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Amplitude Versus Offset case study on the Moho

Ernő TAKÁCS* and Zoltán HAJNAL**

A deep seismic survey was performed in the south-eastern part of Hungary in 1992. Data ac
quisition, processing and interpretation were carried out in Ilungarian-Canadian-Swiss co-operation 
with the main purpose of determining the deep structure of lithosphere between two Neogene sub
basins of the Pannonian basin.

The reflection data collected by the Hungarian Geotraverse Project were suitable for carrying 
out Amplitude Versus Offset (AVO) analysis on the reflections from the Mohorovicic discontinuity. 
In this study we present our preliminary results on estimating the elastic properties in the surround
ings of the Moho. We describe the seismic data processing and show the effect of Inverse Velocity 
Stacking (INVEST) on the signal-to-noise ratio and AVO response. The AVO inversion process is 
detailed and it is shown how an appropriate initial model for the inversion can be constructed with
out well-log data. Finally we discuss the various parameters such as P-wave velocity, density, 
Y-wave velocity (Poisson’s ratio) and rigidity. Interpretation o f the estimated elastic parameters in
dicates that there is a weak zone in the vicinity o f the Moho.

Keywords: Pannonian basin, Mohorovicic discontinuity, AVO inversion, P-waves, 5-waves, 
velocity, density, rigidity

1. Introduction

Amplitude Versus Offset (AVO) analysis has been successfully used for 
hydrocarbon exploration for some decades. Since OSTRANDER’s basic work 
[1984] several authors showed that the use of this methodology enabled the 
potential gas traps inside the clastic sediments to be detected. However, ex
tremely accurate data processing and interpretation are needed. In the last few 
years it has been suggested that AVO could also be effective inside carbonates 
[e.g. HARVEY 1993] and for deep reflectors [e.g. SIMON 1998].

Since a reflected P-wave AVO response depends on three parameters — 
the P-wave velocity, density, and the S-wave velocity —- the output of inver
sion should be capable of detecting not only the layer content in porous rocks 
but also the changes in elastic properties of the Earth’s crust. The task is more
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difficult for reflections from deep discontinuities because of the lower signal- 
to-noise ratio and the smaller incident angles which are observed from the 
deep reflectors. Moreover, well-logging data, which are conventionally used 
to build up the initial model for AVO inversion, are not available. However, 
these problems can be overcome by a properly designed field survey, accurate 
data processing, and an appropriate initial model.

The field measurement system of the Hungarian Geotraverse Project was 
designed to investigate the whole lithosphere and even deeper structures [POS- 
GAY et al. 1996, HAJNAL et al. 1996, ANSORGE et al. 1996]. To detect deep re
flections with good signal-to-noise ratio 50 kg dynamite was used as a seismic 
source and signals were received by low frequency (2 Hz) geophones with 100 
meter spacing up to approximately 17 km offsets. These recording parameters 
enabled information tobe obtained about the elastic parameters using AVO in
version from a depth range of 22-26 km. The upper 40 km part of the Hungar
ian Geotraverse migrated depth section can be seen in Fig. 1.

2. Data pre-processing for the AVO inversion

In order to be able to perform reliable AVO analysis it is necessary to pre
serve the relative amplitudes of the reflected signals, therefore during data 
processing any steps that might distort the trace-by-trace amplitudes must be 
avoided. The pre-processing flow applied to the field data to produce an ap
propriate input for the AVO inversion is shown in Fig. 2.

Conventional seismic processing steps: trace editing, spherical diver
gence correction, removing the DC component, CDP sorting, and band-pass 
filtering were used before the NMO correction. Because the trace amplitudes 
of the low frequency geophones could be distorted by the DC component it 
should be subtracted. The amplitude spectrum test indicated that a low-cut fil
ter with 4 Hz frequency was effective as a means of weakening the ground-roll 
without attenuating the Moho reflections. After the NMO correction the pro
cessing flow was split into two branches: in the first, we stacked the CDP gath
ers, then trace mixing and scaling were applied to create a brute stack; in the 
second, the pre-stack data were prepared for AVO inversion using the HAMP- 
SON-RUSSELL AVO software package [1998]. During this process INVEST 
(Inverse Velocity Stacking) was applied to the pre-stack data, a common off
set stack was produced from 12 individual CDPs, and three-trace mixing was 
used to get an input for the AVO inversion.

The zone of interest enlarged from the brute stack is plotted in Fig. 3. It 
should be noted that we did not intend to produce an excellent stack, but to
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Fig. 2. Pre-processing flow chart 
2. ábra. A szeizmikus előfeldolgozás folyamatábrája

carry out a reliable AVO analysis on the pre-stack data. Locations ‘ A -E’ mark 
the sites where AVO responses were studied to check the consistency of seis
mic data for the analysis — see later (Fig. 7).

Inverse Velocity Stacking (INVEST) was used to attenuate random noise. 
The algorithm used in INVEST is the parabolic Radon transform and is based 
on modelling the NMO-corrected pre-stack data using a set of parabolic 
curves [RUSSELL et al. 1990]. In this study the effect of the INVEST on the 
signal-to-noise ratio was tested on the common offset stack created at location 
‘C’. The input supergather after the three-trace mixing and the output seismic 
data can be seen in Fig. 4. The output consists of two datasets: the noise-free 
data and the estimated random noise. A remarkable improvement in the 
signal-to-noise ratio took place between the input and the noise-free data.
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Moho

(a) (b) (c)

Fig. 4. Inverse Velocity Stacking (INVEST) at location ‘C’: input common offset stack (a), 
noise-free data (b), estimated noise (c)

4. ábra. INVEST (Inverse Velocity Stacking) a “C” vizsgálati helyen: bemenő közös 
offszet szerinti összegszelvény (a), zaj-mentes adatok (b), becsült zaj (c)

Any processing step that can distort the observed AVO responses must be 
avoided before the inversion. RUSSELL et al. [ 1990] suggest that of the various 
2-D noise reduction procedures, the parabolic Radon transform is the most ef
fective in maintaining the relative amplitude relationships of the primary data. 
We tested, however, the effect of the INVEST on the AVO responses. Figure 5 
shows the AVO responses before and after Inverse Velocity Stacking. It can be 
seen that the parabolic Radon transform has suppressed the random noise but 
has not distorted the amplitude versus offset trend. Except for the three-trace 
mixing on the common offset stack no smoothing was applied on the observed 
AVO responses.

As a result of our data preparation, five common angle stacks marked 
‘A -E’ are shown in Fig. 6. Offset-angle conversion was carried out using an
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Fig. 3. Enlarged brute stack for the zone of interest with the analysis locations ‘A -E ’ 
3. ábra. Kinagyított nyers összegszelvény az “A -E ” vizsgálati helyek feltüntetésével
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Fig. 5. Observed AVO responses from the Moho at location'C’: before INVEST (a),
after INVEST (b)

5. ábra. A Moho-ról észlelt AVO válaszok a “C” vizsgálati helyen: INVEST előtt (a),
INVEST után (b)

interval velocity model created by earlier reflection and refraction processing 
of deep seismic data [POSGAY et al. 1995, 1996]. The Moho can be seen on 
each common angle stack as a strong reflection and has a good signal-to-noise 
ratio. Moreover, it can be seen that the maximum incident angle from the 
Moho is approximately 20 degrees, which is sufficient to get information 
about the elastic parameters from the AVO responses, see later.
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Fig. 6. Common angle stacks at locations ‘A -E ’
6. ábra. Közös szög szerinti összegszelvények az “A -E” vizsgálati helyeken

To study the consistency of the field data, AVA (Amplitude Versus An
gle) responses were produced at locations ‘A -E’. In Fig. 7 the AVA responses 
observed from the top of the basement and from the Moho are balanced using 
the least squares algorithm. We can conclude that the AVA responses from the 
basement are more variable than those from the Moho. The reason is that the 
top of the basement has a significant slope between locations ‘ A-E’. The AVA 
responses from the Moho are quite similar regarding their intercept and curva
ture; for this reason we concluded that the consistency of the seismic data is 
suitable for AVO inversion in the zone of interest. It is pointed out, that AVO 
and AVA are synonymous phrases in the case of an appropriate velocity 
model. However, if one compares amplitude responses from different depths 
AVA responses should be used.
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Fig. 7. Observed AVA responses after least squares method fitting at locations ‘A -E ’
7. ábra. Észlelt AVA válaszok legkisebb négyzetes kiegyenlítés után az “A -E” vizsgálati

helyeken

At the end of data preparation the common offset stack produced at loca
tion ‘C’ was chosen for AVO inversion because of its relatively central loca
tion on a strong reflection from the Moho.

3. AVO modelling for the Moho

Before the inversion process we analysed how sensitive a theoretical 
AVO response from the Moho was to change in the Poisson’s ratio (i.e. P- and 
S-wave velocity ratio) as well as the density. This was important in terms of 
whether we can estimate elastic parameters from the observed AVO re
sponses. Preliminary assumptions about the P-wave velocity, density and 
Poisson’s ratio supplied the parameters of the two-layer models. The model 
parameters that were applied are shown in Table I.

The reflection coefficient as a function of the incident angle is plotted in 
Fig. 8. Here keeping the P-wave velocities and densities fixed we changed the 
Poisson’s ratio of the second layer. The curve in the middle corresponds to the 
case when there is no Poisson’s ratio contrast at the Moho (cti = cr2), the upper 
one marks a positive (gi < a 2) and the lower one a negative (gi > g2) Poisson’s 
ratio contrast. The zero-offset acoustic impedance contrast is a positive value 
in each case. Results of a similar analysis are plotted in Fig. 9, but here we 
changed the density of the second layer. The lowest curve corresponds to the 
case when there is no density contrast at the Moho (pi = p2), the two others
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mark positive (pi < p2) density contrasts. In these cases the Poisson’s ratio 
contrast is zero.

P-wave velocity 
Vp (m/s)

Density

P (g/cm3)

Poisson’s ratio
а

Fig. 8.
1st layer 7700 2.80 0.26

2nd layer 8100 2.82 0.22; 0.26; 0.30

Fig. 9.
1st layer 7700 2.80 0.26
2nd layer 8100 2.80; 2.90; 3.00 0.26

Table I. Parameters for two-layer AVO modelling. Italicized values were changed to study 
the effect of Poisson’s ratio and density on theoretical AVO responses from the Moho 

1. táblázat. Kétréteges AVO modellezés paraméterei. A dőlt betűs értékeket megváltoztatva 
tanulmányoztuk a Poisson hányados és a sűrűség hatását a Moho-ról érkező elméleti AVO

válaszokra

ol<ü2

cl=a2

ст1>а2

Fig. 8. Sensitivity analysis for Poisson’s ratio 
8. ábra. A Poisson hányadosra vonatkozó érzékenység vizsgálat

From all of these curves we can conclude that a theoretical AVO response 
from the Moho is sensitive to changes in Poisson’s ratio and in density. The 
Poisson’s ratio contrast has a significant effect on the gradient of the AVO re
sponse, and the density contrast on the intercept. It is mentioned here that a
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pl<p2

pl<p2

pl=p2

Fig. 9. Sensitivity analysis for the density 
9. ábra. A sűrűségre vonatkozó érzékenység vizsgálat

relatively small change in the Poisson’s ratio can change the AVO response 
from the Moho from a decreasing to an increasing trend in the observed inci
dent angle range. Of course, the real seismic data are disturbed by noise, but if 
one uses an appropriate noise elimination and inversion algorithm AVO 
analysis may be able to get information about the S-wave velocity (Poisson’s 
ratio) parameters from the depths of the Moho.

4. AVO inversion at location ‘C’

The AVO inversion flow chart is shown in Fig. 10. The data pre
processing discussed above resulted in a common offset stack at location ‘C’ 
as one of the inputs for the inversion. The other input is an initial model con
sisting of P-wave velocity, density, and P-wave velocity (or Poisson’s ratio) 
parameters. Usually well-logs provide these data which are edited and 
blocked before the inversion. In this study the P-wave velocity and density 
parameters were obtained from adjusting synthetic seismic traces to the near 
zero-offset trace of the common offset stack.

The time window for the analysis was 8100-9400 ms. After extracting a 
wavelet from the common offset stack, the next step was the initial model
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Fig. 10. AVO inversion flow chart 
10. ábra. Az AVO inverzió folyamatábrája

building. The basis for this procedure was the P-wave interval velocity model 
produced by earlier velocity determinations from the surface down to the as- 
thenosphere [POSGAY et al. 1995, 1996]. This macro-model was modified 
step-by-step in the zone of interest adding layers to the original one to match 
the synthetic to the near zero-offset observed trace. In order to decide whether 
a positive or negative zero-offset reflection coefficient should be applied we 
keep in view, on the one hand, that the positive or negative phase of the ob
served reflections has higher amplitude on the amplitude envelope of the com
mon offset stack at near zero incidences (Fig. 11). On the other hand, we 
forced a good fit of the synthetic and the near zero-offset real data, and this re
quired the assumption of some boundaries with negative zero-offset reflection 
coefficient in the zone of interest as well.

In the way detailed above a ten-layer P-wave velocity start model was 
built up in the zone of interest. Density parameters for the initial model were 
computed from the P-wave velocities using an empirical relation [LlNDSETH 
1979]. In addition, for the initial model we chose a constant 0.26 value of the
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Fig. II. Common offset stacks: wiggled traces fa), amplitude envelope (b) 
II. ábra. Közös offszet szerinti összegszelvények: csatorna megjelenítés (a), 

amplitúdó burkoló (b)



Amplitude Versus Offset case study on the Moho 103

Poisson’s ratio; this is an acceptable average value for the lower crust and the 
uppermost mantle [WALTHER 1993, CHRISTENSEN 1996, MOONEY 1998]. Be
fore the inversion 5-wave velocities were computed from the P-wave velocity 
values using this constant Poisson’s ratio. Figure 12 shows the P-wave veloc
ity, density, 5-wave velocity and Poisson’s ratio values for the initial model as 
well the synthetic and measured near zero-offset trace in the zone of interest.

The initial model does not generate exact AVO responses because it was 
built up using a near zero-offset observed trace. Moreover, the 5-wave veloci
ties, which determine the gradients of the AVO responses, are based on a con
stant average Poisson’s ratio. We expected to produce those Poisson’s ratio 
(5-wave velocity) values from the inversion which would result in the best fit 
between the synthetic and the real AVO responses. In this study a HAM PSON- 
RUSSELL AVO algorithm [1998] was utilized, which computes the objective 
function in accordance with DAHL and URSIN [1991] and minimizes it using a 
conjugate-gradient method published by PRESS et al. [1988]. In addition, the 
algorithm allows one to constrain the inversion by deciding which parameters 
can change and by how much. These limits were determined by carrying out 
an inversion parameter test. Finally we chose an approximately 3% maximum 
change for the P-wave velocity and also the density in the zone of interest, as 
well as a 6% one for the 5-wave velocity. The greater maximum change of the 
5-wave velocity was permitted for the inversion because we had no detailed 
information concerning the 5-wave velocity, except the supposed 0.26 aver
age value of the Poisson’s ratio in the zone of interest. The inversion process 
became stable after eight iterations and the initial model error improvement 
was about 50%. The results of inversion can be seen in Figs. 13 and 14.

Any inversion algorithm modifies iteratively the parameters of the model 
to improve the correspondence between the calculated synthetic model and 
the real data. It guarantees that at every iteration the synthetic will better 
match the real data, but it does not guarantee that the final result is correct. For 
this reason we plotted all the inverted and the observed AVO responses from 
the boundaries assumed in the zone of interest and compared the synthetic and 
real AVO responses with each other. Figure 15 shows some of the real and in
verted synthetic AVO responses (III, IV, V and VI) in the vicinity of the Moho.

5. Discussion

As a result of the data processing and AVO inversion process presented in 
this study we created a ten-layer model including P-wave velocity, density, 
and 5-wave velocity (Poisson’s ratio) parameters for the vicinity of the Moho.
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Fig. 15. Real and inverted AVO responses in the vicinity of the Moho 
15. ábra. Észlelt és invertált AVO válaszok a Moho környezetében

Comparing our resulted parameters with the values published by WALTHER 
[1993], Christensen [1996] and Mooney [1998], we can conclude that 
these are quite similar regarding the P -  and Y-wave velocities. However, in re
spect of the density we have lower values than the published ones.

Lots of empirical relations are known between the P-wave velocity and 
density [GARDNER 1974, LINDSETH 1979, MENGEL and KERN 1992, Ye- 
GOROVA 1995]. The Gardner and the Lindseth equations are usually used for 
sedimentary rocks and they provide lower density values than the others. In 
this study, however, for practical and theoretical reasons we applied the Lind
seth relation. On the one hand, the Hampson-Russell AVO software package, 
(which is worked out excellently for hydrocarbon exploration), allows one to
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use either the Gardner or Lindseth equations; on the other hand, the anoma
lously high heat-flow beneath the Pannonian Basin could result in lower den
sity values than those that generally exist at the depth of the continental Moho 
[YEGOROVA 1995]. It should be pointed out that even if we cannot expect 
AVO inversion to determine precisely the real values of elastic parameters, the 
estimated trends might be correct. An AVO response is sensitive to the relative 
changes of the elastic parameters rather than their absolute values.

To interpret the elastic parameters estimated using AVO inversion, rigid
ity values were produced by the relations

V=VS2 P

where p is the rigidity, Vs is the S-wave velocity and p is the density.
In Fig. 16 the rigidity values obtained are plotted against depth, and they 

indicate a weak area in the zone of interest. A macro-scale profile of strength 
across the continental lithosphere redrawn after MOLNÁR [1988] is shown in 
Fig. 17 for comparison. Although our analysis window had a depth range of 
only 22-26 km, similar trends can be clearly seen in the vicinity of the Moho.

Rigid ity (107 km2/sa*g/cc)
2 3 4 5 6 7 8

Strength

Fig. 16. Change of rigidity in the zone of Fig. 17. Change o f strength across continental 
interest at location ‘C’ lithosphere [redrawn after Molnár 1988]

16. ábra. A nyírási szilárdság változása a 17. ábra. Szilárdság változások a kontinentális 
vizsgálati zónában a “C” helyen litoszférában [Molnár 1988 után]
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6. Conclusions

On the basis of the studies carried out, the following (geological and
methodological) conclusions can be drawn:
a) Preliminary interpretation of the elastic parameters estimated using AVO 

inversion indicates that there is a weak zone in the vicinity o f the Moho.
b) INVEST (Inverse Velocity Stacking) is a very effective processing step to 

attenuate the random noise and it does not distort the AVO responses.
c) An appropriate initial P-wave velocity and density model can be built up for 

the AVO inversion by matching synthetic traces to the near zero-offset ob
served trace.

d) AV О inversion is a viable means of estimating the S'-wave velocity (or Pois
son’s ratio) parameters in the vicinity of the Moho if a carefully pre- 
processed seismic data set and suitable initial model are used.
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Az AVO analízis alkalmazása a Moho mélységtartományában

Takács Ernő és Hajnal Zoltán

1992-ben Magyarország DK-i részén mélyszeizmikus méréseket hajtottunk végre. Az adat
gyűjtés, feldolgozás és értelmezés magyar-kanadai-svájci együttműködésben történt. A munka fő 
célja a Makói-árok és a Békési-medence közötti litoszféra mélyszerkezetének vizsgálata volt.

A Hungarian Geotraverse Project keretében gyűjtött mélyreflexiós adatok alkalmasak voltak 
AVO (Amplitude Versus Offset) inverzió végrehajtására is. Cikkünkben azokat az előzetes eredmé
nyeinket tárgyaljuk, amelyek a Mohorovicic diszkontinuitás környezetében becsült rugalmassági 
paraméterekre vonatkoznak. Bemutatjuk a szeizmikus adatfeldolgozás lépéseit, valamint az 
INVEST (Inverse Velocity Stacking) hatását a jel/zaj viszonyra és az AVO válaszokra. Elemezzük 
az AVO inverzió folyamatát, illetve azt a módszert melynek segítségével — mélyfúrás-geofizikai
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adatok nélkül — megfelelő kezdeti modellt építhetünk fel az inverzió végrehajtásához. Végül 
értékeljük a számított kőzetfizikai paramétereket, azaz a P-hullámok sebességét, a sűrűséget, az 
.S’-hullámok sebességét, valamint a nyírási szilárdságot. A becsült rugalmas paraméterek azt jelzik, 
hogy a Moho mélységtartományában egy g)>enge nyírási szilárdságií zóna található.
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