the parameters of the medium; during propagation
the waves accumulate the integral effects of all these parameters. So, at least in
principle, there should be a way to determine the physical properties of a given
rock formation from the observed parameters of the transmitted waves.

The transit time between a source-detector pair is given by

(la, 1b)
4 W 4 »
Ri Rt
Observed amplitudes are described by
A, = Adr,exp (-S y,(r)ds), (2a)
A, = Adrtexp(-j y,(rdsj, (2b)

where

— R, and R, are the paths of propagation of the longitudinal and transverse
waves, respectively;

— %) and V,(r) the corresponding (scalar) velocities;

— Ah A, the observed amplitudes;

— Ad, Aa the generated amplitudes;

— I, T, spherical divergence;

— YU), V@Oare absorption coefficients.

In homogeneous media the determination of the constants V,, Mt and Y is
straightforward.

In inhomogeneous media the inversion of the above integrals raise two
problems:

a) For given raypaths there exists an infinity of functions satisfying the inte-
gral expressions; this means that the distribution of the parameters cannot be
determined,

b) In inhomogeneous media the raypaths Rh R, also depend on the velocity

fields.

2. The reconstruction algorithm
2.1 General properties of the reconstruction technique

In recent years the problem has been approached by several variants of
three basic methods (direct matrix method, analytical methods and the so-called
Algebraic Reconstruction Technique (ART)) [4]. The common root of these
methods goes back to the classical work of Radon [5] who justified that any
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two-dimensional domain can unambiguously be reconstructed by an infinite
series of its one-dimensional projections. All known methods, however, assume
straight-line integration paths, which means that they are not generally appli-
cable for sufficiently complex geologies. While Bois [6], [7] did use curved ray-
paths, his iterative velocity determination is based on the rather inconvenient
direct matrix method [8]. Our algorithm has been developed on the basis of the
works of Bois and of Gordon and Herman [8], [9], see Fig. L

Fig. 1. Flow chart of the process

I. dbra. A kifejlesztett eljaras folyamatabraja
1 — a valdsagban kialakult paramétereloszlas; 2 — egy valasztott paraméter vetiileteinek mérése
(mintavételezés); 3— a valasztott paraméter feltételezett eloszlasa; 4 — a mérés modellezése a felté-
telezett eloszlassal ; 5— a mért és szamitott értékparok kilonbsége ; 6 — kiilonbség < mérési hiba?
7 — modositas; 8 — a paraméter eloszlasa megfelel a valdsagnak

dur. 1. bnok-cxema pa3paboTaHHON Mpouesypbl
1 — [flecTBUTENbHOE pacnpefeneHne napameTpos; 2 — VI3mepeHue Npoekuun 04HOTO
BbI6paHHOr0 napameTpa (gnckpeautaums); 3 — Mpeanonoraemoe pacnpegeneHne Bbl6GpaHHOro
napametpa; 4 — MogenvpoBaHne U3MepeHns ¢ NOMOLLbIO MpPesnoaoraeMoro pacnpesieneHus;

5 — Pa3HOCTb BbIYMC/NEHHbIX U M3MEPEHHbIX MapamMeTpoB; 6 —Pa3HOCTb  OLIMGKA U3MEpeHNs?
7 — Wcnpaenexue nons; 8 — PacnpeaeneHne COOTBETCTBYET UCTUHE

The spatial domain to be studied is “transilluminated” by transecting wave
paths, sources and receivers being placed in the galleries.

The measurement results yield sampled values of the projections of distribu-
tions, burdened with measurement errors. From the finite number of values we
can determine only a finite number of parameters of the velocity field—the
number of determined parameters and the number of observed values not neces-
sarily being equal (e.g. these parameters can be values of the velocity distribution
at discrete grid points). The better the accuracy and the greater the quantity of
the values along transecting raypaths the better will be the reconstruction.
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According to the ART principle we compute by means of some supposed
model the series of values corresponding to an assumed parameter distribution
and to the measurement geometry. This data series is, of course, subject to
modelling errors. Wave propagation is described by the laws of geometrical
optics, absorption is computed by Egs. 2a-2b.

The next step is to compare the measured and computed series of data. Our
basic assumption—as in all iterative approaches of this kind—is that two distri-
butions agree if and only if all of their projections agree.

If the deviations are greater than the measurement error the algorithm
modifies the hypothetical parameter distribution toward the direction of a better
agreement, then proceeds again with raypath modelling. So, from among the in-
finite number of possible fields it looks, by successive approximations, for that
fitting best the measurements results.

> =jn(x.y)ds r=12.... =
Q)
Fig. 2. Characteristic scheme of a measuring pattern
2. dbra. Egy jellegzetes mérési elrendezés vazlata
dur. 2. Cxema XapakTepucTUYeCcKOn N3MePUTENIbHON YCTaHOBKM

The parameter field found will be considered as the best approximation of
the real distribution, within the possibilities of the algorithm and the measure-
ment errors.

Figure 2 presents a typical transmission measurement geometry used in
mines. The projections to be used for the reconstruction are first-arrival times
registered by the geophones, the parameter to be determined is the velocity dis-
tribution V(x, y) inside the domain studied.
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2.2. Computation of the transit times and amplitudes

By the basic equation of geometrical optics, as expressed by Sommerfeld
[13],
curl (ns) —0, 3)
where
n(r) = Vlr is the index of refraction,

s(r) is the normal to the wave-front.

Since, in the general case, this equation is not integratable, we have to com-
pute separately all the wave paths corresponding to the different shot point-geo-
phone pairs. Starting out from the shot points we launch a diversity of rays
through the velocity field then select those that “hit” the individual geophones.

The rays can be computed, by Eg. 3, as

Mk)=w [[#)* grad#)] X#)], (4)

s(k+1) = s(k)+ ds(k). ®)

Here, K is the serial number of the steps of length /1 along the ray, the values n(k)
and grad n(k) are computed by cubic interpolation from adjacent grid points;

n(k) = £ ©)
hij

gradnk) = Xelf )
hij

(the coefficients cfy and e ffi differ from zero in the neighbourhood of 4 x 4 x 4 of
point (k). The vectorial form can easily be treated in 3 dimensions as well. The
cubic interpolation fairly well describes the refraction, does not increase signifi-
cantly the computation time and takes into account the fact that the wave only
“feels” a neighbourhood of limited size of point (k).

For a more complex velocity field several rays could belong to the same shot
point-geophone pair; from these that having the smallest transit time will be
selected.

For a given ray (r) the transit time is given by

Tc=n £n(k)= J1£ )
[6) K hij

On the basis of the raypaths the spherical divergence [I', (2a), (2b)] can also be
determined,; its value is proportional to the ray density in the immediate vicinity
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of the geophone. By these factors, and by the assumed distribution yhij the com-
puted amplitude ratios for the raypaths of the first arrivals will be

Fc=1In(40 = nl -1 " Y.c%yhi 9)
\n o/ K hij

2.3. Modification of the parameter distributions
t

Modification of the hypothetical parameter distributions is carried out on
the basis of the difference between the measured and computed results:

ATr= Tm Tc;, AFr= F™-Fc (10)

From Egs. (8), (9), by differentiation:

6Tic= J/1£ nhij My)+ (Z 40) 6nhij (1)
hij XK ' V K '
and
bR\ = &Inln)- N£ [y,, (C AcLLL+ (Z cLL, ayw] . 12

The terms (5¢$ and <K(nT"r) describe the effect of the change in the raypath. Since
these terms cannot be computed, they should be neglected. (This neglection is
justifiable because the first arrival is the minimum time on all possible raypaths.)

Consequently
SM="Z(Z "W y 13)
and
<5Fi=-/1Z(Zz"~)"o- (14)
hij * K '

The computed modification of the distributions at the grid point (hij) will be

R Uofs”
? 2N’ L1 PTUT
hij'v K '
At = Z dhijMij :]4 (15

Z (™)



Curved ray ART applied in mining geophysics 39

and

L (16)

It can be seen that the modification in a given grid point is the weighted and nor-
malized algebraic sum of the modifications computed along the individual ray-
paths, on the basis of the difference between the theoretical and measured values.
The weighting is made, basically, in inverse proportion to the “distance” of the
given ray from the grid point.

The algorithm modifies the field values in the following way:

a) Ah$>=0 and AyJ$=0 @an

if for ray r
AT\ < uy(T) and V\AFr\<n(F) (18)

p(T) and n(F) are the errors of the time- and amplitude measurements, respecti-
vely.

b) <m = MIN {MAX (19)
and
710 1= MIN {MAX [ynminyZj+AyZj; 7nd , (20)

where

— w is the number of iterations;

— the indices “min” and “max” denote the plausible lower and upper boun-
daries of the given parameter;

— the operators MIN and MAX refer to the selection of the respective
minimum and maximum values.

The above restrictions ensure, besides the physical reality of the computed
fields (as, for example, n>0) the rapid convergence of the algorithm [10]. In the
course of the modifications it is obviously possible to take into account the
boundary values of the distributions, known a priori from other measurements.

The change of the field due to a single iteration step is shown by Fig. 3. The
reference times are given as ifthere were an infinitely large velocity jump concen-
trated to one grid square at the centre of a homogeneous velocity field (the unit
of velocity is grid-size/time, the value of the homogeneous field is 3). The effect of
this inhomogeneity is distributed in a star-like manner along the rays passing
through the centre. The more distant rays, not affected by the velocity jump, try
to counteract the spread of the modification, causing splits in the arms of the
star.
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Fig. 3. Effect of one step in the iteration process 3. abra. Egy iteracios lépés hatasa
dur. 3. BanaHue wara ntepauum

3. Preliminary testing of the algorithm

The seismic waves giving the first arrivals propagate only in special cases in
the plane of measurement (velocity fields perpendicularly homogeneous to the
plane; measurements in waveguides, [11]). Even though our approach is appli-
cable to 3-dimensional reconstructions on the strength of Eg. (4), this would
necessitate spatial measurements. Since at present we have no reliably interpre-
table (i.e. sufficiently dense) spatial data and the algorithm works much more
simply in the plane, we have restricted ourselves to reconstructing 2-dimensional
distributions.

In order to judge the applicability of any iterative procedure, the following
properties should be checked:

— convergence or divergence of the algorithm;

— rate of convergence;

— unambiguity, uniqueness of the limiting point.
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In the literature the unambiguity of the seismic inverse problem has been
proved rigourously only for some simple distributions [12]. In the case of itera-
tive reconstruction techniques it is advisable to check the objectivity of the
resulting distribution by a regeneration method [10]: the more surprising confi-
gurations of the result field should be deleted after which the iteration should be
started again; ifthe deleted part reappears it is really due with a fair likelihood to
the measured data.

A result from among our convergence studies is shown in Figs. 4, 5 and 6.
The reference times refer to the velocity field of value 3, the initial distribution
had the value of 4. The closeness of the approximation is measured by the
guantities

(cf. Fig. 4). It can be seen that the iteration gradually improves up to 4th-5th
step. Similar results have been reported in [8], for straight raypaths.

Fig. 4. Convergence curves of the
process

4. dbra. Az eljaras konvergenciaja
ittration dur. 4. CxoAuMOCTb npoueaypbl
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The histograms of velocity values (Fig. 5) show a similar convergence. The
finite width of the histograms might be due to the following:

— the step size is of the order of 0.5 grid size; the computed times and the
corresponding modifications have a statistical scatter;

T-.
®
r 1 _ L
25 3 35 < 25 J 35 <
® ©
.« Kn ‘
25 3 35 < 25 3 35
"L
r Fig. 5. Frequency histogram of velocity
© values
5. dbra. A sebességértékek gyakorisaga
(hisztogram)
Ca T |, ®ur. 5. YacToTa 3HaueHWii ckopocTeit
5 3 s < 2 s g < (ructorpamma)

— there is a pronounced boundary effect due to the small size of the field.

The boundary effect is also striking in Fig. 6a, representing the velocity
fields computed in iteration steps 1, 4 and 7: the algorithm cannot change pro-
perly the boundaries of the field and this causes an overshoot even at the very
centre of the field.

To reduce these effects and to study the uniqueness of the solution we have
also initiated another approximation of the reference field, starting out from the
opposite side, with velocity 2. As seen, this series of iterations also tends to the
reference field; the boundary effect and the overshoot are opposite in sign (6b).
These results suggest that in actual cases it is worth while to compute 3-4 ite-
ration steps starting out from initial distributions overestimated from below and
from above, respectively, then carry out 1-2 more iterations with the average of
the above results ( 6c).

Figure 7 illustrates a processing result. Reproduced by permission of the
Research Department of the Mecsek Coal Mines. On the respective fields A,
B and C we carried out, practically at the same time, separate measurements of
the longitudinal first arrival times (all in all 26 shot points and 78 receivers). The
boundary effects are due to the special measuring geometry; the main structure
of the three fields, however, fits together fairly well.
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Fig. 6. Example of the reconstruction of a homogeneous velocity field
6. abra. Kisérlet homogén sebességmezd rekonstrukciojara
dur. 6. Mpoba BOcCTaHOBMEHMS NONSA OAHOPOAHbLIX CKOPOCTEN
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HERMANN LASZLO, DIANISKA LASZLO, VERBOCI JOZSEF

BANYABELI SZEIZMIKUS SEBESSEGELOSZLAS MEGHATAROZASA
A FESZULTSEGELOSZLAS MEGVALTOZASANAK KOVETESEHEZ

A béanyabeli fesziiltségviszonyok ismerete biztonsagi és gazdasagi szempontbol igen fontos.
Mivel a szeizmikus hullamok sebességét a k6zetekben a nyomas befolyasolja, ezért a sebességelosz-
las-adatokbol kovetkeztethetlink a fesziiltségviszonyokra.

Az ismertetett médszer az Un. Algebraic Reconstruction Technique egyik valtozatanak tekint-
het6. Egy kezdeti sebességmez6b6l kiindulva az eljards sugarutakat kdvet a Snellius—Descartes-
torvény vektoralis formaja alapjan. A mért és szamitott futasi id6k dsszehasonlitasa utan — ha
szlikséges — modositja a sebességmezdt, és Gjrakezdi a sugardt szamitasat. Az iteracios eljaras ak-
kor fejezédik be, amikor a mért és szamitott id6adatsor egy el6re megadott értéknél kevéshé tér el
egymastdl. Az igy kapott sebességmez6t fogadjuk el a vizsgalt teriilet sebességeloszlasanak. Rend-
szeresen végzett atvilagitd mérésekkel és kiértékeléssel a vizsgalt teriileten figyelemmel kisérhet6 a
nyomasviszonyok alakulasa.

. XEPMAH, 1. ANAHULLKA, . BEPBELW

OMPEAENEHWE PACMPELAENEHNA CKOPOCTEW
CENCMUYECKKNX BOJIH B LUAXTAX A1A .
MPOCNEXMNBAHUA USMEHEHNW B PACIPEAENEHN HAMPAXEHUNN

3HaHM1e YCNoBuiA HAaNPSHXKEHHOCTU B LLAXTax NpeAcTaBnseT 60/bLIOA NHTEPEC C TOUKM 3pEHNUS
6€30MacHOCTN N 3KOHOMUYHOCTU. Tak KakK CKOPOCTb CEACMUYECKUX BOSH B TOPHbIX MOPOAax noj-
BEpraeTcs BAMSIHWIO [aBfeHUsl, NO3TOMY MO AaHHbIM PacrnpocTpaHeHWUsi CKOPOCTE MOXHO cAe-
naTb BbIBOJ 06 YCMOBUSIX HANPSHKEHHOCTU.

V3naraemblii cNocO6 MOXET paccMaTpuBaThCs Kak OAMH M3 BapuaHToB T. H. Algebraic Re-
construction Technique. Vicxoas U3 HEKOTOPOro HavanbHOTO MO/ CKOPOCTeld, npoLesypa npocne-
XKMUBaeT TpaekTopuK No BekTopanbHol dopme 3akoHa Snellius-Descartes. Mocne conoctaBneHus
M3MEPEHHBIX 1 pacyeTHbIX BpeMeH npobera —npu He06X0AMMOCTU — MOJIe CKOPOCTER Moandu-
LMpyeTca W BblYMC/IEHWE TPAEeKTOPUM HauMHaeTCs 3aHOBO. VTepauMoHHas npouegypa 3akaHuu-
BAaeTCH, KOrfa pacxoxaeHue MeXay CepusiMy N3MEPEHHbIX U PacyeTHbIX flaHHbIX 0 BPEMEeHax npo-
Gera 6yneT MeHblle 3apaHee ONpefeNieHHOW BeNUYMHbI. PerynspHoe BbiNofHeHUe paboT no npo-
CNEeXMBAHUIO U UHTEpNpeTaLMn No3BoNSET HabAaTh U3MEHEHMSA B YCNIOBUAX [ABNEHUS Ha W3y-
4aeMOM Y4acTKe.
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THEORY OF MATCHING SURFACE NON-EXPLOSIVE SEISMIC
ENERGY SOURCES TO GEOLOGICAL MEDIUM

A. S. SHAGINYAN*

The source-medium matching theory represents a major section of the general seismic source
theory. This paper deals with a technique of analytical investigations aimed at studying the condi-
tions of matching impulse and vibration seismic sources to the geological medium under which the
maximum possible amount of energy can be transmitted within an effective frequency range. The
technique proposed can be used for solving optimization problems in the development of seismic
energy sources.

The use of surface non-explosive seismic energy sources of various operating
principles for studying the Earth’s structure, and for seismic prospecting in parti-
cular, has aroused considerable interest in the source-medium interaction pro-
blems. This interest is largely explained by the desire to obtain higher seismic
efficiency of the sources mentioned whose power is still rather low.

Geophysicists relate possibilities of a high-resolution deep study of the
Earth’s structure with the necessity of transmitting into the medium a certain
attainable maximum energy (power) of a given spectrum.

Accordingly, recent years have seen intensive development of new seismic
sources accompanied by theoretical and experimental research [C hichinin 1973;
N ekrasov et al. 1976; Shaginyan 1977, 1979, 1980] and the introduction of new
or modernized survey systems, etc. Much consideration in research is being given
to the problems of matching seismic energy sources to the geological medium.

The condition of transmitting maximum active power from a source to a
receiver (medium) is a well-known feature of the electrical engineering. As shown
in the research made with an oscillating sphere model [Chichinin 1973] the
same also applies to seismic sources. It is reduced to minimizing the source inter-
nal resistance and the sum of imaginary components of the source resistance Zs
and those of the receiver-medium resistance Zm

In the principle equivalent circuit of the “source-medium” system (see Fig. 1)
these resistances are shown in series with the source of force P.

Fig. 1. Source—medium (1-2)
system, equivalent circuit

I. &bra. A vibrator—talaj (1—2)
Fte(Zm) gerzgrjé)lz%r:dszerrel ekvivalens

our. 1. Cxema 3amelleHuns
CUCTEMbI <UCTOYHUK-Cpeaa»

* Special Design Office of Seismic Engineering, Gaidar Lane 2, Gomel 246020, USSR.
Paper presented at the 26th Geophysical Symposium, Leipzig, 22-25. September, 1981.



48 A. S. Shaginyan

For the given equivalent circuit the condition of the source-medium match-
ing to transmit maximum power to the medium can be written as

Im(Z9)+Im (ZJ = 0,
Re (Z9) »» min., @

where Im(Zs) and Im(Zn) are reactive components of the source and the
medium resistances, respectively, and Re (Z9) is the active component of
the source internal resistance.
From the circuit in Fig. 1 the source power expended in oscillating the
medium is

N = P2[Im(Zm+Re(Zj]
[Im (Z9+ Re (Z9)+ Im (ZJ + Re (Zm]2'

Its active component transformed into elastic waves, for condition 1, is maxi-
mum and equals
_ fRe(Z,,)
“ [Re<ZJ+Re(ZJ]2’ ’

Ifactive losses in the source are low in relation to active losses in the medium, the
magnitude Re (Z9) can be neglected, and Eg. (3) can be written as

p2

Re(Zj' S
Thus, the task assigned can be solved after securing the definite ratio of the com-
ponents of the source's and the medium’ complex impedance. This impedance
for a given operating source and a real medium is determined experimentally
enabling one to estimate the efficiency of employing the source in a given pro-
specting area. In designing new sources we tackle the problem of obtaining the
source internal resistance correlated with the medium in a would-be prospecting
area by selecting the source parameters with respect to predetermined medium
parameters.

Let us first of all list the most general notions of complex impedances of the
source proper (its internal resistance) and the soil to derive general equations and
area by selecting the source parameters with respect to predetermined medium
parameters,
lowing equation:

4

where Prgis the complex amplitude of the source’s force in the idling mode of
operation when the source is acting on an absolutely rigid ground,;
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\K is the complex amplitude of the baseplate displacement velocity in the
“short-circuit” mode with the baseplate off the ground.
The geological medium’s complex impedance in the most general form is
obtained from the equation

(5)

where P is the complex amplitude of the acting force which is equal to the reac-
tion force of the soil;
Vis the complex area-mean amplitude of the displacement velocity of the
earth’s particles under the baseplate.

Experimental verification of frequency characteristics Prgf(0), PLUg>), P(@)
and \At() makes it possible to determine the resistances sought, that is, Zs@)and
Z ».

The procedure to calculate theoretically these resistances depends on the
models selected to schematically represent the source and the medium. Thus, if
the soil is represented in the form of a homogeneous half-space with its para-
meters concentrated at the baseplate [C hichinin 1975], then the soil resistance
becomes

P m¥ +hnZ +CnZ

Vv 7 ©)
where mm hm Cmare the soil mass coupled to the baseplate, the damping coeffi-
cient, and the soil stiffness, respectively;
Z, Z, Z are the displacement, the velocity, and the acceleration of the
baseplate (and of the earth’s particles beneath.

The soil’s complex impedance can be determined for more sophisticated
models of the medium from the solution of dynamic contact problems of the
elasticity theory [B abeshko et al. 1981]. One of these methods makes it possible
to establish a relationship between the acting force and the velocity of the par-
ticles beneath the baseplate for a variety of medium models, e.g. homogeneous
elastic half-space, two-layer or multi-layer elastic half-space, etc.:

(N

where n, q are coefficients possessing dimensions of length and force;
L, is the differential operator;
ak is the constant dimensionless coefficient;
N, K are the coefficients governing the operator’s order.
Proceeding to frequency domain L,, we get LO>
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Procedures for theoretically determining the source internal resistance involves
the making up of a set of differential equations, the soil resistance is taken as a
mechanical load. The source internal resistance is obtained from formula (2) by
solving the set of equations for the complex amplitude of the source-developed
force in the “idling” mode and for the complex amplitude of the baseplate velo-
city in the “short-circuit” mode. Varying the design parameters we obtain opti-
mal matching between the source and the medium.

As an example, consider the theoretical determination of the source internal
resistance for a seismic vibrator. Vibration seismic sources with electrohydraulic
drive systems interact with the geological medium via hydraulic actuators.
Figure 2 shows models of a hydraulic actuator and the geological medium, with
their parameters summarized in Table 1 (for seismic vibrators of the SV-10/100
and SV-10/150 types). The soil parameters are in accordance with known data.

Consider models ofthe actuator and the medium as a control element where-
in the spool displacement X is the input action and the force P and the velocity
V=2Z are the output:

X fSj P(S)

4 Vv (S)

The transfer function of the actuator-medium system in the operator form
becomes

PS
an (9)
W'Y
m
1
a8 y(sy (10

where S=jw.

It is readily seen that the source resistance is derived from Egs. (9) and (10)
when two modes of the actuator-medium interaction are realized, i.e.

— “idling” mode characterized by Cnme go and Z=0,

— “short-circuit” mode characterized by Cm=0 and P=0.

The transfer function equations are derived from the flow and force equa-
tions obtained with the conditions of the above-stated modes allowed for:

W i*\ Prr C«ilF bpK dfnmcS + hc) (lD
PR’ X(9) AS2+BS+C ’

where
A = m2eFp
B = CalmqKt+Kw+hd-g
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C = CadlhqK,+KV).

w A K(S) _ CalFpKgmS+hg o
V,A)  XpS) S(T62+ TS+T3'

TX = rtip/ricFp,
T2 = rripFJic+ Cauyll/nXK, + K V),

T3 = CdlFp(mp+ mg+ Cam ™K, + KV).

Fig. 2. Actuator—geological medium interaction
2. abra. A vibrator—talaj rendszer csatolasa

dur. 2. Cxema B3aMMOAENCTBMS UCTOYHNKOM Cpefen

By dividing Eq. (11) by Eg. (12) we obtain the sought vibrator resistance in the
operator form:

S(T1S2+ TXS+T3)

AS2+BS+C (13)

where S =jco, and coefficients 7j, T2, T3and A, B, C depend on the parameters in
Table 1.
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Table 1.
Nos. Parameters Symbols Units Magnitude
Vibrator
1 Hydraulic Actuator SV-10/100  SV-10/150
11 Piston (1) area Fp m2 534-10 3  5.34-10-3
1.2 Maximum supply pressure P max N/m2 2-107 2-107
13 Mass of:
— piston (1) plus baseplate P Ns2m 2.330 1.350
— cylinder (2) (reaction mass) me Ns2m 2.500 2.500
14 Baseplate (3) area 2bP m2 25 2.52
15 Stiffness of fluid in the cylinder and supply
ports cHl N/m 108 1.4-108
16 Coefficients of:
— leakage K, m&5Ns 8-10“13 810“13
— hydraulic amplifier internal conducti-
vity m5Ns 13 10“10 1.3 1010
— gain relative to the hydraulic amplifier
flow rate m2s 41 41
— cylinder (2) damping K Ns/m 2 104 2 104
2. Geological Medium Source Point
| ]
2.1 Soil density e kg/m3 15 103 18 103
2.2 Velocity of transverse \% m/s 50 200
and longitudinal waves \% m/s 100 400
23 Ratio -y y 05 05

Substituting respective parameters of the SV-10/100 and the SV-10/150
vibrators from Table I into Eg. (13) and the soil parameters into Eq. (6) and sub-
stituting jco for S we can calculate actual Re and imaginary Im resistance com-
ponents of the source and the medium.

The theory of matching impulse seismic sources to the geological medium is
similar to that described before.

Figures 3 and 4 show characteristics Re (Z9), Im (Z9), Re (Znj); Im (Zn) com-
puted for the SV-10/100 and SV-10/150 vibrators and the medium for the para-
meters in Table 1.

Figures 5 and 6 illustrate computed resistance characteristics of the SI-32
and the SI-40 impulse seismic energy sources versus the resistance of the
medium.

Considering the curves in Figs. 3 and 4 the following conclusions can be
drawn:

— A perfect match between the vibrators’ internal resistance and the resis-
tance of the medium at a given source point is attainable only over a narrow
band of frequencies. In designing vibration-type seismic sources it is essential
that these frequencies be within the useful frequency range of a given prospecting
area.



Theory of matching surface non-explosive seismic energy sources... 53

Re o —ol f) w0, A-m~a.
m BH .
—  %}sv-iolioo //
w vl
— —/m}v-50m/s n
~1ZAWV=200mit /
K /1
5 10s 2
/
7
/
-5 10-
0 20 30 A0 50 BO 102 f[Hz]

Fig. 3. Frequency characteristics of the SV-10/100 vibrator—medium system
1 — source; 2 — medium
3. abra. Az SV—10/100 vibrator—talaj rendszer frekvencia karakterisztikaja
1— forrés; 2 — kozeg
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Fig. 4. Frequency characteristics of the SV-10/150 vibrator—medium system
1 — source; 2 — medium
4. dbra. Az SV—150 vibrator—talaj rendszer frekvencia karakterisztikaja
1— forrés; 2 — kozeg
®ur. 4. T padukn peanbHbIX Re M MHUMbIX 1M YacTOTHbIX XapaKTeEPUCTUK BUGPOMCTOUHMKA

CB-10/150 un cpegapl
1 —ncToYHUK; 2 —cpefa
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— The matching between the SV-10/100 and the SV-10/150 seismic vibra-
tors and the medium is the best on soft soils characterized by low propagation
rates of elastic waves in the baseplate-earth contact zone (with V equal to
50 m/s).

— The band of frequencies for securing a perfect match between the
SV-10/100 vibrator’s parameters and the resistance of the medium lies within 10
and 15 Hz on soft ground (with V equal to 50 m/s) and within 45 and 50 Hz on
harder ground (with V equal to 200 m/s).

— The same is typical for the SV-10/150 vibrators, with the difference that a
perfect match between their parameters and the medium will be obtained at
higher frequencies, i.e. between 15and 20 Hz on soft ground and between 55 and
60 Hz on hard ground, with the source reactive resistance Im (Zs) being substan-
tially reduced at a higher-frequency range.

Considering the curves in Figs. 5 and 6 the following can be concluded:

— As with the vibrators, impulse seismic sources have definite band of fre-
quencies over which a perfect match can be obtained between their internal resis-
tance and the medium at a given source point.

— Matching between the SI-32 and the SI-40 sources and the medium (see
Table | for parameters) is the best between 10 and 30 Hz on soft ground (with V
equal to 50 m/s) and between 80 and 100 Hz on harder grounds (with V equal to
200 m/s).

10 20 30 40 50 BO 102  1[Hz]

Fig. 5. Frequency characteristics of the SI-32 impulse source—medium system
1— source; 2 — medium
5. dbra. Az SI—32 vibrator—talaj rendszer frekvencia karakterisztikaja
1 — forrés; 2 — kozeg
our. 5. Mpadukn peanbHbiX RE 1 MHUMbIX Im 4acTOTHbIX XapakTepucTuK uctodyHmka CW-32

cpenap!
1 — UCTOYHUK; 2 — cpeda
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— For the soils under consideration, the SI-40 sources have a lower-fre-
quency band of matching as compared with the SI-32 sources. Hence it will be
understood that the SI-40 type source may prove to be more efficient on harder
ground, the SI-32 source will be more efficient on soft soils.

Fig. 6. Frequency characteristics of the SI-40 impulse source—medium system
1 — source; 2 — medium
6. dbra. Az SI—40 vibrator—talaj rendszer frekvencia karakterisztikaja
1— forrés; 2 — kozeg
dur. 6. Tpadukn peanbHbiX Re M MHUMbIX Im YacTOTHbIX XapaKTePUCTUK MCTOYHMKA CU-40 1
cpefpl
1 —UCTOYHMK; 2 —cpeaa

Conclusions

1 The source-medium matching theory proposed in this paper enables one
to set an exact mathematical relationship between dynamic parameters of the
source and the medium, and to determine the conditions for transmitting maxi-
mum active power from the source to the load, i.e. to the geological medium.

2. The theory proposed may be of use in both designing new seismic energy
sources and operating existing ones.

3. The theory proposed may help engineers to solve the source parameter
optimization problems arising from preset medium parameters; it can be
adapted to optimize the transmission of maximum active power into the medium
of a given spectrum corresponding to the frequency spectrum of useful waves in
assigned prospecting areas.
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4. The analysis of the SI-32 and the SI-40 impulse sources and of the
SV-10/100and the SV-10/150 vibration sources, made on the basis of the theory
proposed, has demonstrated the effectiveness of the sources discussed since the
frequency range and shear wave propagation rate V taken are typical of most
geological regions in the USSR.

5. Attempts to transmit maximum power into the medium within the useful
frequency range may in some cases be at variance with the desire to have a high
machine efficiency of the source. For instance,"greater baseplate mass results in
higher losses in overcoming the forces of gravity and inertia within the source.
However, in the process we may obtain a better matching and a higher seismic
efficiency of the source. In some cases it would be advisable to slightly reduce the
source machine efficiency in order to get substantially higher total efficiency.
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ALBERT SHAGINYAN

A FELSZINI, NEM ROBBANTASOS, SZEIZMIKUS RENGESKELTOK
ES A FOLDTANI KOZEG CSATOLASANAK ELMELETE

A szeizmikus hullamforrasok és a foldtani kdzeg csatolasanak elmélete a szeizmikus energia-
forrasok altalanos elméletének egyik legfontosabb fejezete.

Jelen munka az impulzusos és a vibracids rengéskelt6k, valamint a foldtani kdzeg olyan csato-
lasi feltételeinek analitikus vizsgalati modszerével foglalkozik, amelyek mellett megvalésithatd a
maximalis energiaatadas a hasznos frekvenciatartomanyban. A szerzé kimutatja, hogy az ajanlott
madszer felhasznalhatd optimalizalasi feladatok megoldasara a rengéskelték fejlesztésénél.

ANBBEPT C. WWATVIHAH

TEOPUSA COMNACOBAHUSA MOBEPXHOCTHbLIX HEB3PbIBHbIX WCTOU-
HMKOB
CEMCMWYECKMX CUTHANOB C FrEONOMMYECKOW CPEAOW

Teopusi COrNacoBaHNUA UCTOYHUKOB CEACMUYECKUX CUTHANOB C Fe0NorMueckoi cpefoii 0THO-
CUTCA K OAHOMY M3 Hanbosee BaXKHbIX pa3aenos O6LLEi Teopumn CeicMUUYeCKNX NCTOUYHNKOB. B Ha-
cTosweii pa6oTe 13naraeTcs MeToAMKa aHaMTUYECKNX UCCNe0BaHUIA YCNOBWIA COTrNacoBaHUs M-
NYNbCHBIX W BUBPALIMOHHBIX UCTOYHWUKOB C Fe0NOrMUYecKoi cpedoi, npyu KOTOPbIX MOXKET 6biTh
OCYLLIECTB/IEHA Nepejaia MakcMMyMa SHeprum B cpedy B paboyem fuanasoHe 4acToT. B pa6oTe no-
Ka3aHo, YTO MpeanoXeHHas MeTOAMKA MOXET UCMO/b30BATLCS ANS PELLEeHNs ONTUMMU3ALMOHHbIX
3a/ja4 Npu CO3faHNN UCTOUHMKOB.
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CONNECTION BETWEEN PSEUDO VELOCITY LOG AND SONIC
LOG

. SZULYOVSZKY*

In an ideal case any channel of the pseudo velocity log section—computed from a suitable
preprocessed seismic section—is very similar to the sonic log measured in the place of the corre-

sponding seismic channel.
Models are used to study the influence of the deconvolved signal bandwidth and that of the

nonlinear transformation on the connection between the computed and sonic velocities. The com-
puted velocity log has the same character as the sonic log, filtered by the seismic wavelet. The simi-
larity is especially strong in the seismic frequency band.

The application of pseudo velocity logs is demonstrated by field examples.

1. Introduction

In the last few years direct hydrocarbon detecting methods have become
customary. The basic element of these methods is the true amplitude processing.
Following true amplitude recovery, pseudo velocity log sections can be com-
puted. In the literature different names are used, viz. pseudo velocity log, velog,
seislog, synlog; in the following, we use the name “seislog”. The negative velocity
anomaly has become accepted as a criterion for directly indicating hydrocar-
bon—as well as the amplitude anomaly, and the polarity change due to the
liquid boundary. In theory, the seislog can also be considered as a direct hydro-
carbon prospecting method because the presence of gas and oil causes a negative
acoustic impedance anomaly that appears in the seislog in advantageous cases.
The basis assumptions of a good quality seislog are as follows : perfect quality of
the seismic section, minimum noise background, no multiples, a proper deconvo-
lution and an acoustic log connected to the seismic line.

All of these assumptions are realized very rarely. Therefore the interpre-
tation of seislogs needs an interpreter with considerable practice, with reliable
concepts about the survey area.

The basic principles

In case of plane waves the reflection coefficient ¢ for horizontal plane boun-
daries is given by the well-known formula
» - QVi~6i+ lvi+l n\
QiVi+ Qi+1Vi+1

* Geophysical Exploration Company, Budapest, Hungary.
Presented at the 26th Geophysical Symposium, Leipzig, 22-25. September, 1981.
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where Qtis the density, vtthe velocity in the i-th layer. By a simple rearrangement
of Eq. (1) we get:

1—
6i+1 +1 QN £> (2

which shows that ifwe know the acoustic impedance in the first layer and the ref-
lection coefficient, we can compute the acoustic impedance in the next layer. In
this way the acoustic impedance of the n-th layer of a sequence can be computed
from the acoustic impedance of the first layer and from the reflection coefficient

sequence:
en, = 8"l [, 710 G

The quotient in Eq. (3) can be written, by the series development

n 1—
I+¢ @
hence
1_C _ZC
| +c ¢ ©)
and
ernvn = QiVie
Q (6)

This formula is called velocity transformation. Formulae (3) and (6) are directly
suitable for transformation of a reflection coefficient sequence into an acoustic
impedance sequence.

During seismic processing, the seismic trace comes closer to the reflection
coefficient sequence. In spite of this the processed seismic trace cannot be consi-
dered as a reflection coefficient sequence—even in the most ideal case. Applying
the velocity transformation formula to a processed seismic trace, we get a pseudo
acoustic impedance channel.

Let us investigate the connection betweeen the real and the inverted acous-
tic impedance. It is essential to see the connection clearly, because the real acous-
tic impedance function obtained from boreholes is the bridge between geology
and its seismic image. The seismic method measures the same physical proper-
ty—the acoustic impedance—but the measuring methods are different. The in-
formation content of a seismic trace related to the information content of an
acoustic log obtained from a borehole in the same place is less than one per
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cent—even if we neglect the inevitable distortions of seismic noise. (The sampl-
ing rate in well logging is 0.2-0.4 m. The highest frequency on the seismic trace is
about 50 Hz.With an interval velocity of 2000 m/s, the resolution of the subsur-
face information from seismic traces will be less than 40 m.) The difference
between the information contents is mainly due to the band limited nature of the
seismic trace.

2. Connection between the real and inverted acoustic impedance function

The main sources of error of the method are due to the deviations of the
seismic trace from the reflection coefficient sequence. The reflection coefficient
sequence is a transformation of the acoustic impedance sequence by Eg. (1), i.e.
there exists a one-to-one correspondence between them; they contain the same
geological information. It should be noted that the transformations connecting
the acoustic impedance sequence with the reflection coefficient sequence (Egs. (1)
and (2)) are not linear. The same is true for the seismic trace and the pseudo
acoustic impedance function computed from it.

The question is: What is the link between the real and the pseudo acoustic
impedance log? First, let us investigate the connection between the functions
from which the real and the pseudo acoustic impedance logs can be.generated.
These are the reflection coefficient sequence, and the seismic trace.

Let us compare a borehole sonic log with a nearby seismic trace (Fig. 1/a).
The sonic log is transformed into a time function, and resampled at a 2 ms rate.
Consequently, the sampling rate is the same as in the seismic trace. In spite of the
same sampling rate the sonic log contains more information than thp seismic
trace. Let us compare the measurements in the spectral domain (Fig. 1/b). By
comparing the respective power spectra of the sonic log (A), the reflection coeffi-
cient sequence (B), the seismic trace (C) and the pseudo acoustic impedance log
computed from the seismic trace (D), the following observations can be made.

The spectrum of the reflection coefficient sequence deviates somewhat from
that of the sonic log due, apart from other factors, to the nonlinear transforma-
tion process, but they are similar in character.

The transformation which generates the reflection coefficient sequence from
the acoustic impedance log is similar to a differentiation, so the inverse transfor-
mation is similar to an integration. Investigation of the spectra shows the spec-
trum of the pseudo acoustic impedance log (D) being shifted toward lower fre-
guencies with respect to the spectrum of the seismic trace.

The most remarkable feature on the spectrum of the seismic trace is the
band limitation, its information content is much less than that of the above spec-
tra. The difference is not only due to band limitation. The reason for further dif-
ferences will be clear if we take into consideration the recording and processing
procedures of the seismic method and the measuring technique of sonic logging.
The sonic log yields a detailed velocity curve. The seismic method is sensitive to
acoustic impedance, hence it contains density information as well. During seis-
mic wave propagation there are many effects, with which we cannot deal adequa-
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Fig. 1 Comparison of sonic log with a nearby seismic trace (a) and the power spectra (b)

A — power spectrum of the sonic log; B — power spectrum of the reflection coefficient

sequence; C — power spectrum of the seismic trace; D — power spectrum of the pseudo
acoustic impedance log

1. abra. Szonikus log szelvényrészlet és ugyanazon a helyen mért szeizmikus csatorna, valamint
teljesitményspektrumaik :
A — szonikus log teljesitményspektruma; B — reflexivitasfliggvény teljesitményspektruma; C —
szeizmikus csatorna teljesitményspektruma; D — alakusztikus impedanciacsatorna
teljesitményspektruma

Puc. 1. ConocTaBneHue kpuoit AK ¢ Mosly4eHHOI B 3TOM >Xe MecTe CEeACMUYECKOR 3anncbto (a)
N X 3HepreTuyeckme cnektpol (b)
A — 3HepreTnyecknii cnekTp Kpmeoid AK ; B — 3HepreTMueckuii CNekTp KpuBoW
KO3(h(hULMEHTOB OTpaXKeHUsi; C — 3HepreTMYeckunii CrekTp ceicMmyeckoi 3anmcn; D —
SHEepreTMYecknil CNeKTP KPUBOI MCEeBA0AKYCTUUECKOr0 UMMNeHAaHca
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tely during seismic processing. For example: systematic noise and random noise;
reflections arriving from lateral directions; migration; distortion of the wave
form and amplitude, and so on. The non-linear transformation may also cause
some additional distortion. In spite of all these deviations the spectrum of the
seismic trace and the other spectra are still similar in character. This implies that
the non-linear transformation does not alter the spectrum too severely. More-
over, the most important information content of the seismic trace concerns the
velocity function of the subsurface. Recomputing the acoustic impedance func-
tion from a seismic trace which has a relatively narrow spectrum, the resulting
acoustic impedance function will obviously have the same spectral width.

In the above investigation we cannot eliminate several effects influencing the
seismic trace, so it is expedient to investigate the effect of the convolution and the
non-linear transformation on models. Suppose for simplicity that the density is
constant, moreover the only difference between the reflection coefficient
sequence and the model seismic trace is the convolution by the wavelet (no
noises are present). So we have an input velocity function M ; a reflection coeffi-
cient sequence C, computed from M; a wavelet and the resulting seismic model
trace X t;and a pseudo velocity log PVL; obtained by inverting X t Convolving
the input velocity by wavelet, and starting from the reflection coefficient
sequence we get two branches. The end of the first is the pseudo velocity log, the
end of the second is the wavelet filtered input velocity function M (Fig. 2). In

Fig. 2. 2. dbra
C Puc. 2.

both branches there are the same transformations: a linear (the convolution) and
a non-linear transformation, but in reverse order. Because these gre not inter-
changable transformations the ends of the two branches must be different.
Although the above study of the sonic log and the seismic trace allows one to
conclude that the deviations between pseudo velocity log and sonic log are not
very large in the seismic frequency band, model studies are needed to clear to
answer the questions. Figure 3/a illustrates a synthetic velocity curve (A), a seis-
mic trace (D) computed with a wavelet of 40 Hz peak frequency (C), and a
pseudo velocity log (E) computed from the synthetic trace. Multiples and other
noises are not taken into account. The pseudo velocity log (E) does not show
good correlation with the synthetic velocity log (A) but it is in a fair correlation
with the seismic wavelet filtered synthetic velocity log (F). The power spectra of
the curves of Fig. 3/a are shown in Fig. 4/a. Comparing spectra (E) and (F) we
find an acceptable similarity in the spectral domain, too. Repeating the compu-
tation with a wavelet of 80 Hz peak frequency (Fig. 3/b and Fig. 4/b) we again
find good correlation in the time domain between the pseudo velocity log (E) and
the filtered velocity curve (F). Due to the higher signal peak frequency both
curves give a better representation of the initial velocity function. In the spectral
domain the similarity of the spectra (E) and (F) above 50 Hz is not as good as
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Fig. 3. Effect of bandwidth of the seismic signal on the pseudo velocity log. Model computation
using a wavelet of 40 Hz peak frequency (a) and that of 80 Hz (b)

A — velocity model; B — reflection coefficient sequence computed from velocity curve (A); C —
wavelet; D — synthetic seismic trace computed from wavelet (C) and reflection coefficient
sequence (B), without multiples; E — pseudo velocity log computed from synthetic seismic trace
(D); F — velocity curve (A) convolved by wavelet (C)

3. abra. Modellszamitas: a jel savszélességének hatasa az alsebesség-csatornara
A — sebességmodell; B — reflexivitasfliggvény ,,A” sebességbdl szamitva; C — wavelet; D —
szintetikus szeizmikus csatorna ,,B’ reflexivitasfiiggvénybél és ,,C” waveletbdl szamitva,
tobbszorosok nélkil; E — alsebesség-csatorna ,,D” szintetikus szeizmikus csatornabdl szamitva;
F — ,,C” wavelettel sz(rt ,,A” sebességfliggvény
Puc. 3. BnusiHMe WMpKHbI NOMOChI CEICMUYECKOr0 CUrHana Ha KpMBYH MCEBAOCKOPOCTHOIO
KapoTaxa (MoAenbHble BbIYMCNEHNS C UCMOMb30BAHMEM CUTHaNa C MUMKOBOM YacToToi 40 Iy (a)
n 80 Iy (b).

A —mMofenb KpuBol ckopocTeid; B — kpuBas Koath(ULNEHTOB OTPaXeHUs, NOACUMTAHHAsA MO
KpuBoli ckopocTeid A; C —curHan; D —Tpacca CUHTETUYECKON celicMOorpaMmel,
NoACYMTAHHOM NO KPMBOIA KO3PPULMEHTOB OTpaxkeHUs B n curHany C 6e3 KpaTHbIX
OTpaXKeHWii ; E — KpuBas NCeBAOCKOPOCTHOrO KapoTaxa, NofAcYMTaHHas no Tpacce
CUHTETMYeCKO! ceiicmorpammel D; F — kpuBasi ckopocTeldi A, npodunbTpoBaHHas curHanom C

below 50 Hz. But there is a similarity in character. On the other hand, above
50 Hz there is very little seismic information. It should be noted that frequencies
below 8 Hz are not shown because they do not have significance in the given
set up.

The following conclusions can be drawn from the model computation. The
band limitation of the seismic signal implies that the speudo velocity log com-
puted from the seismic trace is also band limitated. Here we lose significant geo-
logical information. The pseudo velocity log computed from the band limited
seismic trace is very similar to the sonic log convelved by the seismic wavelet.
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Fig. 4. a and b. Power spectra corresponding to the model traces (A)-(F) of Fig. 3a and b
4. abra. Teljesitményspektrumok a 3a és b abra azonos jelzésli modellcsatornaibdl szamitva

Puc. 4. a n b. 3HepreTnyeckne cnekTpbl, COOTBETCTBYHOLLME MOAENbHbIM Tpaccam A —F Ha puc.
3,aunb.

The similarity is also seen in the spectral domain, and it is especially strong in the
seismic frequency range below 50 Hz. Consequently, the two non-linear transfor-
mations and the linear transformation—namely the convolution by the seismic
wavelet—do not distort significantly the reconstructed velocity function, not
taking into consideration the band limitation.

In this paper we do not deal with the other earlier-mentioned distorting fac-
tors, we show one figure only to illustrate the effect of the strong multiple activity
(Fig. 5). It can be seen that the pseudo velocity log, computed from the synthetic
trace with multiples has practically no resemblance with neither velocity curves
below 2.2 s.

Application

For the application of formula (3) in seismic processing we have to know the
acoustic impedance of the first layer. Moreover, the seismic trace must be scaled
to match the reflection coefficient sequence. The acoustic impedance of the first
layer is only a constant multiplier—as can be seen in formula (3).

The effect of the scaling of the seismic trace is not so simple. The true ampli-
tude processing preserves the relative values of the real amplitudes in favourable
conditions, but we still need a proper realing factor for the complete trace. Some-
times the amplitude of some identifiable reflection can be fitted to the correct
value known from well logs, but in most cases this is not possible. In this situa-
tion we scale all the processed seismic traces so that the maximum of the ampli-
tudes refers to a reflection coefficient of 0.25, for example, keeping in mind that
the maximum of the real reflection coefficients is seldom over 0.3.
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Fig. 5. Effect of multiple activity on the pseudo velocity log. (Model computation)

A — velocity model; B — wavelet; C — reflection coefficient sequence computed from velocity
curve (A). Maximum of reflection coefficient: 0.32; D — synthetic seismic trace computed from
wavelet (B) and reflection coefficient sequence (C), with multiples; E — velocity curve (A) filtered
by wavelet (B); F — pseudo velocity log computed from primaries only; G — pseudo velocity
log computed from synthetic trace (D)

5. abra. Modellszamitas a t6bbszoroseik alsebesség-csatorna szamitasara gyakorolt hatasanak
vizsgalatara
A — sebességmodell; B — wavelet; C — reflexivitasfliggvény ,, A” sebességh6l szamitva; D —
szintetikus szeizmikus csatorna ,,C” reflexivitasfliggvénybdél és ,,B” waveletbdl szamitva,
tobbszorosok figyelembevételével, E — ,,B” wavelettel sz(irt ,,A” sebességfiggvény; F —
alsebesség-csatorna, a tobbszordsdk figyelembevétele nélkil; G alsebesség-csatorna a ,,D”
szintetikus szeizmikus csatornabél szamitva

Puc. 5. BnnsiHue KpaTHbIX OTPaXKeHUIA Ha KpKBYH MCEBAOCKOPOCTHOrO KapoTaxa (MofeNbHble
BbIUMCNEHMS)

A — wmofenb ckopocTeid; B —curHan; C — KprBas KO3(h(MLMEHTOB OTPaXeHus,
noAcymTaHHas Mo KpUBOM cKkopocTel A; MakcUManbHbI KO3hhnumeHT oTpaxeHms: 0.32; D —
Tpacca CUHTETUYECKON ceicmMorpaMmbl, MOACUYATAHHON NO curHany B u KpuBoi KoahdumLUmMeHTOB

oTpaxeHus C ¢ KpaTHbIMW OTpaxeHusmu; E — kpuBas ckopocTelt A, npothunbTpoBaHHas
curHanom B; F —KpuBas NceBAOCKOPOCTHOrO KapoTaxka, NOACYMTaHHas MO CUHTETUYECKON
celicMmueckoli 3anucu D.

Let us now see the effect of over-scaling or under-scaling. In this case we
change the values which we use as reflection coefficients, so we change the differ-
ences of acoustic impedances. Suppose that the velocities and densities increase
with depth. So C, <0 in formula (6), the exponent will be positive, and the value
of the exponential will be larger than 1 Inverting a trace X scaled by K, in for-
mula (6) we have to put KXtinstead of Ct:

sk = givie X en U™ 5
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The scaling factor occurs as the exponent of the exponential expression. The
value of the exponential function is larger than 1 so up-scaling the input trace
will result in an up-sclaing of the acoustic impedance function in a degree in-
creasing with depth. In case of under-scaling, the results will be reversed. The
effect of scaling is illustrated in the model example (Fig. 6). Three pseudo velo-
city logs are shown, with different scaling. Curve “A” results from no scal-
ing—this corresponds, as shown above, roughly to the initial velocity curve fil-
tered by the wavelet. The amplitude maximum on the Xt model trace is 0.18;
when 0.01 is used as maximum amplitude the resulting curve is “B”; and when
0.99, the resulting curve is “C”. Relative values are shown in Fig. 6 so the three
pseudo velocity logs differ only in scaling.

Fig. 6. Effect of scaling of the seismic trace on the computed pseudo velocity log. (Model
computation)
A — pseudo velocity log, computed from correctly scaled seismic trace; B — pseudo velocity
log, computed from strongly under-scaled seismic trace; C — pseudo velocity log, computed
from strongly over-scaled seismic trace

6. abra. Szeizmikus csatorna skalazasanak hatasa a szamitott alsebesség-csatornara
A — korrekt skalazassal szamitott alsebesség-csatoma; B — er@s alulskalazassal szamitott
alsebesség-csatorna; C — erds tulskalazassal szamitott alsebesség-csatorna

Puc. 6. BnusHue MacliTaGupoBaHus ceiMcMUUecKoil TPacChl Ha PacyeTHY KpUBYHO
NCeBOCKOPOCTHOr0 KapoTaxa (MOAENbHbIE BblUMCIEHUS)

A —KpuMBas MCeBLOCKOPOCTHOr0 KapoTaxa, NoAcuMTaHHas Nno NpaBuabHO MacliTabupoBaHHOM
celicMnueckoit Tpacce ; B — KpunBasi NCeBAOCKOPOCTHOr0 KapoTaxa, NofAcuUMTaHHas Mo CUIbHO
He0MacLITabMPOBaHHOM celicMMueckoii Tpacce ; C — KpuBasi NCEBAOCKOPOCTHOIO KapoTaxa,

NOACUYMTaHHAs MO CUAbHO NepeMacluTabypoBaHHOM celicMuyeckoii Tpacce

The model investigation shows that the exact knowledge of the scaling fac-
tor has no essential role in computing the relative values of the inverted velocity.
Moreover, the under-scaling distorts less the inverted relative velocity function
than up-scaling.

The estimation of the velocity function in the seismic frequency band has
been computed by the above method. The missing high frequencies are lost, their
restoration from seismic measurements is not possible. There exist methods;
however for the later addition of low frequencies. The missing low frequencies
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may be obtained either from moveout analysis or from filtered, interpolated well
logs. The low frequency trend is simply added to the inverted velocity function.

The real polarity of the seismic trace is identifiable by comparing it to a fil-
tered sonic log. If we invert the nearest seismic trace with both polarities and the
trace with the better correlation will be of the correct polarity.

Interpretation

The information content of the pseudo acoustic impedance sections—not
taking into consideration the later added low frequency component—is the same
as that of the seismic sections, but the seislog section can be correlated more
easily with the geological build-up. Still the lithological interpretation of the
pseudo acoustic impedance section is impossible without the analysis of core
samples. When there is at least one borehole in the area the lithological informa-
tion from it may be extrapolated by using the seislog section. In the absence of
boreholes, no lithological interpretation can be given, however seislog helps to
some extent in the interpretation. The interpretational value of seislogs depends
on the quality of the seismic section in the first place and on the other available
information. Although the most important application of seislogs is direct hyd-
rocarbon prospecting, the pseudo acoustic impedance sections may be used in
predicting abnormally pressured zones and in porosity prediction. There are no
generally used methods of interpretation of seislogs, in spite of their being used
for 5-6 years.

Two field sections are shown in Figs. 7 and 8 illustrating the application of
the method. Both sections cross productive fields with known gas reservoirs.
Since no density data or low frequency variations were applied during the inver-
sion, we could only receive a relative pseudo acoustic impedance section. In the
deconvolved section (Fig. 7ja) there is a strong amplitude anomaly at 14s. In
the seislog section (Fig. 7/b)—computed from the deconvolved section—at
14 s, where the borehole hit a gas containing layer a negative velocity anomaly
appears. The deconvolved section of Fig. 8/a reveals a classic structure. Borehole
data proves that the gas cap is at 1.52 s. In the computed seislog section (Fig.
8/b) the limits of the correctable negative acoustic impedance anomaly are
marked. Not regarding the two small disturbances, the negative anomaly follows
the gas reservoir.

In conclusion, the band limitation of the seismic trace is one of the most im-
portant restricting factors in the computation of pseudo velocity logs, restricting
the width of the spectrum of the resulting velocity log. Ignoring other distorting
effects, the information content of the pseudo velocity log corresponds with that
of the sonic log as restricted to the seismic frequency band with minimum alte-
ration. For this reason a deconvolution of the best possible quality is needed.
The frequency bandwidth of the seismic interpretation may be increased by a
proper deconvolution. So the hidden information may be raised to the level of
the detectability, both in the conventional seismic section and in the seislog sec-
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tion computed from it. Because the other distorting factors cannot be completely
eliminated, the interpretation of pseudo velocity logs requires much experience
and as much preliminary information as possible about the exploration area.

It is to be hoped that high resolution sources, wide band registration and 3
D migration will, in the near future, give new impetus to the using of seislogs in

stratigraphic and lithologic interpretations.

TsSsamm (rsssgql’
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Fig. 7. Seismic section (a) and pseudo acoustic impedance section (b) crossing a gas field
7. dbra. Gaztartalmu teriileten mért szeizmikus szelvény (a) és ebb6l szamitott alakusztikus
impedanciaszelvény (b)

Puc. 7. Ceiicmunueckuii paspes (a) 1 KpuBas NceBA0aKyCcTMYECKOro umnegaHca (b) B ra30HOCHOM
paioHe.
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Fig. 8. Seismic section (a) and respective pseudo-acoustic impedance section (b) over a gas cap
8. dbra. Gaztartalmu teriilet dekonvolvalt szeizmikus szelvénye (a) és alakusztikus
impedanciaszelvénye (b)

Puc. 8. Celicmuueckuii pa3pes (a) M COOTBETCTBYIOLLAA KpuBas MCeB0aKyCTUYECKOrO
nmnegarca (b) Hag rasoBoVi LIANKoW
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SZULYOVSZKY IMRE

AZ AL-SEBESSEG SZELVENYEK ES A SZONIKUS SZELVENY
KAPCSOLATAROL

Idedlis esetben a megfelel6 el6feldolgozas utani szeizmikus anyag inverzidjaval kapott
al-sebesség szelvény nagyon hasonlit a szeizmikus csatorna helyén, farélyukban mért szonikus
szelvényhez.

A dolgozat modelleken megvizsgalja, hogy a dekonvollcié utani jel sdvszélessége és a nemli-
nearis transzforméacio hogyan befolyasolja a szamitott és a bemeneti sebesség szelvény kapcsolatat.

Lathatd, hogy a szamitott sebesség szelvény azonos jelleg(i a szeizmikus jellel szirt szonikus
szelvénnyel és a hasonl6sag kilondsen a szeizmikus frekvenciasavban er6s. A dolgozat néhany pél-
dat mutat be a modszer gyakorlati alkalmazasara.

N.CYEBCKMW
O CBA3N KPMBbIX NCK U AK

B naeansHOM ciyyae KpuBas nceBfo-CKopocTHoro kapoTaxa (MCK), nonyyeHHas B pe3yfib-
TaTe MHBEPCUU CEiCMMYECKOro MaTepurana nocne COOTBETCTBYOLLel Npeso6paboTKM, 0UYEHb MOXO-
a Ha KpMBYH aKyCTMUYeckoro kapotaxa (AK), nonyyeHHy B CKBXWHE Ha MeCTe CeliCMUYecKoro
KaHana.

B pa6oTe Ha Mofensx usyyaeTcs 3heKT WMPUHLI NONOCHI CUTHANA NOce AeKOHBOMIOLMMN U
HeNUHEHOI TpaHC(opMaL M Ha OTHOLLIEHWE pacyeTHOM U BXOLHOA CKOPOCTHbIX (PYHKLWIA.
BuaHo, UTO XapaKTep pacyeTHOI KpUBOI CKOPOCTM coBnagaeT ¢ Kpueoii AK, npodunbTpoBaHHOM
celiCMUYECKMM CUTHANoM, 1 nogobue ABNSETCA 0COGEHHO CUMIbHBIM B MOJSIOCE CEACMUYECKMX Yac-
TOT. MpuMBOAATCA NPUMEpPbl NPAKTUYECKOr0 NPUMEHEHUA MeTOo/a.
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DETERMINATION OF ATTENUATION
FROM REFLECTION SEISMIC DATA
AND THE INFLUENCE OF LAYERING

U. PATZER*

When developing new seismic processing techniques it is of great importance to test them with
synthetic traces. Very often this step is decisive. Comparison of the obtained processing results with
the known model data allows one to draw conclusions on the general performance, the optimum
parameters, and the effectiveness of the technique under actual conditions.

As is demonstrated with a specific technique of attenuation determination the result obtained
from such synthetic computations depends essentially on the reflection coefficient series from which
the synthetic trace is computed. Unsuitable model traces can lead to incorrect assertions on the
achievable accuracy and consequently on the potential practical effectiveness of the technique.

1. Problem discussion

A seismic trace x(t) is considered to be the convolution of a reflectivity deriv-
ed spike series with a wavelet

x(t) = i(t)s(t).

The spike series i(t) represents the acoustic impedance distribution in the subsur-
face. While travelling underground the spectral composition of a seismic wavelet
s(t) is changed mainly as a result of attenuation. Ifthe attenuation coefficient is to
be determined from this spectral change the problem arises of extracting the
wavelet spectrum from the seismic trace.

There exist several techniques to eliminate the influence of the spike series to
such a degree that a sufficiently accurate estimation of the wavelet spectrum can
be achieved. Their effectiveness is commonly tested with synthetic data. It is a
general experience that the attenuation distribution computed from synthetic
seismograms depends essentially on the used layer or velocity model (Baruti et
al. 1980), in some cases the influence of the spike series may be so great that no
meaningful attenuation determination can be achieved (Mittann and Jurczyk
1977, Engelhard 1978)

It is possible that the used technique does not enable a clear separation of
the parts s(t) and i(t). Furthermore, the accuracy largely depends on the type of
model used for the theoretical analyses. These two effects will be illustrated by a
typical example in Fig. 1 First of all it can be established that the cepstrum ana-
lysis generally yields a more exact estimation of the actual wavelet spectra than
the autocorrelation function technique of Rapoport (1969) where great devia-
tions from the true spectra occur if an actual reflection coefficient series is
applied.

* VEB Geophysik Leipzig, GDR.
Paper presented at the 26th Geophysical Symposium, Leipzig, 22-25. September, 1981.
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Fig. I. Wavelet spectrum estimation from synthetic seismic traces
a — spike series of random distribution ; b — actual reflection coefficient series
--------- given spectrum,-------- spectrum obtained by cepstrum analysis,
------- spectrum obtained from the autocorrelation function

1. dbra. Az elemi jel spektrumanak becslése szintetikus szeizmogramokhbdl
a — Véletlen eloszlas impulzussorozata; b — tényleges reflexios koefficiens sorozat
— tényleges spektrum,-------- cepstrumanalizissel kapott spektrum, —— autokorrelaciés
figgvénnyel szamitott spektrum

dur. 1. OugHKa CneKTpa CuUrHana Ans CUHTETUYECKOl CeiicMUyeckoii Tpacehl
a — nocnef0BaTeNlbHOCT UMMY/LCOB MO CAyYaliHOMY pacnpefeneHnto; b — peanbHas
NoCNeA0BaTebHOCTL KOINMULMEHTOB OTPaKEHNS
3aflaHHbI CNekTp,------- CMeKTP MO KencTpanbHOMY aHanuay, ----- CMEKTP Mo (YHKLUUM
aBTOKOPpeALMm

2. Models and test computations

Test computations were carried out on models derived from the velocity dis-
tribution of a well located in the North German-Polish Basin. No density values
were available.

In model A of Fig. 5 the constant velocity layers were derived from the litho-
logic coloumn taking into account the acoustic log as well as petrophysical data.
The mean layer thickness amounts to about 30 m. In the depth section corres-
ponding to a traveltime range of 1.0 to 2.8 s acoustic log data were available.
Models B and C, sampled at 10 m and 2 m rates, respectively, resulted from these
data. All models are presented on the left part of Fig. 5 (for the traveltime interval
14to 2359).

In Fig. 1the connection between the quality of spectrum estimation and the
type of distribution of the used spike sequences is shown. Further special investi-
gations were carried out based on model C. To have a better approximation of
the actual conditions the data sampled with a 2 m rate were transformed into the
time domain. Following Baranov and K unetz (1960) the medium, assumed as
ideally elastic, was subdivided into equal traveltime (in this case 1 ms), constant
velocity layers. Thus, separate analyses of the influence of transmission and that
of the multiples on the reflection coefficient series can be simultaneously made.
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The randomness of the reflection coefficient series computed in this manner
can be checked using the autocorrelation function. The autocorrelation function
of a true random series only deviates significantly from zero for the time shift
r=0. If O the values must be within a threshold level of significance, this
threshold depends on both the false rejection probability and width of the ana-
lysed interval. The false rejection probability was selected as 5% for all investi-
gated cases. For example, using an analysis window of 0.2’ s some 15% of the
peak value of the autocorrelation function corresponds to the threshold of
significance.

Figure 2 shows the sampled, normalized autocorrelation function for differ-
ent positions of the analysed traveltime window (the above mentioned threshold
is also given). At narrow windows (0.2 and 0.4 s) significant differences in the
character of the autocorrelation function can be seen for adjoining traveltime
windows. In most cases there are several extrema exceeding the threshold of sig-
nificance. This clearly indicates that the reflection coefficient series are generally
not randomly distributed.

This general statement is also valid when the analysed window is enlarged
up to an interval corresponding to the so-called effective time window (0.8 s)
used for the attenuation determination. The intensity of the secondary extrema
at time shifts t~O is somewhat lower for the summarized coefficient series (d)
compared with the other ones (a, b, ¢). But in each case there also occur indivi-
dual peaks exceeding or coming close to the threshold value.

Further analyses using actual reflection coefficient series show that in
general they obey a normal distribution. This is demonstrated in more detail in
Patzer €t al. (1981). The evaluation given above is in good agreement with the
results obtained by Agard and G rau (1961).

Returning to the results presented in Fig. 1, we have seen how much the
quality of spectrum estimation from the autocorrelation function depended on
the type of distribution. For the cepstrum analysis the most suitable type of dis-
tribution is obviously a random reflection coefficient series. However, the devia-
tions of the actual reflection coefficient series from this type of distribution have
not such a strong effect on wavelet spectrum estimation as in case of the autocor-
relation function method. We have found that when using cepstrum analysis
with optimally selected program parameters, it yields an approximately four
times higher accuracy in attenuation determination than that achieved with the
autocorrelation function technique.

3. The influence of intrabed multiples

The term *“attenuation” generally describes the frequency dependent energy
losses of a seismic wave due to its propagation through the medium. This energy
loss is esentially caused both by the nonreversible change of mechanical energy
into heat and by wave scattering at interfaces and other inhomogeneities. If a
seismic signal travels through a layered medium an additional attenuation
mechanism acts. It results from the combination of transmission losses at inter-
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faces and intrabed multiples generated therefrom. In particular, when a seismic
wave travels through a stack of thin layers of strongly changing acoustic impe-
dances an essential fraction of the signal energy gets trapped and only reappears
of greater traveltimes. Hence, the maximum amplitude decreases and the predo-
minant frequency ofthe signal is lowered. Although the mechanism is of an entire-
ly different kind from that caused by inelasticity and scattering, its action on the
seismic pulse is very similar. This “quasiattenuation” effect was clearly described
by 0°D oherty and Anstey (1971). For our investigations it is of interest to what
extent this apparent attenuation due to intrabed multiples acts in the used
models. The investigations were carried out again on layer model C. The reflec-
tion coefficient series was computed according to Baranov and K unetz’s techni-
que (1960).

Similarly to the method suggested by Schoenberger and Levin (1974), the
model was sealed at the bottom of the hole by an additional isolated totally re-
flective interface of reflection coefficient R = —L In the computed reflection coef-
ficient series involving all true and multiple reflections each reflection generated
at this reflective horizon represents that energy which has travelled downward
and upward through the layer model.

For computational reasons the additional reflective interface was inserted at
2 s traveltime. Figure 3 shows that at this traveltime the multiple tail of the ori-
ginal model is not entirely suppressed and superimposes on the reflections gener-

Fig. 3. Impulse response for a spike travelling twice through model C for different sampling rates
a — sampling rate 1ms; b — sampling rate 2 ms; ¢ — sampling rate 4 ms

3. abra. Impulzus-valaszfiiggvény, a C modellen valé kétszeri athaladas esetén, kiillénb6z6
mintavételezéssel
a — mintavételi k6z 1ms; b — mintavételi kdz 2 ms; ¢ — mintavételi kdz 4 ms

dur. 3. XapakTepucTuka UMMynbca, NPOXoAsLLEro ABa pasa MOAENb cnouctoctT C npu pasHbixX
larax KBaHTOBaHWUs B AuanasoHe BpeMeHu
a — lWar KBaHToBaHMA 1MC; b —wwar KBaHTOBaHUs 2 MC; C — LIAr KBaHTOBaHMs 4 MC
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ated at the isolated reflective interface. Nevertheless, the model allows qualitative
assertions about the filtering effect of the original series of layers.

As can be seen from Fig. 3, the impulse response exhibits considerable differ-
ences depending on the sampling rate used for the computation of the reflection
coefficient series (See also Schoenberger and Levin 1979)

The shift of a considerable fraction of the reflected energy towards greater
traveltimes with simultaneous pulse broadening (typical for a cyclic layering
according to 0 'D oherty and A nstey 1971) becomes clear only when applying a
sampling rate of 1 ms, in spite of the great thickness of the analysed layer
complex.

The amplitude spectra of the impulse responses (Fig. 4) show that for
sampling rates greater than 2 ms the frequency dependent attenuation caused by
intrabed multiples can be neglected.

Fig. 4 Amplitude spectra of the impulse
InA responses presented in Fig. 3

a — sampling rate 1 ms; b — sampling

rate 2 ms; ¢ — sampling rate 4 ms

4. dbra. A 3. dbran bemutatott impulzus-
valaszfliggvények amplitadéspektrumai

a — mintavételi kéz 1 ms; b — mintavételi
kdz 2 ms; ¢ — mintavételi kdz 4 ms

dur. 4. AMNAUTYAHbIE CeKTpa XapakTe-

PUCTUK UMMYNbCOB, MNPUBEAEHHBIX Ha

puc. 3

a- Lar KBaHTOBaHMS 1MC; B - Llar KBaH-
o 20 40 60 80 f[Hz] ToBaHMs 2 MC;C- wWar KBaHTOBaHUA 4 Mc



Determination of attenuation from reflection seismic data... 79

4. Computation of synthetic seismograms with attenuation
and attenuation determination

The investigations on the influence of the selected layer model on the accur-
acy of attenuation determination were accomplished on synthetic traces com-
puted by taking into account attenuation. First of all the complex frequency
characteristics of the model were determined by applying Fourier transform to
the spike series including all primary and multiple reflections (G ogonenkov and
Z acharov 1971). A linear dependence of attenuation on frequency was assumed.
Velocity dispersion was taken into account according to the well-known F utter-
man relation connecting attenuation and dispersion. We started out from dif-
ferent attenuation functions, derived the spikes series for the models A to C, and
convolved the results by an actual wavelet recorded near one of the shotpoints.

The computation of attenuation was carried out by the computer program
ABSOR2. The signal spectrum is determined by cepstrum analysis within mov-
ing time windows shifted in 50 ms steps along the trace. The effective length of
this window and hence the resolution power of attenuation determination is
approximately 0.8 s. An earlier Version of this technique was presented at the
22nd Geophysical Symposium held in Prague [D anckwardt et al. 1978]. The
attenuation coefficient a is assumed to depend linearly on frequency, a(/) =
= k-f The factor k of dimension m”1Hz* 1 is computed in the well-known
manner from the slope of the spectral ratios. This value, reflecting the change of
the ratios between high- as well as low-frequency signal components is denoted
by kf.
In the extended version of the program [D anckwardt and Patzer 1981]
the attenuation is additionally computed from the traveltime dependent ampli-
tude decay for the same harmonic components of the signal spectrum (attenua-
tion value kt). Besides the determination of the individual values kf and k, the
program also computes the summarized attenuation coefficient kx = 1/2(kf +kt).5

5. Analysis of the influence of layering

First, the processing results obtained for model A are considered. In Fig. 5
(upper part) it can be seen that a very high deviation occurs from the actual
attenuation value. The greatest error arises in k,, computed from the traveltime-
dependent amplitude decay.

From Fig. 6 (left part) it is clearly seen that the character of the distribution
of the results is not changed if different attenuation functions are assumed. The
mean deviation from the true attenuation value remains approximately constant.
This means that the accuracy of the attenuation determination is independent of
the actual magnitude of attenuation.

The causes of these great errors can be attributed mostly to the insufficient
suppression of the spike series. The right-hand side of Fig. 6 shows the difference
curves for the computed attenuation. Subtracting the curves based on the
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Fig. 5. Attenuation determination from synthetic traces for different velocity distributions and
different models
A — based on lithology (mean layer thickness 30 m); B — resulting from acoustic log, sampling
rate = 10 m; C — resulting from acoustic log, sampling rate=2 m
1— velocity distribution, 2 — reflection coefficient series, 3 — attenuation affected reflected
impulses, 4 — synthetic trace after convolution of 3 by a wavelet (attenuation : model 1
with k= 10), computed values for kf ,k, L kz

5. abra. Csillapodas-meghatarozas szintetikus szeizmogramokbdl kiilonb6z6 sebességeloszlasokra
és kuldonbdz6 modellekre
A — a furasi szelvénybdl (atlagos rétegvastagsag 30 m); B — akusztikus szelvénybdl, mintavételi
k6z 10 m; C — akusztikus szelvényb6l, mintavételi k6z 2 m
1 — sebességeloszlas, 2 — reflexids koefficiens sorozat, 3 — csillapitott reflektalt impulzusok,
4 — szintetikus szeizmogram (3 konvolvalva egy elemi hulldmmal) az adott csillapitassal (modell 1,
k= 10), szamitott értékek: kf Kk, ,

dur. 5. Pe3ynbTaTbl ONpefeneHns NoraolleHns no CUHTETUYECKM TeCTOBLIM Tpaccam,
KOTOPbIE NOMYYeHbl C MPUMEHEHNEM Pa3/IMYHbIX 3aKOHOB CKOPOCTel M MOAeneli CnoMcTocTu
A — N0 NNTONOrMYeCKOMY paspesy, CPeAHss MowWwHOCTb nnactoB 30 M; B —no
aKyCTMYECKOMY KapoTaxKy, wwar kBaHToBaHUs = 10 M; C — no aKyCTUYeCKOMY KapoTaxy, Luar
KBaHTOBaHUS = 2 M
1 — pacnpefeneHune cKopocTn, 2 — nocnefoBaTeNlbHOCTb KO3I((ULNEHTOB OTpaxeHus, 3 —
UMNybCHasa Tpacca C y4eTOM MOr/oWeHns, 4 — cuHTeTMYecKas Tpacca nocne CBEPTKM
UMNY/bCHOW Tpacchbl 3 ¢ CeAICMUYECKMM CMTHaNoOM (3ajaHHoe nornaoweHue: mogens 1 c¢ k = 10),
paccumMTaHHble 3HavyeHnsa gns kf --------- , K, ==---m-- , K*—mmmm
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attenuation functions 1 (k= 10x 10-6 m-1 Hz-1) and 2 (k= 5x
X10”6m-1 Hz-1), respectively the above mentioned difference curves result.
As can be seen, a significant decrease of the deviation from the given attenuation
model is achieved. But this correction for layering effects is only of a hypothetical
value as it is not applicable to actual data.

Fig. 6. Attenuation determination from synthetic traces, velocity model A
--------- data for model i (k=10),-------- data for model 2
(fc=5),-------- data for model 3 (fc=0),--------- difference between the values for models 1 and 3,
--------- difference between the values for models 2 and 3

6. abra. Csillapodas-meghatarozas szintetikus szeizmogramokbdl, A sebességmodellre
--------- adatok modell 1-hez (fc=10),---------adatok modell 2-héz (k=5),---------adatok modell
3-hoz (k=0),----—--- 1 és 3. modellre szamitott értékek kilénbsége,----------- 2. és 3. modellre
szamitott értékek kiilonbsége

®ur. 6. PesynbTaTbl OnpefefieHUs MOrNOLEHNS Ha TECTOBLIX CUHTETUUYECKUX Tpaccax MOAenu
cnoucToii cpefbl A
faHHble gna mogenn 1 (k = 10),------ faHHble ans mogenn 2 (kK = 5), [aHHble ans
mogenu 3 (kK = 0), — — pasHuLa Mexzay flaHHbIMU Mofeneld 1m 3— ee— pasHuLa Mexay AaHHbIMU
mogeneii 2 n 3
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If the test result obtained from this layer model had been available it would
have been possible to conclude that the used technique does not enable a suffi-
cient suppression of the spike series influence and is unsuitable for detecting
attenuation anomalies under actual conditions.

But when using more detailed layer models which may be derived from
acoustic log data (models B and C in Fig. 5) an essentially smaller deviation
between computed and given attenuation values is achieved. According to Table
I the mean deviation is only as small as about 1x 1CI'6 m” 1 H z" 1for this model.
Ifavalue of 10x 10" 6 m~1Hz- listaken for the average attenuation in the sub-
surface under normal conditions, a theoretical accuracy of about 10% is
achieved in determining attenuation. Under such circumstances the application
of the described technique to practical exploration problems seems more favour-
able than in the case of layer model A

Table 1. Accuracy of attenuation determination
depending on the sampling
rate of an actual velocity model

N Layer thickness Mean deviation mKin 10 6m 1Hz 1
model
inm in ms mk "
A *30 *15 25 9.3 4.0
B 10 * 5 0.9 12 0.9
C 2 N2 0.9 12 0.8

6. Detection of Attenuation Anomalies

To prove the general performance of program ABSORZ2 in predicting layers
with increased attenuation the computations were repeated for model C using a
modified attenuation function (attenuation model 4). When evaluating the data
presented in Fig. 7, it must be considered that because of the limited vertical
resolving power of the technique a strong smoothing of the attenuation distribu-
tion results. The theoretically achievable representation of the anomaly (dotted
line) depends on both the magnitude of the attenuation anomaly (length 0.3 s,
change of attenuation by 10x 106 m-1 Hz-1) and on the resolving power of
the computation (0.8 s).

Taking these facts into account a satisfying approximation of the computed
attenuation values to the theoretically achievable curve can be established for
attenuation model 4. A reliable detection of attenuation changes of such a mag-
nitude seems to be somewhat problematic for actual conditions. Obviously, such
anomalies are at the lower boundary of detectability when using program
ABSORZ2.

The subtraction of data for attenuation function 1 (with anomaly) from
those corresponding to function 4 (“normal level” of attenuation), already
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demonstrated in Fig. 6, yields a decrease of deviations—but not decisive—be-
tween theoretical and computed values. Also in this case, the improvement
results from the elimination of the residual layering influence. As follows from
Fig. 7, this influence of the spike series for layer model C is not very high, it is in
the order of the inevitable inaccuracies of the computational technique.

Fig. 7. Attenuation determination from synthetic traces, velocity model C
--------- data for model 1 (c= 10),--------data for model 4 (interval 1.7 to 2.0’ s, k =20, outside this
interval k= 10),------—- difference between the values for models 1 and 4,.....theoretical
distribution of the results for model 4 for the given resolving power

7. abra. Csillapodas-meghatarozas szintetikus szeizmogramokbdl, C sebességmodell
-------- adatok modell 1-hez (fc= 10),-------- adatok modell 4-hez (az 1,7—2,0 s intervallumon
belil k=20, ezen kivul ft= 10),------- 1 és 4. modellre szamitott értékek kilonbsége, ...... az
eredmények elméleti eloszlasa a 4. modellre, az adott felbontéképesség mellett

dur. 7. PesynbTaTtbl ONpeAeneHns nornoweHns Ha TeCTOBbIX CUHTETUYECKUX Tpaccax Mogenu
cnouctoli cpegpl C
faHHble ans mogenn 1(k = 10),----- [aHHble ans mogenu 4 (B uHTepsane oT 1,7 go 2,0 c,
K = 20,BHE 3TOr0 OKHa: K= 10),----- pasHMLa Mexxay faHHbIMWN MOAeNel 11 4, ssee TEOPETUYECKOE
pacnpegeneHune faHHbIX 419 MOAenu 4, nonyvyaemoe ¢ y4eTOM paspeluarolleil cnocobHoCcTH
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ULRICH PATZER

A RETEGZODES HATASA A CSILLAPODAS MEGHATAROZASANAK
PONTOSSAGARA

Szintetikus csatornakon végzett elméleti szamitasokbdl ismeretes, hogy a rétegzett kézeg mo-
dellje jelent6s hatast gyakorol a csillapodas szamitasanak pontossagara. Az alkalmazott eljarasok
valdsziniileg nem adnak modot ezen hatas kikiiszébolésére. Ezenkivill az elérheté pontossag jelen-
tés mértékben fiigg az elméleti analiziseknél alkalmazott, rétegzett modell fajtajatol.

Vizsgalatokat végeztiink olyan modelleken, amelyek kiilénb6z6 részletességgel tiikrozték a
farélyukakban meghatarozott sebességeloszlasokat. A szelvény durva tagolasa alapjan kapott se-
bességmodell felhasznalasakor igen nagy mérési hiba figyelhet6 meg, ez azzal kapcsolatos, hogy a
modell nem elég részletesen tiikrozi a val6sagos viszonyokat. A rétegzett kozegen — akusztikus ka-
rotazs alapjan, csokkentett mintavételi kozzel — végrehajtott elméleti szamitasok alatamasztjak ezt
a kovetkeztetést, a szamitott abszorpcids értékek sokkal kisebb mértékben térnek el a megadottak-
tol.

Y. MATLEP
BMNAHNE CNOUCTOCTU HA TOYHOCTbL OMPEAENMEHUNA 3ATYXAHUA

Mo TeopeTUYeCKUM pacyeTam C CUHTETUYECKMMM Tpaccamy U3BECTHO, YTO MO/ENb COUCTON
cpefibl OKasblBaeT CYLLECTBEHHOE BAMSIHME HA TOYHOCTb pacyeTta 3aTyxaHus. MprMeHseMble Cnoco-
6Gbl 0YEBUAHO HE MO3BONAIOT UCKNIOUNTL 3TOT ahpekT. Kpome TOro, oCTUraemMast TOYHOCTb B 3Ha-
uMTeNbHO Mepe 3aBMUCUT OT BUAA CNIOMCTON MOAENU, MPUMEHSIEMOI NpW TEOPeTUYECKUX aHanu-
3aX.

WccnefoBaHns NpoBOAMNCE HAa MOAENsX, KOTOpble OTPaXanu pacrpefeneHus CKOpOoCTe,
onpefeneHHble B CKBAXKMHE, C Pa3HOM CTeNeHbI0 AeTanbHOCTW. Mpu MCNONb30BaHUN MOAENN CKO-
pOCTW, MOMYYeHHOI MO rpy6oMy pacuneHeHuo paspesa, HabnloAaeTcs o4YeHb 60Mbluas olnGKa
13MepeHusl, KoTopas No/y4aeTcs M3-3a TOro, YTO MOAENb HeO0CTaTOYHO AeTaNbHO OTPAXaeT pe-
anbHble YCNOBUS. DTOT BbIBOJ MOTBEPXKAAETCA TEOPETUUYECKUMM pacyeTaMn Ha MOJenn CNonCTO
Cpefibl C YMEHbLUEHHbLIM LIaroM KBaHTOBaHMs MO aKyCTUYECKOMY KapoTaxky, Mpuuem pacyeTHble
3HaYeHMs NOT/MOLLEHMUS B 3HAUYMTEIbHO MEHbLLE Mepe OTNMYAIOTCS OT 3adaHHbIX.
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