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Foreword

The Symposium on the Interpretation of Seismic Discontinuities was held under the
auspices of the European Seismological Commission in the Castle of Liblice near
Prague from 6th to 10th December, 1971. It was organized by the Geophysical Institute
of the Czechoslovak Academy of Sciences in Prague.

The present issue of the “Zeitschrift für Geophysik” presents the proceedings of
the papers delivered at the Symposium. The impetus to organize the Symposium was
given on the occasion of the XII Assembly of the ESC in Luxembourg in 1970. The
discussions related to the problem of a correct interpretation of the Earth’s structure
indicated that the recent studies had signalized increasing uncertainty as to the physi-
cal properties of seismic discontinuities. The purpose of the Symposium was to bring
together scientists working in the eld of seismological observations, in the theory of
wave propagation and in model seismology, and to provide them with the possibility
of discussing and comparing their results.

The presented communications con rmed the importance of the confrontation of
the results obtained along this line. The characteristic phenomena of low velocity
layers, the M-discontinuity and other discontinuities within the Earth were critically
elucidated and more realistic platforms for considering their actual properties were
found.

The participants of the Symposium wish to express their thanks to the Publishers
of the “Zeitschrift für Geophysik” for publishing the papers In a special issue. The
manuscripts are presented in the form in which they were submitted. In a few cases
the texts had to be slightly adapted in order to obtain a uniform form.

Prague~—Clausthal, February 1972 L- WANIEK, J- BEHRENS
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Zeitschrift für Geophysik, 1972, Band 38, Seite 355- 36 7. Physica- Verlag, Würzburg

Seismological Evidence on Discontinuities in the Mantle

J. VANI‘EK, Praguel)

Eingegangen am 7. Februar 1972

Summary: Seismological methods of deriving the velocity distribution in the Earth are briefly
reviewed including limitations in accuracy and dif culties in correct interpretation of data.
The existence of possible discontinuities in the mantle is discussed in the light of recent
seismological investigations.

Zusammenfassung: Die seismischen Methoden zur Bestimmung der Geschwindigkeitsvertei-
lung im Erdkörper sind einschließlich ihrer Genauigkeitsgrenzen und Deutungsschwierig-
keiten kurz beschrieben. Die Existenz möglicher Grenz ächen im Erdmantel wird im Lichte
der jüngsten seismologischen Untersuchungen kritisch diskutiert.

l. Introduction

Seismological observations have the privilege among other geophysical data that
they can provide substantial information on the internal structure of the Earth. This
is caused by the fact that on the basis of the observation of seismic waves propagating
through the Earth’s body the distribution of velocity and attenuation in the Earth
can be estimated. Although the attenuation of seismic waves is an important inde-
pendent parameter, the evidence on the velocity distribution is at present incompa-
rably more detailed and much more signi cant. Therefore this paper is mainly con-
cerned with the problems of the velocity distribution. This distribution is not uniform
and irregularities in this distribution may be connected to the internal structure of
the Earth.

What are the irregularities in the uniform velocity distribution that are usually
taken into account? It is assumed that a “normal” velocity distribution is characteriz-
ed by gradually increasing velocity with depth. This idea is based on the fact that
the velocity is an increasing function of pressure, which seems to be the governing
thermodynamic variable for the velocity, the effect of temperature being usually less
pronounced and appearing only in exceptional cases. The deviations from this uni-
f01'm increasing velocity idea are then assumed to be a clear evidence for some
changes in the composition or state of materials in the Earth.

It is not simple to describe these deviations. In this connection usually the term
“discontinuity” is used, discontinuity of the rst order for a sudden change in velo-
\—

1) Dr. mu expr Sc., Geofyzikalni ustav, CSAV, Praha 4 — Sporilov, Boéni II, CSSR
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city, or discontinuity of the second order for a sudden change in the gradient of the
velocity-depth curve. In the classical meaning discontinuity is a geometric surface,
an idea good for the geometric ray theory; real discontinuities in the Earth, however,
are probably complicated transition zones with thickness of several kilometers. The
discontinuities are very important from seismological point of view, being connected
with speci c types of seismic waves. Nevertheless, discontinuities are not the only
irregularities in the uniform velocity distribution, because important pecularities in
the propagation of seismic waves may be also caused by layers with a speci c velocity
distribution, as low-velocity layers, layers with constant velocity, or layers with
larger or smaller velocity gradients.

2. Methods

The classical method for obtaining seismological evidence on the velocity distri-
bution in the Earth is based on the study of travel-time curves T(A) of seismic body
waves. Both the GUTENBERG and JEFFREYS velocity distributions, which have formed
the basis for the discussion of the properties of the interior of the Earth, were derived
from the observed travel-time curves of P-, PKP-, and S-waves. Many recent attempts
have been done to re ne the velocity distribution. However, the e iciency of the me-
thod is limited by the accuracy of travel-time observations, which at present does not
allow to determine uniquely the interesting details. To illustrate this indeterminacy
YANOVSKAYA and ASBEL [1963] computed travel-time curves for 2400 different velo-
city distributions in the upper mantle, the parameters of which were varied by the
Monte Carlo method, and found 115 cases satisfying the condition that the standard
deviation between the computed and observed travel times was less than 1 second.
In fact the indeterminacy of the travel times which permits the changes in the velocity
distribution mentioned above could also be interpreted as permitting the segmenting
of the travel-time curve due to the existence of discontinuities of either the rst or
second order. An example of this concept of segmenting of the travel-time curve can
be seen in Fig. 1; the travel-time curves were derived by MAYER- ROSA [1969] for the
region of south-eastern Europe. Besides the insuf cient accuracy of observations
another dif cult problem is the correct coordination of the travel-time curve to the
appropriate wave type, which must be usually presumed by the investigator. In most
cases it is very di icult to determine the wave type on the basis of kinematic obser-
vations only.

To obtain more information on the details of the velocity distribution the travel-
time gradient curves p(A)=dT/dA have been applied in recent years. This method
has been used especially with seismic arrays and enables to analyze thouroughly not
only the rst onsets but also later arrivals in the wave group in question. An example
of the p(A) curve is given in Fig. 2; this p(A) curve was derived by JOHNSON [1967]
from dT/dA measurements with the extended array at the Tonto Forest Seismological
Observatory in Arizona. The method of gradient curves seems to be very effective
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in some cases. However, it does not exclude the basic problem of interpretation, the
necessary a priori presumption on the character of individual wave types.

Another source of information may be the amplitude-distance curves A(A). The
amplitudes of seismic waves are sensitive to the velocity gradients near the bottom
of their ray paths and therefore provide an independent check on the velocity distri-
bution in the Earth. To a good approximation the logarithm of the amplitude is
proportional to the second derivative of travel time according to distance IdzT/dAzl
which is the absolute value of the slope of the travel-time gradient curve p(A). The
application of dynamic parameters of seismic waves is, in general, much more com-
plicated than that of kinematic data. Before constructing the amplitude curve the
amplitude observations must be specially processed. The most substantial procedures
appear to be the homogenization and normalization of data. The homogeneity of
observations is very important because amplitude observations at two different sta-
tions are generally incomparable. Neglect of this fact leads to a large scatter of
observations, which makes the derivation of the ne structure of the amplitude curve
practically impossible. The normalization of data enables to exclude the in uence of
earthquake magnitude and mechanism on the amplitudes of seismic waves. Figure 3
is an example of the amplitude-distance curve for P-waves; this curve was derived
for the region of south-eastern Europe [VANEK 1969]. There is one especially weak
point in the direct application of amplitude curves to the problem of the structure
of the Earth. Amplitude curves are usually constructed for the maximum amplitude
of the wave group in question. It appears that for example the P-wave group in the
distance range between 5° and 30° [VANEK and RADU 1964; VANEK 1968b] is a mix—
ture of many wave types, which are coming in comparable travel times and produce
a complicated interference pattern of the P-wave group. At different epicentral
distances different wave types are prevailing, thus forming the maximum of the P-
wave group. A similar picture will apply to the formation of the S-wave group.

Similarly as in the case of travel times also the amplitude observations can be used
for constructing the amplitude gradient curves oc(A)=dA/dA. In this case a system
of near seismic stations or a seismic array is necessary for estimating the gradient (x.
The advantage of this method is that the amplitude observations have not to be
normalized according to the earthquake magnitude and the shape of the amplitude-
distance curve can be obtained by integration. Figure 4 shows an example of the
amplitude gradient curve MA); the curve was constructed by VANEK and TSKHAKAYA
[1969] for P-waves from observations of the network of Caucasian seismic stations
and is valid for the region of Central Asia.

Another independent method forthe exploration of possible discontinuities is the
observation of re ected waves with angle of re exion smaller than the critical angle,
i. e. observation of re ected waves near the source. This method, so frequently applied
in seismic prospecting, is not simple to be used for deeper parts of the Earth because
the energy of seismic waves generated by explosions is not su icient and the reliable
identi cation of this type of waves in the complicated earthquake records is very
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region of Central Asia [VANEK and TSKHAKAYA 1969].
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di icult. Recently, interesting efforts were done [POPLAVSKIJ 1971] to analyze statisti-
cally all the onsets appearing between P- and S-waves at epicentral distances smaller
than 18", and to try to coordinate the times of accumulation of data to waves re ected
at deep discontinuities in the mantle. Again, this method is burdened by necessary
presumptions of wave types correlated to times of accumulation. Comparison of
theoretical and actual seismograms, as well as the study of spectra of seismic waves,
can provide further valuable information, but only rst attempts have been done and
further research is necessary.

3. Discontinuities in the Mantle

During the history of seismological investigations many discontinuities were
discovered. However, the existence of only three discontinuities of the rst order
seems to be quite certain. The rst of them is the surface of the Earth, the second
one is the boundary between crust and mantle, the MOHOROVIéIé-discontinuity, and
the third one is the boundary between mantle and core.

In the present report some details about possible discontinuities in the mantle are
given. The MOHOROVICIé-discontinuity itself, although it was discovered by purely
seismological methods, is studied at present by special methods of deep seismic
sounding that are practically an extension of the methods applied in seismic pros-
pecting. This is true also for the investigation of the internal structure of the Earth’s
crust. The structure of the crust is highly variable from one region to another and
will be reported in other papers [KOSMINSKAYA, DAVYDOVA and MICHOTA 1972].

To have some basis for the discussion of the structure of the upper part of the
mantle let us look at Fig. 5, where two schemes of the upper mantle structure are
given: (a) the scheme derived for Central Asia by LUKK and NERSESOV [1965] on
the basis of travel-time curves of earthquakes with intermediate focal depths, and
(b) the scheme suggested from amplitude-distance curves of P-waves for south-eastern
Europe [VANEK 1968a]. The characteristic features of both schemes are the low—
velocity channel starting at depths of about 100 km, and the discontinuity at about
400 km. There are also other discontinuities in both schemes between the MOHORO-
VIÖIÖ-discontinuity and the low-velocity channel, and between the low-velocity
channel and the discontinuity at 400 km.

One of the main features of this part of the mantle is the low-velocity channel at
depths around 100 km. In my opinion, the existence of this channel would be ques-
tionable, if we were using the travel-time data only. The main original argument of
GUTENBERG [1948] for the existence of this low-velocity channel was the behaviour
of amplitudes of seismic body waves. Actually, if we look at more recently derived
amplitude-distance curves of both P- and S-waves [VANi-EK and STELZNER 1962; VANEK
1966, 1969; VANEK and TSKHAKAYA 1969], we can see an anomalous increase in the
amplitude level between 10° and 19° followed by a pronounced decrease in the
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Fig. 5: Scheme of the upper mantle structure: (a) for Central Asia from deep earthquakes
[LUKK and NERSESOV 1965]; (b) for south-eastern Europe from amplitude-distance
curves of P waves [VANEK 1968a].

distance range 'between 20° and 30°. The increase and decrease of amplitudes is not
monotonous, several local maxima and minima appear on the amplitude-distance
Curve, but the general increasing and decreasing tendency in the above mentioned
distance intervals can be very clearly observed. It is not possible that this behaviour
0f amplitudes in such a broad distance interval covering about 20° could be caused
by any discontinuity; it must be an effect of a relatively thick layer in the upper
mantle. The anomalous increase of amplitudes indicates the possibility of a decrease
in the velocity, or, at least, in the velocity gradient within this layer. Also, all recent
upper mantle models based on the study into the dispersion of seismic surface waves
Suggest the existence of a low-velocity channel (or low-velocity channels) in the upper
mantle in most regions [DORMAN 1969]. However, the details on this channel, i. e.
the velocity and attenuation distribution, nature and depth of its boundaries etc.,
are at present very obscure and incertain and most data on the low-velocity channel
have the character of assumptions. .

The region between the MoHOROVICIé—discontinuity and the low-velocity layer
Seems to have a rather complicated structure in continental areas. LUKK and NERSESOV
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[1965] suggest the existence of a discontinuity with a velocity increase from 8.0 to
8.6 km/sec for P-waves at 85 min Central Asia. A Asimilar discontinuity with a
velocity increase from 8.05 to 8.45 km/sec was assumed by MEREU and HUNTER [1969]
for the regiOn of the Canadian Shield at the depth of 84 km. The study of amplitude-
distance curves of P- and S-waves disclosed that the structure ofthis part of the
mantle could be even more complicated in some regions. This (can be demonstrated
by Fig. 6, where the amplitude-distance curve of P-waves is given in the distance
range between 2° and 10° based on the observations of the seismic station So a
[VANEK and CHRISTOSKOV 1971]. The amplitude curve is characterized by large
variations of amplitudes. Considering the amplitude curve as a smooth line, clear
oscillations appear in this distance range. It is probable that these oscillations do
not correspond to a single wave type. We suggest that these oscillations are a mixture
of amplitude curves of different waves which are bound to different discontinuities
between the MOHOROVICHE-discontinuity and the low-velocity channel. This suggestion
is supported by a comparison with the shape of the amplitude curve previously
derived from the observations of Bucharest for the same distance range [VANiéK and
RADU 1964]. Whereas the observations of P-waves in So a were characterized by the
mean period of 3 seconds, the mean period for the Bucharest observations was found
to be 5.8 seconds. This phenomenon is probably caused by different ltering proper-
ties of the underground of both stations. If the interpretation that the amplitude-
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Fig. 6: Amplitude-distance curve A*(A) of the horizontal component of P-waves derived
from observations of So a for the region of south-eastern Europe [VANEK and CHRI—
srosxov‘197l].
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Fig. 7: Comparison of maxima of amplitude-distance curves of P-waves derived from obser-
vations of Bucharest (BUC, T= 5.8 s) and So a (SOF, T=3.0 5).

distance curve is a mixture of amplitude curves of different re ected waves is correct,
the shape of the amplitude curves in both frequency ranges should be similar but,
according to the theory of spherical waves re ected at a plane interface by CERVENY'
[1967], the maxima of the curves should occur at different epicentral distances. This is
exactly the behaviour of the amplitude curves derived for Bucharest and So a (see
Fig. 7). Three maxima of the amplitude curve are drafted in Fig. 7 for both stations;
we see that in accord with theory the maximum for lower frequencies is shifted to
longer epicentral distances in all three cases. It seems therefore that in the region of
south-eastern Europe three discontinuities may exist between the MOHOROVIÖIÖ-
discontinuity and the low-velocity channel. Similar results were obtained by RJABOJ
[1966] on the basis of deep seismic sounding on the 625-km long pro le between
Kopetdagh Mountains and Aral Sea. From travel times and amplitude curves, the
shape of which was quite similar to that shown in Fig. 6, he suggested the existence
of three or four discontinuities in the depth of 45 and 120 km.

The structure beneath the low-velocity channel up to the depth of about 400 km
is not clear. Some authors suggest the existence of a discontinuity at a depth of about
250 km, other investigators propose the existence of the second low-velocity channel
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but, in general, no de nite information on the detailed structure of this part of the
mantle is available.

Another discontinuity may exist at the depth of about 400 km. This 400-km dis-
continuity was introduced by JEFFREYS as the famous 20° discontinuity. Although
this discontinuity was rejected later by JEFFREYS himself, the existence of this dis-
continuity has been suggested by many authors on the basis of investigation of
travel-time curves, travel-time gradient curves, as well as amplitude-distance curves;
there are many unsolved problems with this discontinuity. In one of the most recent
papers LEHMANN [1970] investigated the seismograms of the Nevada nuclear explo-
sions recorded ,on the north-eastern pro le and found that clear and well-marked
later arrivals indicated the presence of a deep discontinuity, but for a precise deter-
mination of its depth more observations were required. In other regions the corre-
sponding phases were less clearly marked. Miss Lehmann concludes that the nature
of the deep discontinuity evidently varies, and it may not be present everywhere.
The 400-km discontinuity is included also into the velocity distribution derived by
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JOHNSON [1967, 1969] from the observations of the Tonto Forest Seismological 0b-
servatory; this velocity distribution, shown in Fig. 8 for the whole mantle, is one of
the most recently derived models. In the upper part of the mantle it is very similar
to the distribution given by ARCHAMBEAU, FLINN and LAMBERT [1969] on the basis
of observations of nuclear explosions in the region of the North-American continent.
According to this model another discontinuity appears near the depth of 650 km.
It is interesting that the discontinuities are suggested as regions with high velocity
gradients spread over 50 to 100 km. This concept was evidently in uenced by the
idea of possible phase transitions in the'upper mantle. On the other hand, it seems
that in both mentioned regions deviations from the uniformly increasing velocity
very probably exist.

In contrast to the upper mantle the structure of the lower mantle seems to be much
more uniform. This can be demonstrated by the velocity distribution by JOHNSON
[1969] shown in Fig. 8. According to this distribution there are some possible irregu-
larities in the lower mantle, but their magnitude is positively not so pronounced as
at those in the upper mantle.

4. Conclusion

Before concluding this report I would like to demonstrate the high degree of
indeterminacy in the details of the structure of the Earth. In Fig. 9 two schemes of
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the upper mantle structure are given, both proposed for the same region, for south-
eastern Europe. Scheme (a) was derived by MAYER-ROSA [1969] from segmenting
of the travel-time curves (see Fig. 1), and scheme (b) was suggested as a possible
scheme that could explain the shape of the amplitude-distance curves observed for
this region [VANEK 1968a]. It can be seen how different are the details, in spite of
the fact that the schemes seemed to the authors to be the optimum solutions satis-
fying the observations. The actual situation is much more complicated, particularly
in the upper parts of the mantle, due to the existence of lateral variations of the velo-
city and attenuation and to possible effects of elastic anisotropy.

In spite of this pessimistic tone, I think that much work has been done and new
information on the structure of the Earth was obtained, especially in the last years.
At the same time, it appeared almost in all papers that more and better observational
data were urgently necessary. This is naturally nothing new, but it is the only possi-
bility for improving our actual knowledge on seismic discontinuities in the Earth.
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Models of the Earth’s Crust and M-Boundary

N. I. DAVYDOVA, I. P. KOSMINSKAYA, N. K. KAPUSTIAN and G. G. MICHOTA,
Moscow*)

Eingegangen am 22. Juni 1972

Summary: A review of the crustal models is presented. The conception of a generalized
geological-geophysical model of the block-layered medium as a complicated spatial velocity
function is introduced.

Dynamic criteria for the determination of the type of seismic boundary according to the
DrOperties of re ected and refracted waves are discussed. The boundary as a thin-layered
zone with random structure is examined in detail. This structure of the M-boundary may be
offered for such regions where the amplitudes of re ected Waves near the shot points are
comparable with those in critical points and have no sharp resonance properties.

Zusammenfassung: Eine Übersicht der Erdkrustenmodelle wird vorgelegt. Die Konzeption
eines verallgemeinerten geologisch-geophysikalischen Modells, welches als Medium mit ge-
schichteter Blockstruktur mit komplizierter räumlicher Geschwindigkeitsfunktion aufgefaßt
werden kann, wird eingeführt.

Dynamische Kriterien zur Bestimmung des Grenz ächentypes auf Grund der Eigenschaf-
ten re ektierter und refraktierter Wellen werden diskutiert. Die Grenz äche im Sinne einer
heterogenen Zone mit dünnen Schichten wird eingehend geprüft. Ein solches Modell kann
für die M-Diskontinuität in all den Gebieten angenommen werden, in denen die Amplituden
re ektierter Wellen in der Nähe des Schußpunktes vergleichbar mit den in den kritischen
Punkten beobachteten Re exionsamplituden sind, wobei keine scharfen Resonanzeigen-
schaften auftreten.

l . Introduction

By the structural seismic model is understood the spatial distribution of seismic
parameters. The seismic parameters of the structure, obtained from experimental
data, are P—and S—wave velocities and their ratio, absorbtion and quality factor,
velocity anisotropy and turbidity or transparency of the medium.

Moreover, such elements of seismic cross-sections as re ecting and refracting
boundaries, their shape, the thickness of the transition layers and fracture zones are
important for the structural description. All these elements are estimated from the
combination of the kinematic and dynamic properties of individual waves, and of
the wave eld as a whole.

*) Dr. N. I. DAVYDOVA, Prof. Dr. I. P. KOSMINSKAYA, Dr. N. K. KAPUSTIAN and Dr. G. G.
MrcuorA, Institut Fiziki Zemli ANSSSR, B. Gruzinskaya 10, Moskva, USSR.
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Usually theoretical and experimental models are distinguished. The theoretical
model is a certain distribution of seismic parameters, suf cient for the construction
of the seismic eld. The parameters of the medium may depend on one spatial coordi-
nate, usually the depth.

The experimental model is the distribution of seismic parameters based on the
kinematic and dynamic properties of the observed waves and theoretical conceptions
of models founded on the methods of solution of the inverse problem of seismology.

Experimental models are also represented in one-dimensional scale as velocity
strati cation, in two-dimensional scale as seismic sections and maps and in three-
dimensional scale as spatialdiagrams.

For a long time there has been a tendency in seismology to construct some gener-
alized models of the Earth [JEFFREYS‚ BULLEN, GUTENBERG] as well as some of its
shells. We shall discuss the generalized models of the Earth’s crust: both continental
and oceanic.

2. Generalized seismic model of the Earth’s crust

It is usually understood that the generalized seismic model is the synthesis of some
conceptions of spatial distribution of the main properties of medium completed with
hypothetical conceptions about the properties and structure of deep substances taken
from geology and geochemistry.

The type of the crustal seismic model is determined rst of all by the completeness
of information about the medium, related directly with the precision of the observing
system and with the level of theory, i. 6. with the methods of interpretation.

A few records of near earthquakes allowed MOHOROVIéIé to explain the main kinematic
features of observed waves using the simplest one-layered crustal model.

CONRAD and WIECHERT discovered P* waves by analysing all the near earthquakes and
big shots, which led JEFFREYS and GUTENBERG to a tWO-layered crustal model.

This model explains fairly satisfactorily the main kinematic features of continental wave
elds for distances from 100 to 300 km. As it is known the statistical travel-time curve by

JEFFREYS-BULLEN is based on this model.
An essential stage in the determination of crustal properties was the one-layered gradient

crustal model constructed by TUVE and TATEL. The main contribution of these investigators
to the improvement of the crustal structure problem was the explanation of P” waves as
overcritical re ections from the M-boundary.

The appearance ofDeep Seismic Sounding (DSS) methods using the principles of correlation
of seismic waves (GAMBURTSEV 1949) and a wide development of detailed observations led to
constructing multilayered crustal sections with the boundaries of complicated shape. It was
initially assumed that the correlatable waves were in general refracted waves corresponding
to thick layers with high velocity.

Than, due to development of the wave propagation theory (PETRASHEN, ALEKSEEV, GEL-
CHINSKY) and due to the use of dynamic properties of waves, a number of essential contradi-
tions were brought to light. They were removed by the introduction of some gradient layers
and layers with low or high velocity into the model (EGORKIN et. al.) In this connection a lot
of crustal models with low velocity layers appeared (MULLER, LANDISMAN; MEISSNER; GIESE
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and 0th.). It is important to remember that GUTENBERG predicted this layer in the crust long
ago.

The principal new information about the medium parameters were furnished by the obser-
vations near the shot point and allowed to detect subcritically re ected waves. This contri-
buted to a more precise de nition of the velocity distribution within the crust and enabled the
beginning of the investigation into the structure of deep boundaries.

The interrupted character of the wave correlation on continuous seismic pro les allowed to
put forward the suggestion of “partly-continuous“ feature of seismic boundaries [KOSMINS-
KAYA 1966]. Distinctions in the wave eld in different areas supplemented the idea of the
block-layered structure of the crust and upper mantle. It was noticed that the regular com-
ponents of the eld could correspond to both the large bloks and smaller inhomogeneities in
the medium, which could be conformed as a “grainy-blocked“ model [RIZNICHENKO‚ Kos-
MINSKAYA 1963].

The recent generalized Earth’s crust model (Fig. l) contains all the now available
peculiarities of the crustal structure obtained on the basis of all observed data. In
such a model the velocity distribution with depth is complicated and includes high
and low velocity zones. High velocity zones and thin-layered sections with inter-
Changing parameters are more important because the most signi cant components
of the wave eld, the so-called main or predominant waves (re ected, refracted P-
and S-waves), are connected with them. In some cases it is possible to obtain the data
for vs and k=vp/vs, characterizing the elastic properties of the medium. The absorp-
tion coe icient and the quality factor and their variation with depth are the additional
parameters describing the medium. The turbidity factor or transparency factor
[NIKOLAEV 1967, 1968] characterizes the diffusion properties of different parts of the
crust and upper mantle and it express the in uence of small inhomogeneities in the
medium.

Of course now the strati cation of the crust is understood in another way than in
DSS sections made ten years ago. The main difference is that now the boundaries and
layeres are not so invariable across the area of observation as in the earlier DSS
sections, the number of thick layers is smaller and in some cases velocities appeared
to be larger because the re ected waves were interpreted as refracted.

The spatial distribution of velocity function V (z, x, y) and other parameters of
the medium consists in the existence of slight changes of parameters within blocks
and strong variations at the anks of adjacent blocks.

The generalized model of the continental crust contains the most typical structure
elements (Fig. 1a). The oceanic crustal model (Fig. 1b) is less strati ed propably due
to the application of less detailed observations and lower frequencies used in the marine
research.

The generalization of DSS data observed in different areas allows to assert that
using the simplest recording system it is possible to obtain the main parameters as
the average velocity in the crust and the shape and the velocities of the K0 and M-
boundaries. In some cases it is possible to obtain some data connected with regular
intermediate boundaries.
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, where is the heterogeneity factor characterizing

the in uence of small inhomogeneities in the crust and upper mantle at frequencies
about 10 Hz for continents and 5 Hz for oceans [Gamma Niicomav, STARSHINOVA
1971]. In B the strati ed velocities at the right side correspond to results of SHoR and
RAITI‘ 1969, at the left side to [KosMassumesl vv 1969 and Zvnnnv 1970]-
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Only using detailed observations such as continuous pro ling and two-dimensional
observations is it possible to obtain the information about the feature of the crustal
structure: its strati cation, fracture zones, the details of the relief of boundaries,
steep discontinuities and low velocity zones.

Thus, in the interpretation of DSS data with a different degree of details we use
different types of information and also di erent types of models in our calculations
and we also construct seismic sections of di ‘erent kinds.

Recently the main information has been yielded by two signi cant components of
the seismic eld: the rst arrivals of refracted waves and the second arrivals of
re ected waves.

Combining these two types of information it is possible to construct crustal sections
as isolines of velocity V (x, z)=const and seismic cross-sections with re ecting and
refracting boundaries as usual. Effective methods of concordance of these types of
data have not been suf ciently worked out up to now. Thus it often seems that these
two types of information are independent, but, in principle, they are mutually con-
trolled due to the possibility to determine the re ected wave properties by the use of
velocity data obtained from rst arrivals.

Agreement between them based on the direct problem solution is worked out by
selecting such crustal sections that satisfy the experimental travel-time curves of
re ected and refracted waves. The general structure of the crust section is obtained
by solving the inverse problem of seismic prospecting based on rather simple crustal
models e. g. [PAVLENKOVA 1971].

The use of wave dynamics is essential for detailled investigations of the crustal
structure. Theoretical data connected with the wave dynamics for different models are
necessary in order to ascertain the conformity of the medium properties to the dynamic
characteristics of the wave eld.

The description of wave properties using the ray theory of propagation was possible
in previous thicklayered models. The introduction of thin layers into the generalized
seismic model made the theory more complicated and other approximations had to
be taken into account.

Now more and more complicated models of the crust and its individual elements
are constructed to explain the observed dynamic features of seismic waves. Proba-
bility and statistical approaches were also applied to describe the properties of the
wave eld and the medium [GELCHINSKY 1971]. Combining the results of seismic
prospecting with acoustical and vertical pro ling data it was possible to construct
the so called effective seismic model (ESM).

The idea of this method is that each system of data includes its speci c information
about the medium and that these three systems of observations must satisfy in the
main parameters the kinematics and dynamics of the seismic wave eld. According
to DSS observations the parameters of the ESM have to depend on frequency in such
a manner that when we move from the source, the general character of the seismic
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eld has to be simpler and the correlation properties of the predominant waves have
to improve.

NIKOLAEV [1967] used the probability idea to estimate the in uence of small
inhomogeneities causing small uctuations of dynamic and kinematic properties of
the wave eld. For this purpose all changes of the parameters connected with those
features of the medium, which we are able to study using non-statistical models, are
excluded.

Physically, both these methods overlap, i. e. in the model proposed by NIKOLAEV
the inhomogeneities of average dimensions can be included under certain conditions
in the term of turbidity. In the model by GELCHINSKY these inhomogeneities are
considered as random ones and represent an important part of the effective model.

The probability method is used by BERZON etal. [1972] to study the properties of
seismic boundaries. The statistical set allows to construct a group of thinlayered
inversional models and the statistical properties of re ected waves connected with
zones of random structure are examined.

This brief review of the Earth’s crustal models shows that the actual geological
medium is very complicated and varied. It is still dif cult to describe it as a whole
even if detailed observation data are available.

3. The models of M-boundary and criteria for its determination

The properties of seismic boundaries, where strong changes of physical parameters
occur, are estimated from such main components of the wave eld as re ected and
refracted waves.

Morphology ofdeep boundaries. Data about the morphology, shape and depth of boundaries
are obtained using the travel-time curves of seismic waves or special time eld, drawn up by
means of the results of discrete soundings. If a simpli ed system of observations is used,
seismic boundaries are interpreted as almost horizontal or weakly sloped, plane and continu-
ous with a velocity jump.

At the rst stage of the application ofcontinuous seismic pro ling when most of the observed
waves were considered as refracted, the deep boundaries were drawn up also as continuous
and generally close to horizontal boundaries. Further detailed observations of the upper
mantle and the crust employed the reflected waves and this allowed to establish the presence
of abruptly sloped, re ecting, partly continuous boundaries. This fact con rmed that the
observing system usually used in DSS reasonably chose the horizontal boundaries. For this
purpose the special spatial observing systems [LITVINENKO, LENINA 1968] are necessary to
detect and to trace the abruptly sloped boundaries. A close examination of the character of
the wave eld observed by means of the continuous pro ling in different geological areas
allowed to establish reliably the partly continuous character of the deep wave correlation
(essentially in the subcritical area) and, thus, to pay attention to the partly continuous charac-
ter of seismic boundaries. The study of re ected waves dynamics led to the conclusion that
it was impossible to consider the individual parts of seismic boundaries as smooth re ecting
elements and that they seemed to be characterized by a complicated structure. Other types of
boundary models had to be considered.
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Fig. 2: Main types of M-boundary models. I—lst order boundaries, II-transition layers,
III—thinlayered inversional zones.

3.1 The main types of M-boundary models

Fig. 2 illustrates the stages of the development of M-boundary conceptions. Three
lines representing three main types of M-boundary models are shown. For a long
time (approximately till 1960) the idealized model for the M-area as a rst order
boundary with a rather intense velocity jump (about l,0——l,5 km/sec) was taken.
Then, the transition from the crust to the upper mantle was considered as a compa-
rable thin layer (h<2 A) with a sharp velocity gradient within the layer and a low
jump of properties in its upper and lower parts [e. g. NAKAMURA, HOWELL 1964].
Recently (approximately since 1967) some investigators have begun considering a
thin layered structure with interchanging elastic properties (inversional zones) as the
model for the M-area [MEISSNER 1967, FUCHS 1968, 1969, 1970; DAVYDOVA et al. 1970,
KOSMlNSKAYA, DAVYDOVA 1971; DAVYDOVA et a]. 1972].

Models of inversional zones can be divided into two groups: 1 (the analytic model)
based on the usual interpretation of seismological data - the simple or complex
periodical zone - and 2 (the probability model) the zone of a random structure. The
mathematical basis and the numerical methods for this zone are well known in seismic
prospecting and are described by [BERZON et al. 1972].
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3.2 Criteria for determination ofM-boundary model

Dynamic criteria for body waves, re ected and refracted waves are used now to
determine the seismic boundary model.

In Fig. 3 the results of theoretical researches of the dynamic features of re ected
waves are shown schematically for the main three models, obtained by different authors
[GUPTA 1966, MISHENKIN 1969, FUCHS 1968, 1969 et al.]. The synthetic seismograms
computed by RATNIKOVA-LEVSHIN program [1967] are exhibited to illustrate the
features of the wave pattern and its changing with distance. As it can be seen the wave
pattern becomes shorter and less complicated at overcritical distances than at sub-
critical ones in the case of multilayered zones.

It is clear from Fig. 3 and Fig. 4 that models of the third type differ from the
models of the rst and the second type by the character of records, amplitudes and
spectra. They are characterized by a more narrow spectrum and higher main fre-
quencies and higher level of amplitude A0 near the shot point (approximately in
2 ——4 times). In the subcritical area the amplitude A() can be higher than the amplitude
A0,.

The calculations show that dynamic characteristics of re ected S-waves are close
to those of P-waves in the case of thin layered inversional zones. The difference is
that the spectra of S—waves are more narrow and are moved towards lower frequen-
cies.

In Fig. 5 the re ectivity is shown as the frequency function for re ected P— and
S—waves at the distance x=6l km to illustrate this thesis. The same conclusion about
the properties of P- and S-waves re ected from M1 and M2 boundaries in the upper
mantle (Fig. 6) can be drawn by using the data observed by PAVLENKOVA [1971]. It is
possible to suppose from the similarity of the observed and calculated dynamics of
P- and S—waves that in this area the re ecting boundaries M1 and M2 are thin layered
zones.

It can be said that the determination of the type of the model using the dynamic
criteria is fairly reliable, particularly if the records in subcritical and overcritical
areas are avaible. If the model is of the third type, there is a chance of determining
the concrete structure of the M-zone. However, there are some very reliable statistical
data, concerned with possible limits of up and vs variation in the layers of the M-zone.
These limits restrict the uncertainty of zone properties. It is also possible to receive
some ideas about the number of layers and their thickness by examining the wave
spectra and the length of the wave pattern. Thus, the thin-layered models represented
in different papers cannot be considered as a certain possibility of the determination
of the boundary structure.

3.3 Review of the papers including the determination of M-boundary models

The results observed in different areas by different authors who tried to determine
the M-boundary structure, are represented in three tables.
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Table 1.

Region

Gift of
Main

Lake

Superior

N—W part of
Pacific Ocean

Bering Sea

a) N. Aleutian
Basin

b) S. Aleutian
Basin

Hawaii

Canada
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DATA MODEL Author
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‚ %>/£0Imk
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a

”$4701?!” i;
I

-6W-Z.7Wm
' llz

Comparision of amplitu-
”Zde curves A(x)

il7 — Kosminskaya ,
It; a 1%”!

Hi1”
_fl;I’l—-’f/f/Il Zverev 1969

til/255.1! . im
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Comparision of sfmthetic I!
and observed recordings Helmberger
for the first arrivals 1968
(t = 1. 5 s.)
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50—120 km eMnSrSirsge

1969

_ 6')! . 4’.” ” at
Comparision of synthetic

U

and observed wave fields Berry
at 100-350 km Fuchs,

1971
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In Table 1 the works, using dynamic characteristics of refracted waves Pg, to
determine the M-boundary are gathered. NAKAMURA and HOWELL used the frequency
features of P51, waves; they suggested the M-boundary as a gradient transition
layer whose thickness was according to their estimation equal to 0.5 km and the
velocity gradient was 4 sec—1.

KOSMINSKAYA and ZVEREV have interpreted the amplitude curves of P M, waves
for di ‘erent frequency components. They explain the observed differences by different
sharpness of the transition from the crust to the upper mantle. The thickness of the
transition zone was estimated as l—-1.5 km.

HELMBERGER, MORRIS, BERRY and FUCHS studied the M-boundary models by the
use of the synthetic records and their comparison with observed data. BERRY and
FUCHS adopted the M-boundary model as a thick gradient layer (about 10 km) with
the velocity change from 7.2 to 8.4 km/sec. In the other case HELMBERGER and MORRIS
considered it possible to adopt the M-boundary either as one homogeneous layer
or as two homogeneous layers with velocity values intermediate between of the
velocities of the overlaying crust (6.8 km/s) and underlaying mantle (8.2 km/s). They
estimated the thickness of transition zone from 1.0 to 4.5 km.

In Table 2 are summarized results based on the interpretation of amplitude curves
[KOSMINSKAYA et al. 1964, BERZON et al. 1969, RYABOI 1966], of spectra [MEISSNER
1967] and of the ratio of amplitudes of re ected and refracted waves [KRYLOV 1971].
Observations of re ected waves in critical and overcritical areas were used. In the
rst case a l-st order boundary with a velocity jump was established as the model of

the M-boundary, in the second and third cases a gradient transition zone was deter-
mined as the M-boundary. Its thickness was estimated to 6—7 km; the M-boundary
as a layer with a negative velocity gradient was considered by BERZON et al.

In Table 3 the works using the subcritical, critical and overcritical re ections are
represented. The di ‘erent authors used di erent dynamic characteristics to determine
the M-boundary: the amplitude-distance curves A (x), the frequency features (spec-
tra, resonance frequencies), the character of records and its variation with distance.

As can be seen, all the authors considering the subcritical reflections assume a
thinlayered inversional zone, often a simple one with a low number of layers. Natu-
rally, if the observed dynamics were used more completely, the model obtained was
more reliable.

From Table 1—3 it can be concluded that the records of P3}, waves are most
informative and have the highest resolution power in the subcritical area.

The resolution power of refracted and re ected waves in the overcritical area is
lower; the waves Pf}, characterize the structure of the upper part of the M-zone and
the waves Fi -its lower part only.

The agreement of refracted and re ected wave dynamics allows to create a more
detailed conception of the boundary and the medium over and under the boundary.
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Table 2.

Region

Kopetdag -

Aral Sea

Seismic device

0.2 - 30 Hz

Northern part of

Sea of Okhotsk

South of Sea of Okhotsk

S - W part of
Pacific Ocean

Bavarian Molasse
Basin

West Siberia

l) Hanti - Tobolsk
2) Tobolsk - Omsk
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4. Thinlayered inversional zone with random structure as the M-boundary model

The typical features of the wave eld caused by a zone with random structure and
the application of this model to the explanation of observed data in seismic pros-
pecting and DSS was discussed by BERZON et a1. [1972]. In this article the analysis
of the waves re ected from a lot of thin boundaries in the crystalline part of the crust
was made. It was concluded that the observed Pf}; waves were similar to the waves
re ected from a inversional zone with random structure. The average parameters of
these boundaries were equal to the parameters of the adjacent medium. A practically
homogeneous medium can be assumed and the boundaries within it have no in uence
on the average velocities of the adjacent medium.

4.1 Description and properties of the generalized M-boundary

The method of interpretation and the computer program from the article mentioned
above were used to calculate the properties of re ections from a special zone,
which could be also considered as the M-boundary. We assumed that the average
parameters of this zone rather di ‘ered from the crustal parameters (overlaying medium)
but were similar to the parameters of the underlying medium, i. e. the upper parts of
the mantle (Fig. 7).

This zone can be described as follows: the zone is a system of layers, the P-wave
velocity and thickness are random values with normal distribution (Fig. 7), the ratio
of velocities is vp/vs =V5, the density is proportional to the velocity [MAGNITSKY 1966].
The average velocity in the zone is constant and equals to 8.2 km/sec. The depth of
the upper boundary of the bundle is 40 km. The number of layers is 7, the average
thickness of the layers is 0.3 Ap/where A1, is the wavelength of the incident P-waves.

The re ectivity spectra were computed for each realization of the random zone
and then the average re ectivity was obtained assuming that these spectra have also
normal distribution. The average re ectivityl H(w,x) I was calculated for the varia-
tions of frequency from O to 30 Hz and for distances from 2 to 82 km. Then one
equivalent layer was considered. The parameters of this layer are the same as the
average parameters of the random zone: v„=8.2 km/s, h=l.1 km.

t
Fig. 7: Velocity-depth distributions (lower part) and cross sections of blocks with thinlayered

structure (upper part): the block with a random zone is represented by 12 realisa-
tions. a - periodical zone, b - quasi-periodical zone, c — complicated zone, (1 -
equivalent layer (its parameters are equal to the average parameters of the random
zone), e — velocity distribution in the random zone, f - thickness distribution for
the random zone.
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Fig. 8: Spatial diagram of the random zone re ectivity with divergence factor R (x). The
sinusoidal line at x= 82 km is the re ectivity from the equivalent layer (see Fig. 7d).

First of all let us consider the main features of re ectivity for the arbitrary zone
and then compare them with the re ectivity for individual realizations.

The dependence of the function [H(w,x) l. l /R (x) on distance (where R (x) is the
divergence of the refracted wave) is shown in Fig. 8. The consideration of the whole
complex of these spectra shows the stability of their shape and their slight variations
if one moves away from the source. This fact indicates that in the case of a random
zone we can expect a good correlation of refracted waves in the subcritical area. Let
us compare these characteristics with the characteristics of the equivalent layer and
of the individual realizations. The individual realizations are also complicated inver—
sional thin-layered zones with a de ned structure.

As can be seen in Fig. 8 and Fig. 9 the amplitude spectra for some realizations
posses a quasi-sinusoidal shape and the level of these spectra is lower than the level
of the amplitude spectra for the random zone by 2~—3 times.

The amplitudes of some components of the spectrum for individual realizations
change with distance in a complicated manner: they can decrease and increase
(Fig. 10), or can have an oscillatory character (curve 4). The curves I H (a) =const.,x) I
for the equivalent layer are like those for the random zone.
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IHMI‘

l ‚ i
\

2km

Fig. 9: Spectra of different M-boundary models. 1 - random zone; 2 - equivalent layer,
3 - and 4 - individual realizations, shown in Fig. 7e.

Thus, it can be expected that a random zone forms the reflected waves with a
slight change in the shape of the records and with a rather variation of the re ectivity
with distance and with a shallow minimum of amplitudes in the middle of the distance
between the shot points, and the critical point in contrast to the zone with de ned
parameters. As it is known, these properties are like those for waves re ected from
sharp boundaries and also from the thick equivalent layer. The most typical feature
of 'arandom zone is the higher intensity of subcritical reflections (approximately by
2 times). '

‘ 'The in uence of absorption was not taken into account in these calculations, it
will make the spectra more resonant.

'

4.2 Geological interpretation of the zone with random structure

In some cases the periodical or quasi-periodical zones allow to explain the observed
dynamic features of seismic waves, re ected from the M-boundary. However, these
models seem to be far. from the real geological conditions. _It is di icult to assume
'that structuresir'epresente'd by periodical thinlayered zone does not‘change for several
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Fig. 10: Amplitude distance curves for frequency 10 Hz. The curves are denoted as in Fig. 9.

kilometers. The model with random structure seems therefore to be more probable.
The geological interpretation of this type of boundary will be discussed in detail.

From the theory it is known that the dynamic properties of a certain wave depend
not only on the medium structure in the point of re ection but also on the medium
structure in the vicinity of this point. The dimensions of this area are estimated to
8 Fresnel zones“). If the M-boundary depth is 40 km and the distance x=10 km, the
overall dimensions of this area are about 10 km.

If in each point of observation the re ected wave is formed by an random zone,
i. e. by all blocks with the normal distribution of parameters, then the dimensions of

‘) Ay= l/cos OVA 1, where Ayis the half of ellipsis diameter,I is the half of ray length of the
reflected wave, A is the wave length equal to 0.6 km, O is angle of incidence.
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an individual block are about 0.3 km, in our case of 30 realizations. Such a medium
will form the “random wave“ (Fig. 7).

It is possible to give an example of the explanation of a partly continuous correlation
of subcritical strong re ections. Let us assume that the crust and the M-boundary is
represented by large crustal blocks (length about 10 km), each containing a layered
zone, whose parameters are inchangeable at 10 km length of pro le. Let us consider
the wave processes on 3 block zones forming the large block structure. For this case
the dynamic travel-time curve of re ected waves (frequency 10.5 Hz) is shown in
Fig. 11. The velocity-depth distribution of the proper zones are shown under the
travel-time curve. It is seen clearly that if the average level of seismic noise is equal to
the amplitude of re ected waves at the distance 40 km, it will be possible to detect
the re ections only from the l-st and 3-rd blocks. The re ections from the blocks
with number 2 will be detected only near the critical point. Such a situation, observed
in many regions, is typical for the partly continuous character of the wave eld in
the subcritical area.

The discussed possibilities of the M-boundary lead to the conclusion that it is
necessary to assume a complex M-boundary with zones of layers in those regions
where the re ections near the shot point are stronger or equal to the re ections in
the critical area.

The partly continuous correlation of the subcritical re ections can be connected
either with the discontinuities in these zones, or with a sharp variation of their
properties, i. e. with the block character of the M-boundary. In this case the blocks
should not be very small, their length must be of several kilometers.

If the strong re ected wave form short groups in the subcritical area and their
characteristics are qualitatively close to the characteristics of the l-st order bound-
aries it can be assumed that the M-boundary is represented by a random zone. In this
zone a statistical alternation of very small blocks can be assumed. The parameters
0f zones are equal to these of small blocks which are distributed in such a manner
that in each re ection all of the realizations take part.

In those regions where the re ections in the subcritical area are absent it is neces-
sary to estimate the ratio of the seismic noise level with respect to the intensity of
critical re ections. If this ratio is a small one it can be assumed that the critical
reflections are much higher than the subcritical ones and the M-boundary can be
represented by the l-st or 2-nd type of boundary model (Fig. 2).

The presented estimation of the boundary type is, of course only the rst step in
a new tendency in DSS connected with the investigation of the ne structure of
seismic discontinuities in general. Its developement is conditioned by the success of
new methods in seismic prospecting, in particular of a new technique to detect and
correlate the subcritical re ections. Further developement of numerical methods of
the wave dynamic analysis and of the methods of solution of the inverse problem of
seismology seems to be important for the study of the discussed types of media.
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Fig. 11: Dynamic travel-time curve for subcritical re ections from the M-boundary repre-
sented by blocks with complicated inversional zones. Sections 1, 2 and 3 correspond
to individual realizations of the random zone. The conventional seismic noise is
drawn by dashed‘line.
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The Special Structure of the PMP Traveltime Curvel)

P. GIESE, Berlin?)

Eingegangen am 6. März 1972

Summary: One of the most prominent phases in crustal record sections is the PMP-traveltime
Curve which is interpreted as wave bottoming the deeper crust and the M-discontinuity.
A closer examination reveals that this PMP-group can be composed by a sequence of separated
segments. The time delay between the segments can exceed one second. Therefore, in a rst
approximation, the application of the ray theory seems to be justi ed. The resulting velocity
depth functions show strong velocity reversals in the lower crust which are most intensive
under the Central Alps, indicating the possible existence of completely or partly molten
material in the crust/mantle transition.

Zusammenfassung: Die PMP-Welle, die die unterste Kruste und die M-Diskontinuität erreicht,
ist eine der wichtigsten Phasen in der Krustenseismik. Eine detaillierte Untersuchung zeigt,
daß die zugehörige Laufzeitkurve in mehrere Äste zerfallen kann. Die Verzögerung der auf-
einanderfolgenden Äste kann größer als 1 s sein. Daher erscheint die AnWendung der Strah-
lentheorie in erster Näherung gerechtfertigt. Die sich ergebende Tiefen-Geschwindigkeits-
funktion zeigt intensive Geschwindigkeitsverringerungen in der untersten Kruste, insbeson—
dere im Bereich der Zentralalpen. Partiell oder vollständig aufgeschmolzenes Material im
Grenzbereich Kruste/Mantel ist hier daher möglich.

1. Introduction

One of the most important phases observed in crustal seismology is the so-called
PMP-phase. The corresponding rays are bottoming the crust/mantle boundary or its
transition and the traveltime curve is reversed. The subcritical range is de ned by
apparent velocities greater than the velocity of the Pn-wave (8.0—8.2 km/sec) whereas
the overcritical one is characterized by dx/dt-values smaller then v (Pb).

From the study of the observed amplitudes and frequencies of subcritical waves
it becomes evident that the model which most satis es the observation is one in
which the boundaries are represented by a zone of thin diverse lamellae which pro-
duce localized velocity inversion. [MEISSNER 1966 and 1967; DAVYDOVA, KOSMINSKAYA,
and MICHOTA 1970; FUCHS 1970.]

1) Contribution within a joint research program of the Geophysical Institutes in West-
Germany, sponsored by Deutsche Forschungsgemeinschaft (German Research Association).

2) Prof. Dr. P. GIESE, Institut für Geophysik, Freie Universität Berlin, D1 Berlin 33,
Rheinbabenallee 49.
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showing the main phases of crustal waves.

The overcritical branch extends over a distance of about lOO km or even more.
Hitherto, the overcritical PMP-curve is regarded as continuous and uninterrupted
( g. 1). From the theoretical point of view, the reversed PMP-curve can be generated
by re ected waves and/or by penetrating ones as well. In the vicinity of the critical
point, the waves are nearly a pure re ection whereas at greater distances. they are
of a diving nature [GIESE 1966, 1968; MEISSNER 1967; PAVLENKOVA 1968]. From this
behaviour results a more or less wide transition between crust and mantle which is
characterized by an increasing velocity with increasing depth.

So two models are existing for the deeper crust and the transition to the upper
mantlesThe near vertical re ections require a lamination with velocity reversals
whereas the overcritical PMP-waves imply a transition Zone with positive velocity
gradients. This contradicting picture is caused by the different resulotion powers of
the sub— and overcritical waves. In general, in the deeper crust, the velocity increases
with depth, but there exist narrow zones of reversals which are only detectable by
impulses with short wave length (some hundred meters). '

On the other hand, many examples demonstrate a more or less intensive velocity
reversal of complex structure in the middle part of the crust or even in its lower part
with a thickness up to 10-20 km. It is, therefore, obvious to look for velocity rever-
sals of intermediate thickness. This question requires a detailed study of the PMP
curve that gives more information about the nature of the MOHOROVIClo-discontinuity.
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2. Area under investigation and description of the material used

From the shotpoint Eschenlohe, a quarry situated in Southern Bavaria between
Murnau and Garmisch-Partenkirchen at the northern margin of the Alps, refraction
pro les are radiating to the foreland as well as into the Alps ( g. 2).l

For the following considerations, the record sections of the pro les Eschenlohe-
NNE, Eschenlohe-E, Eschenlohe-SE, and Eschenlohe-S will be used. The amplitudes
in the records are uncalibrated, and they can be used only for getting a qualitative
picture of energy recorded in the different wave groups.

. ——
12;;'p: ,iiiiuumm11111111111“
W‘he'

100 230km

Fig. 2: Area under investigation-ithick lines: pro les used in the present paper.
ES: Eschenlohe, LL: Lago Lagorai.
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All four record sections show clear second arrivals of the PMP-wave which are
characterized by large amplitudes. In previous interpretations, attempts were made
to t the beginning of the secondaries by one branch of concave curvature. A closer
inspection, however, reveals that this one curve does not catch the onsets of the PMP-
wave in all records; sometimes, the actual arrivals occur later. Under the aspect of
the following points, a better tting can be obtained if the one PMP branch is splitted
in separated segments.

1. phase correlation, if possible
2. correlation of the groups characterized by the largest amplitudes
3. correlation under the condition that the resulting apparent velocity increases with

a decreasing angle of emergence within the range of possible values.

The four record sections ( g. 3, 4, 5, and 6) show the plotted correlation based on
the criteria just mentioned. A splitting of three or even more segments is the result.

In some of his previous publications the author has introduced a phase b located
between the branch Pg (a) and PMP (c). The nature of this phase b—direct or reversed
——was not entirely clear. [GIESE 1966, GIESE and STEIN 1971.] Here, the former phase
b is the rst segment of the PMP-group and, of course, of reversed character.

Table I shows the distance range of each segment taken from the correlation in
the record sections. Due to the fact that the overtaking parts of the segments are
approximately parallel, the time delay At between them is also presented.

Table I

1. Pro le Eschenlohe — NNE 3. Pro le Eschenlohe - SE

01: 70— 165 km 0,3 sec cl: 95- 125 km 0,3 sec
c2: 120-200 km 0,3 sec 02: 120- 170 km 0,5 sec
c3: 170—250 km c3: 140-200 km

2. Pro le Eschenlohe - E 4. Pro le Eschenlohe - S
c1: 80- 125 km 0,4 sec c1: 95 -- 120 km 0,8 sec
02: 115— 160 km 0,3 sec c2: 120- 145 km 0,5 sec
c3: 145—215 km c3: 130-205 km 0,6 sec

04:135-220 km

Additionally, it should be remarked that the feature of splitting of the PMP-curve
becomes even more accentuated in the record sections of the two pro les radiating
from the shotpoint Eschenlohe in SW direction [BEHNKE 1969]. A total time differ—
ence of about 4 sec is reached. Here, the time delay (in reduced time scale) between
the beginning and the end of the PMP traveltime group is mainly caused by the
splitting effect and less by the normal curvature of a reversed segment.

From the examples presented here it can be stated that the effect of splitting be—
comes more intensive from north to south and in the Alpine area probably also from
east to west.
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Fig. 5: Record section of the pro le'Eschenlohe-SE.
[ANGENHEISTER 1970]

Fig. 6: Record section of the pro le Eschenlohe-S (Lago Lagorai).
[PRODEHL 1965]

Which possibilities are imaginable in trying to explain this splitting of the PMP
curve? If the time delay is in the magnitude of one or two wavelengths, it is obvious
to look for an effect caused by the wave nature of the seismic impulse. The period of
the waves recorded is about 0.2 sec. The time delay in the record sections Eschenlohe-
NNE and Eschenlohe-E ist about 0.3 sec, that means in the same size. The time delay,
however, becomes stronger in the record sections of the Alpine pro les, therefore
suggesting an effect caused by a complicated velocity distribution in the crust/mantle
transition. Since there exists a time delay of more than one or two periods, the at-
tempt seems justi ed to explain this splitting in a rst approximation by using the
ray theory.

3. Velocity depth function

The following considerations presume no lateral velocity variation, that means
the velocity function is only dependent on the depth 2. As mentioned above, the seg-
ments are regarded as of reversed nature. It is obvious to apply the x2, t2 method for
depth calculation. But this method is less useful for overcritical re ection observed
at large distances from the shotpoint.

Therefore, an empirical method was used to determine the velocity function. The
apparent velocity was calculated by the formula [STEWART 1966]:

dx 1—-=———— where
dt f’ 062)

f’(x2)= "2‘x3 f(x1)
(x1 —x2) (x1 — x3)

2x2—x1 —x3

(xz—x.)(x2—x3)f("2)
x2 "xi

+(x3 " x2) (x3 “ x1)
f(x3)

for the case x3—x2=x2——x1 follows

=f(x3) —f(x1)_

xs—xz
f, (x2)
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._ In order to explain the interruption of the PMP-group, a corresponding number
of low velocity layers is required. For this inversion zone, a triangular form of velo-
city distribution has been assumed. As shown by KOSCHYK [1969], only the thickness
A2 and the maximum velocity decrease Av are of importance. The position of the
point of minimum velocity does not in uence the traveltime of waves penetrating
deeper.

The greatest possible depth given by the expression

dx/dt
x/t

z -3.
—2max > —1

has been calculated in order to get a rst rough model. Generally, the segments
taken from the record sections have been interpreted as overcritical re ections in-
cluding also the possibility of. diving waves. The method for obtaining traveltimes
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0
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Fig. 7: Velocity-depth-function for the pro le Eschenlohe-E. The velocity reversal in the
uppermost crust is caused by the molasse beds which have been overthrusted here by
the Northern Calcareous Alps. Dotted line1n the lower crust:

velocity-depth-
function

resulting from an uninterrupted PMP-curve.
[GIESE and STEIN 1971KOSHYK 1969]



|00000425||

The Special Structure of the PMP Traveltime Curve 403

from a velocity model is based in a piecewise linear continuous velocity function of
depth [STEINHART and MEYER 1961]

The velocity-depth-functions presented in gs. 7 and 8 have been obtained by
comparing the observed and the calculated traveltimes ( g. 9). For each record
section about 20 functions have been calculated. From the example in g. 9 it could
be argued that the agreement must be improved. From experience, however, it can
be pointed out that the general form of the velocity function remains untouched,
only minor modi cations are possible.

From the calculations result velocity reversal zones in the lower crust, characterized
by only a few km in thickness but a very intensive decrease up to 1—3 km/sec. So
the “missing link” seems to have been found between the wide reversal zones in the
middle crust given by the delay of the PMP-group as compared with the Pg one and
the narrow low velocity zones in the lower crust indicated by the subcritical re ections.

ESCHENLOHE-LAGO LAGORAI
5 6 . 7 8 km/s

10 5/

20 ‘\§'

30

—— u—— _— —_. ._I —.‘

Fig. 8: Velocity-depth-function for the pro le Eschenlohe-S--dotted line1n the lower crust:
velocity-depth-function resulting from an uninterrupted PMP-curve.
[GIESE 1966]
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t-A/B

100 200 km
l

Fig. 9: Example of the pro le Eschenlohe-S Showing the comparison between the traveltimes
taken from the record section and the times computed from the velocity-depth-
function presented in g. 8.

4. Conclusions

The intensity of the reversals in the lower crust and in the transition crust/mantle
increases from north to south, that means from the foreland of the Alps to the Cen-
tral Alps, and with thickening of the crust.

If these results can be con rmed by further observations, they would imply some
new aspects for geologic and petrologic considerations.

The strong reversals cannot be explained by a change of rocks in solid state only,
i. e. between acid and basic material. A decrease of 3 km/sec requires the existence
of molten or at least partly molten rocks in the deepest crust. Assuming a temperature
gradient of 20°C/km, a temperature of 800°C would exist in 40 km depth. Acid and
intermediate material must be uid. Taking a gradient of 30°C/km, this results in a
temperature of 1200°C, and then even basic rocks must be molten.

In several previous publications it was pointed out that, in the central parts of the
Eastern Alps, there is a connection between the zone of low velocity and density
in the depth range between 10 and 20 km and the tertiary Tauern crystallization.
[BOTT 1954; GIESE 1966; MAKRIS 1971; ANGENHEISTER, BÖGEL, GEBRANDE, GIESE,
SCHMIDT-THOME, and ZEIL 1972].

The heat source for the granitization must be situated deeper. The present study
reveals now molten and/or partly molten material in the deeper crust under the
Central Alps which may cause the granitization in the higher crust.

These examples should demonstrate the complex nature of “discontinuities”-
Summarizing it must be stated that a “discontinuity” is not only characterized by a
strong positive velocity gradient zone but that more or less wide reversal zones'can
be intercalated additionally.
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Relation between P-Wave Amplitudes
and Discontinuities in the Earth’s Crust

F. S. TREGUB, Moscowl)

Eingegangen am 11. Dezember 1971

Summary: The method of interpretation yields quantitative evaluation of the in uence of
layered structures in the upper part of the Earth’s crust on the amplitude of longitudinal
waves. The use of the statistical velocity model made it possible to zone and stratify the
consolidated crust by the value of the “heterogeneity factor’f and to single out a “transpa-
rent” layer.

Zusammenfassung: Es wird eine Interpretationsmethode vorgelegt, die es ermöglicht, den
Ein uß von Schichtstrukturen im oberen Teil der Erdkruste auf die P-Wellenamplituden
quantitativ zu bestimmen. Mit Hilfe einer angenommenen statistischen Geschwindigkeits-
verteilung gelingt es, an Hand des ‚,Heterogenitätsfaktors“ die Erdkruste in Zonen aufzu-
gliedern und einzelne Schichten zu bestimmen, für welche dieser Faktor den Wert Null
erreicht, d. h. die Schicht „durchlässig“ erscheint.

l . Introduction

Recently the seismologists have turned more often to statistical models of a me-
dium to interpret seismic elds. First of all it is due to the fact that the solution of
the inverse seismic problem in the framework of horizontal layered inhomogeneous
media is very ambiguous. Further a great number of data of eld investigations are
still unused, such as uctuations of amplitudes, times of observation, interruption
of wave correlation and other characteristics which cannot be described quantitatively.

2. Method

We used the most simple statistical medium model suggested by NIKOLYAEV [1968].
Here are the basic relations:

V(x‚ y. 2) = V(2)+ Vn(x, y, 2)+Ö V(x‚ y, 2)+A V(x‚ y);
ln A(x, y)=ln Ä(r)+ln An(x‚ y)+ln öA(x‚ y)+ln AA(x‚ y);

T(x‚ y): T(r)+Tn(x‚ y)+ÖT(x‚ y)+AT(x‚ y).

1) Dr. F. S. TREGUB, Institut Fiziki Zemli ANSSSR, B. Gruzinskaya 10, Moskva, USSR.
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Velocity eld of P-waves is formed by four basic factors:

1. Determined horizontally layered velocity depth distribution 7(2), and amplitude
distance curve In Ä(r) corresponding to the period-distance curve TU), whereas T
varies smoothly along a pro le.

2. Inhomogeneities near the seismic source expressed by Vn (x, y, z), ln A„(x, y) and
Tn (x, y) respectively. The latter term contains a constant component for a given
direction from the source and changes smoothly along a pro le.

3. Random eld which is homogeneous and isotropic within the limits of single
intervals of depths expressed by ÖV(x, y, z), ln ÖA (x, y) and ÖT(x‚ y) respectively.
They change sharply as a summary effect of a random eld of inhomogeneities
along the whole wave path.

4. Inhomogeneities below the point of registration expressed by A V(x, y), In AA(x‚ y)
and AT (x, y) respectively which are correlated to the place of registration causing
an overlapping of graphs.

In the presence of a detailed system of observations using spatial characteristics
of each component we can separate their in uence by means of experimental data
processing.

The relation between random and determined parameters of amplitude and time
has the following form:

_ 22 . H- _ K°dzT
DölnA—4nf DöT,

lnA(x)—C(x)+—ET-;.

The “heterogeneity factor” g, a quantitative parameter which describes the random
eld caused by inhomogeneities has been introduced. This coef cient is determined

by the mean square variation of the amplitude uctuation due to the increase of the
travel path of the seismic wave:

_[(Dö 1n A)M2—(Dö ln A)M1]
_

L(M19 M2) und
‘

The expression for a reverse system of observations is:

‘__-__.

_Dö In A
g ’" 2L '

3. Results

Such a statistical model of the velocity depth distribution was adopted as the basis
of interpretation of deep seismic sounding data of one of the Kazakhstan pro le.



|00000431||

Relation between P-Wave Amplitudes and Discontinuities in the Earth’s Crust 409

8 T sec
+ 0,04 u

\
+0,02 a

o g.
-0‚04

I
C‘—

\ Tse‘c
1 u 25

20
[9A l ' .

A103 15

b l A M1o2

M n /

10

‘°' V
\ ‚1 in! ‚f3 .3 ‘1‘ ‘w ‚ x *1" 5

10° ‘l " o
f H PV KARATAL

12
c

10
\ \MJ M r, 10‘

10° 100

Akmzoo 180 150 140 120 100 eo so 40 2o 0

Fig. 1' Kinematic and dynamic parameters of the rst Wave group.
a) Travel-time graph, observed (solid line) and smoothed (dotted line).
b) Amplitude-distance curve, observed (solid line) and smoothed (dashed line).
0) Frequency variation along the pro le.

The length of the pro le was 220 km. The rst arrivals correspond to the'ivave
refracted in a consolidated crust. At a distance of 200 km this wave changes into
the wave from the M-discontinuity. This boundary was xed according to the rst
arrivals and to the re ected wave. The attempt to single out overlying intermediate
boundaries1n the Earth’s crust failed. ‘

Fig.1 shows kinematic and dynamic parameters of the rst wave group observed
from the same point of explosion. In this gure experimental values and results of
spatial ltration smoothed by GAUssian weighting function are given. In such a way
smoothly varying components of

amplitude
and time functions can be separated

from the sharp variations. .
The relation between the internal geological structure and the amplitude of seismic

signal wasfound in accordance to the summary effect of the rst two components
of the eld of velocities 7(2) and Vn (x, y. Z) (Fig. 2). f‘ . '

Smoothed amplitude graphs normalized to the same energy of the source proved
the correlation in conjugated points. The in uence of the inhomogeneity Vn (x, y, 2)
near the shotpoint “Ili” (Fig. 6) broke this regularity by decreasing the amplitude
of the signal by 10 times in the north direction.
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Fig. 2: Amplitude variations of seismic signals along the pro le.

a) Smoothed experimental amplitude-distance curves, 1, 2, 3, 4 — obtained from differ-
ent shotpoints, 5 — interpolated intervals.

b) Summary effect of local variations of the gradient of the amplitude along the pro le-

Fluctuations of smoothed amplitude curves are correlated with the geological
structure of the upper part of the pro le: the increase of the amplitudes—on an
average by half of the order—is registered within the area of lowlands and an ampli-

tude decrease can be observed with crystalline rocks.

A relation between the rst derivative of amplitude curves and the near surface
tectonics is apparent. It is possible to single out the in uence of the structure of deep

boundaries from the background of distorsions considering the upper part of the

geological section.
The interpretation of the horizontal component of the velocity pro le 7(2) is

possible using the amplitude-distance curves reduced to one energy level only (Fig. 3)-

According to the attenuation of a signal a conclusion can be drawn that up to a

depth of 10 km ,the structure of the medium is essentially different along the pro le,

in greater depths the structure becomes practically the same and is characterized
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a) Zero mean of heterogeneity.
b) Distribution with heterogeneity-e ‘ect.
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by a very weak increase of the velocity with depth. At a distance of 180 km an in-
crease of the amplitudes can be observed. Probably, this increase is related to the
existence of a wave which can be singled out by kinematic parameters at a distance
greater than 200 km.

Analyzing the system of smoothed curves, local increases and decreases of the
amplitude can be interpreted by the geological structures in the upper part of the
geological section. This fact causes the change of waves in the rst arrivals.

Let us now consider the amplitude data which were ltered and not involved in
the earlier interpretation. Histograms of uctuations of amplitude logarithm (Fig. 4)
con rm that separating the determinable components from random components
optimum conditions for spatial ltration can be found. The ordinary law of distri-
bution of ölnA (Fig. 4a) corresponds to the homogeneous eld of öv (x, y, 2).

At the places of registration of A V(x, y) inhomogeneities can be singled out by
the correlation of reverse and overlapping graphs (Fig. 4b). These inhomogeneities
can change the amplitude of a signal some times.
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Fig. 5 : Mean squares of uctuations of amplitudes and times alonthe pro le.
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