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Geophysical Synthesis and Crustal Structure

by

A. zATOPEK 1)

Summary

A qualitatively new basis for structural studies of the Earth's crust has been
created by the results of deep seismic sounding performed in many parts of Europe.
With a three-dimensional model of the MOHOROVICIC and shallower discontinuities we
are given not only the geometry of seismic velocities and - at least for the eastern
part of Europe - the location and classification of deep fault zones, but also a
valuable information on how to find the spatial distribution of other properties of
the crust following from geophysical data, e.g. of gravimetry, seismology, geomag-
netism and geoelectricity, geothermy and radioactivity, in a way compatible with
deep/seismic sounding and, of course, with geological evidence. Geodetic results, as
the elaboration of deviations of the vertical with removed effects of the surface
topography and recent crustal movements, give a valuable control of the final inter-
pretation and contribute to a deeper understanding of physical factors involved in
structural geology. Critical confrontation of the whole of geophysical information -
geophysical synthesis - is especi :lly important for the study of contact zones of
great tectonic units. In Central Europe, mutual contacts between the Alps, the
Bohemian Massif, the Carpathians. the Dinarides, and the Pannonian block, respective-
ly, should be studied first as the clues to the European tectonics. This is feasible
only in strengthening the cooperation among geophysicists of all countries in ques-
tion. As a characteristic example the contact zone between the Bohemian Massif and
the Carpathians is synthetically described.

Zusammenfassung

Durch die Ergebnisse der tiefenseismischen Sondierungen, die in vielen Teilen Euro-
pas durchgefiihrt wurden, ist eine qualitativ neue Grundlage filir Strukturuntersuchungen
der Erdkruste entstanden. Mit einem dreidimensionalen Modell der MOHO und flacherer
Diskontinuitdten sind nicht nur die geometrische Verteilung der seismischen Geschwin-
digkeiten und - zumindest flir Osteuropa — der Ort und die Klassifikation tiefer Sto~
rungszonen gegeben, sondern auch wertvolle Information dariiber, wie die rdumliche Ver-
teilung der anderen geophysikalischen Krusteneigenschaften in Ubereinstimmung mit
tiefenseismischer Sondierung und Geologie bestimmt werden kann. Geoddtische Ergeb-
nisse liefern eine wertvolle Kontrolle der Komplexauswertungen und tragen zum physika-
lischen Verstdndnis der Strukturgeologie bei. Die kritische Gegeniliberstellung aller

M Institute of Geophysics, Charles University, Ke Karlovu 3, 121 16 Praha 2,
Czechoslovakia
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geophysikalischen Informationen ist besonders filir das Studium der Grenzzonen grof-
tektonischer Einheiten wichtig. Besonders bedeutsam ist es, in enger internationale:w
Zusammenarbeit die Kontaktzonen zwischen den Alpen, dem Bdhmischen Massiv, den Kar-
pathen, den Dinariden und dem Pannonischen Block zu untersuchen. Als Beispiel einer
derartigen Synthese werden die Ergebnisse beziiglich der Kontaktzone Bdhmisches Mas-
siv/Karpathen dargestellt.

1. Introduction

Explosion seismology has been introduced as a very efficient tool for the study
of deep parts of the Earth's crust about three decades ago. In Europe, the Helgoland
explosion in 1947 was a signal for creation of a scientific programme of using tech-
nical and other explosions for a systematic investigation of seismic velocity fields
aiming at the establishment of models of the crustal structure in selected parts of
the European continent, in the first place in the region of the Alps.

This plan and its implementation on a wide continental scale was closely connected
with the creation of the European Seismological Commission in Brussels in 1951, and
during two following decades the method of deep seismic sounding (DSS) was developed
by a number of national and international research groups in West, South and North
Europe and, similarly, in East and South-east Europe, too. During the said period
valuable experimental materials have been accumulated throughout Europe and, based
on intense theoretical work, interpretations have been presented in form of partial
models of the Earth's crust in various areas of Europe. Apart from determinations of
characteristic velocities, the location of main crustal discontinvities has been
attempted. In the first place it was the position of the bottom boundary of the crust,
known as the MOHOROVICIE discontinuity, or shortly the MOHO, separating the crust
from the upper mantle. Further, one was interested to know the depth of the CONRAD
discontinuity, considered to be an interface between the higher granitic and the low-
er basaltic layer, the latter reposing upon the MOHO. The third important boundary is
the interface between the bottom of sedimentary layers forming the uppermost part of
the continental crust.

The present-day data available from DSS allow to compile a three—dimensional
scheme of the MOHO in Burope, and for some regions, like Central Europe, it was even
possible to give, as an outline, a structural model of the crust for the region in
consideration. In the present contribution it is intended to try forming, on the
qualitatively new basis of DSS as available for the territory of Central Europe, a
kind of geophysical synthesis. Owing to the method of continuous profiling, used al-
most generally in the region of East and Southeast Europe, one is enabled to find
the position and classification of deep fault zones in addition to the depths of the
MOHO. Including the other geophysical information obtained from gravimetry, seismo-
logy, geomagnetism (including palaeomagnetic data) and magnetoteliurics, using fur-
ther the results of geothermic and radiometric measurements together with the data
of DSS, one is given a possibility to establish multilateral geophysical correlations.
Moreover, even the data from geodesy, e.g. undulations of the geoid, deviations of
the vertical, reduced with regard to the effects of the outer topography, and data
on recent crustal movements, appear as valuable structural information, the im-
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portance of which goes far over their primary geodesic significance. A certain level
of geological evidence and control is, of course, necessary. It is obvious that such
a geophysical synthesis can and must proceed step by step, but - though so far in

its beginning stage - the geophysical synthesis proves to be helpful in the under-
standing of the physical state and processes which have occurred or are going on in
the crust or, maybe, in the uppermost part of the upper mantle; it will be much more
useful than partial information of the individual geophysical fields if considered
separately. This is of particular importance when characterizing great tectonic units
and the contact zones between them.

In fact, the region of Central Europe we are dealing with is a contact area of the
following units: the Subvaristicum in the north, the Bohemian Massif with the adja-
cent block of Saxothuringicum in the north-west, the West Carpathians and the adja-
cent part of the Polish Platform in the north, the Pannonian Basin (called also the
Carpathian Basin) in the middle, the region of Alps and its specially interesting
part of the_East Alps, further the transition zones between the East Alps on one hand,
and the West Carpathians, the Pannonian Basin and the Dinarides on the other, and,
finally, the Pannonian Basin and the Dinarides. One may well denote this region as a
key to European tectonics with the contact zones as the most important problems.
Within short, we shall see this in dealing with two of them.

2. The MOHO in Europe

For general information [1-5, 12-17, 20, 23, 24, 30, 31] let us review roughly the
depths of the MOHO throughout the European continent. They vary between about 15 km
in the Tyrrhenian and Ligurian Sea, respectively, and about 65 km below the middle
part of the West Alps and the flysch zone of the Outer Carpathians. Inside the con-
tinent the crust is thinnest below the centre of the Pannonian Basin and at its tran-
sition to the Dinarides; its thickness is about 24 - 25 km.

Let us now follow two cross—-sections, the first from the north to the south of
Burope, the second from the east to the west.

At the northern coast of Scandinavia the MOHO was found in a depth of about 40 km;
going southwards it rises to 33 or 34 km; in Finland the MOHO lies at 35 km and in
the Finnish Bay at 37 km. In Denmark the depth of the MOHO was found to be 29 km and
is growing eastwards; near Gdafsk it was assessed at about 45 km. South of Denmark
the crustal thickness finds itself near 30 km and increases southwards, so that at
the border zone of the Ore Mountains it is some 32 km and below the Giant Mountains
near 40 km. In North Bohemia, below the Cretaceous Table, it decreases towards 30 km
and grows up to a maximum of 42 km in the Moldanubicum of SW Bohemia. In the Alpine
foredeep it was found to be round 35 - 30 km in a belt oriented W=E. Below the main
range of the Alps there is a trough; the depths surpass 50 km and reach a maximum of
65 km as already mentioned. Continuing to the south, the MOHO rises up to 40 and then
35 km in the region of the Podan Basin. Below the crest of the Apennines one finds a
depth of about 45 km, In South Italy and NE-Sicily the MOHO finds itself at 40 km
and rises up to 35 km in the middle of the isle and then rapidly to 25 and 20 km in
the vicinity. In the north of Sicily, between the western coast of Italy and Sardinia,
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and also in the Ligurian Sea, the crustal thickness is minimum, i.e. 15 km, as said
above., Parallel to the Yugoslav coast of the Adria, below the zone of the Dinarides,
the MOHO was found at depths from 45 to 50 km, while for the Italian Adriatic coast
depths of about 30 km are characteristic.

Following the B-W cross-section we find the MOHO around the Caspian Sea at 40 to
45 km of depth; below the Caucasus the crustal thickness increases to 50 - 54 km. A
depth of approximately 45 km may be attributed to the MOHO along the North Anatolia
fault zone, while along the southern coast of the Black Sea depths of about 30 km are
given. In the middle of the Black Sea the crust is only 20 km thick., At the western
coast the crust gets thicker from 25 km to 35 - 37 km inside the Balkan Peninsula,
and probably to some 45 km in South Yugoslavia. Inside the Ukrainian Shield the
thickness of the crust varies in the range of 40 -~ 55 km, and its isolines exhibit a
N—S extension of geological structures; below the Crimea the MOHO is situated at
about 50 km. In the region of the East Carpathians one finds, if crossing the region
of their biggest curvature in SE-NW direction, a rapid increase of the crustal thick-
ness to 50 and 60 km, followed, when descending into the Pannonian Basin, by a sudden
decrease to 30 km and, finally, to 25 km within the Basin. In the Outer Carpathians,
north of the main mouutain range, maximum depths of 65 km of the MOHO have been found,
commensurable with those occurring in the Alps. In the Central Carpathians, in the
region of the High Tatra, the maximum depths may be expected at abcut 45 km, decreas-
ing to some 40 km in the north, and, more rapidly, tc the south to 28 km as reached
at the northern border of the Pannonian Basin. The contact zone between the
Carpathians and the Bohemian Massif and that between the Carpathians and the East
Alps, which we will deal with later, exhibit considerable variations of depths near
35 km and a strong attenuation of explosion energy. Crossing the Alps from east to
west we meet the depths already known: In the transition zone between the Alps and
the Dinarides one finds depths in the interval from 35 to 40 km. West of the Alps
the thickness of the crust decreases %o 32 km, northwards the thickness goes slowly
down to 29 - 25 km., On the territory of France the crust exhibits, with small varia-
tions, depths between 29 and 32 km. For the Pyrenean Peninsula [22], the depths of
the MOHO near 40 km appear plausible.

In Europe the MOHO is characterized by velocities of Pn-waves in the range 7.9 to
8.2 km/s. Though it is the most markedly pronounced discontinuity as detected by DSS,
it does not prove to be a continuous and uniform interface everywhere. On the con-
trary: Jumps of more than 10 km are not unusual, and a multiple structure of the MOHO
has been discovered in several regions of East and South-east Europe, namely in the
Ukraine and below the Pannonian Basin.

No one of the shallower crustal interfaces, including that of CONRAD with charac-
teristic velocities of Pb near 7 km/s, could be followed as a continuous feature
throughout widely extended areas. Sudden variations in depth have been found, too,
and dissimilarities in the shape and position in comparison with the MOHO are fre-
quent., - For the granite~type layer Pg-velocity values near 6 km/s are typical.

On the whole, the results of DSS brought in many corrections to our earlier con-
ceptions.

DOI: https://doi.org/10.2312/zipe.1975.031.02



295

3 Geopgygigal synthesis in the region of Central Europe

The region in question is represented in Fig. 1. International profiles III, IV,
V, VII, and VIIa, Hungarian and Polish national profiles and the network of profiles
situated in West Germany and Austria are most important. Crustal sections along pro-
files VI, VII and V, respectively, are represented in Pig. 2 a, c, d; Fig. 2 b in~
dicates the distribution of P-wave velocities.

Fig. 1.
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Relief of the MOHO in Central Furope in correlation with the distribution of
seismic zones, gravimetric and geomagnetic anomalies, orientation of magne-
totelluric induction vectors and the main structural lineaments.

1 a) international, 1 b) national profile; 2 - isoline of depth of the MOHO;
3 - seismic zone; 4 - positive gravity anomaly; 5 - negative gravity anomaly
(denser hatching signifies |Ag| = 100 mgal; 6 - positive geomagnetic anomaly;
7 - negative geomagnetic anomaly; 8 - zone of high positive geomagnetic anom-—
alies; 9 - zone of high negative geomagnetic anomalies; 10 a§ areas of high
geomagnetic anomalies in neovolcanic belts in Czechoslovakia, 10 b) anomalous
geomagnetic zones in Austria and Poland; 11 - magnetotelluric induction vec-—
tors along profile VI; 12 - fault zone of Lednice; 13 - PPL, peri-pieninian
lineament; 14 - OL, Oder lineament; 15 - TTL, TORNQUIST-TEISSEYRE lineament;
16 - RL, Raab line; 17 - state frontiers; 18 - A, situation of deep reflect-
ing boundaries suggested by ZATOPEK
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Crustal sections along profiles VI, VII and V with fault zones assessed by means of DSS;

a) profile VI, b) layer velocities on profile VI, c¢) profile VII, 4) profile V;

1 - neovolcanites, 2 - Neogene sediments, 3 - flysch belt, 4 - Mesozoic, 5 - Palaeozoic
(Bohemian Massif), 6 - Palaeozoic (Carpathians), 7 - crystalline schist, 8 - durbachites,
g -lgranite zone, 10 - basalt zone, 11 - MOHO, 12 ~ deep faults, 13 - principal regional
aults
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3.1. DSS and gravimetry

Though, on the whole, there is in this part of Europe apparent similarity between
the surface relief and the shape of the MOHO and also with the map of BOUGUER anom-
alies [18, 20], one can observe a number of discrepancies. In general, the crust is
immersed deeply into the mantle below high mountain ranges of the Alps and the Car-
pathians (see Fig. 1), but the kind of immersion is quite different. While the roots
of the Alps correspond fairly well with the outline of the outer topography and also
with the position of the belt of negative megaanomalies, this belt of megaanomalies
is shifted northwards from the mountain range of the Carpathians and finds itself -
and so do the maximum depths of the MOHO - in the flysch zone of the Outer Car-
pathians., Outside the Alps and the Carpathians minor gravity anomalies of both signs
can be seen in the Bohemian Massif, and, in general agreement with the principle of
isostasy, the negative ones in Germany and Austria, where the crust is thicker, and
positive ones in the interior of the Pannonian Basin. and, north of the Carpathians,
in Poland, where the crust is thinner. The root of the Ore Mountains is smaller than
one would expect as pronounced merely by 2 km thickening of the crust. This and other
similar examples demonstrate that the AIRY model of isostasy is adequate only on a
restricted scale. Gravimetric (and also magnetic) anomalies are frequently connected
with deep fault zones separating different tectonic units. For example, the contact
zone between the Bohemian Massif and the West Carpathians, to which we will repeat-
edly pay attention in our next comments, is signified (cf. Fig. 2c) by a negative
gravity anomaly. One sees in Fig. 3 that the zone is formed by a deeper seated block
separated on both sides by deep fault zones, i.e. the so-called zone of Lednice in
the west, and the peri-pieninian lineament in the east. This lineament, which is
geophysically conspicuous in ma.ay ways, has been identified by DSS as a deep fault
zone also in its eastern branch on profile V.

3.2. DSS and seismology

The results of DSS of profiles VI and VII confirmed the scheme of the block struc-
ture of the Bohemian Massif, as suggested in [28] already in 1948 on a basis of anom-
alous propagation of the East-Alpine earthquakes through the Bohemian Massif. It is
a matter of fact that these earthquakes are well propagated through the Bohemian
Massif, but are strongly attenuated in the Carpathians, as well as in the Albs them-
selves. That is the reason why a zone reflecting the energy of these earthquakes
downwards was assumed in [29]; it is indicated in Fig. 1. A complex study of this
region should confirm or deny this assumption. It was shown in [19] that the neigh-
bourhood of the peri-pieninian lineament is distinguished by seismic activity (see
Fig. 1, dots). The seismic zone continues in the NE—SW direction penetrating the
Alps up to Verona in Italy. It is interesting that the zone of Lednice appears aseis-
mic. This would characterize the NE—SW branch of the peri-pieninian lineament as the
genuine zone of separation. It seems that both the peri-pieninian lineament and the
zone of Lednice penetrate into the upper mantle.

As known, the Bohemian Massif possesses a relatively low seismicity mostly at its

marginal faults; remarkable is the swarm area in Vogtland and NW Bohemia, emphasizing
a small-block structure with loose coupling of the individual blocks. More intense is
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the activity -along the contact of the Northern Calcareous Alps with the Central Alps,
and, similarly, frequent shocks occur along the insubric line, parallel to the direc-
tion of the Central Alps. Living seismic activity in the rift zone of the Rheingraben

finds itself at the periphery of our region. i
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3.3. DSS, magnetic ancmalies and magnetotellurics

The distribution of regional major magnetic anomalies reveals that positive geo-—
magnetic anomalies are often typical for contact zones of bigger tectonic units.
High anomalies are accompanying the zones of Tertiary volcanism. The pattern of
blocks forming the crust of the Bohemian Massif [28] is evidently connected with
minor positive anomalies. Interesting are some areas in old blocks exhibiting sepa-
rated high anomalies with opposite signs. Among them (Fig. 1) two narrow and paral-
lel linear anomalous zones are proceeding in a length of about 70 km at the north-
west edge of the Central Bohemian pluton, and are obviously due to variant forms of
metamorphism occurred in different geological epochs. As shown in Fig. 1, the posi-
tive of the named anomalies contacts a minor negative anomaly situated at profile
VII running almost parallel NE=GW.

In the transition zone between the Bohemian Massif and the Carpathians we find a
magnetic positive anomaly connected with deep fault zones as illustrated. in the
bottom part of Fig. 3 by AT. It should be noted that this magnetic anomaly is not
‘continued in the Alps.

The magnetotelluric induction vectors resulting from measurements conducted along
profile VI display [26, 30, 31] a dominating N—S component in the Pannonian Basin
and also in the central and western part of the Bohemian Massif (Fig. 1). This indi-
cates [26] an extended and tectonically oriented deep seated anisotropy of electric
conductivity, which may coincide v’ th the asthenospheric channel of lower seismic
velocitiescq) In the neighbourhoc i of the transition zone between the Bohemian Massif
and the Carpathians the directic : of the induction vector changes irregularly and
points out a shallower and quit different distribution of conductivity in this zone.

3.4. DSS, deviations of the vertical and recent crustal movements

In [6] it has been shown for the territory of Czechoslovakia that the vectors of
the deflections of the vertical, if the effects of topography are removed, exhibit
<lose correlations to the block structure of the Bohemian Massif as detected in [28].
Isolines of the vectors are plotted (in arbitrary units) in Fig. 4. Surprising cor-
relations of the course of these isolines to the gravimetric and geomagnetic snom-
alies can be detected by comparison of Figs. 1 and 3; they are the most conspicuous
just in our known transition zone. In Fig. 3 we see the south-western part of the
peri-pieninian lineament as a very sharp discontinuity, indicating, in agreement
with gravimetric and magnetic anomalies, a more complicated structure in the north-
east. Also the correlation of isolines of deflections in the part of the peri-
pieninian lineament lying between profiles V and III is obvious. In such a way we see
that the curvature of the geoid can serve as a sensitive structural indicator.

2 This seems to be confirmed by recent (1973) measurements of the magnetotelluric
group of the Geophysical Imnstitute, Czechosl. Acad. Sci., Praha, on profile V
(not yet published).
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Measurements of recent crustal movements provide information on present-day sur-
face mobility of the crust. The repeated levellings of high accuracy in Czechoslo-
vakia [11] revealed relative movements over 5 mm/year in South Slovakia. In PFig. 5
of 1973 the isolines of annual vertical velocities are plotted for the western part
of Czechoslovakia. One finds cases with relative velocities up to 4 mm/year and
clearly defined blocks of elevation or subsidence. The transition zone between the
Bohemian Massif and the Carpathians appears again; a higher mobility is connected
with the peri-pieninian lineament rather than with the zone of Lednice,

3.5. DSS and geothermy

Up to now geothermic data available are limited and hardly to be compared directly
with the results of DSS. The map of geoisotherms [25] demonstrates that the highest
temperatures in 1 km depth are observed in the Balkan and inside the Carpathian bow;
a further "warm" zone proceeds from West Poland towards north-west. From the results
published in [31], p. 342, and in [?7-10] three typical values of heat flow have been
statistically found by the present writer for Czechoslovakia: 1.45 ucal/cm2 s ,
fitting for old geological structures, 2.25 ucal/cm2 s for regions affected by
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young volcanism, and roughly 4 u,cal/cm2 s for localities with anomalous thermal
regime., In the transition zone between the Bohemian Massif and the Carpathians the
heat flow increases from SW to NE, reaching a value of 2.1 ucal/cm2 s 1in the vicin-
ity of Ostrava.

4, Conclusion

The model of the Earth's crust of Europe obtained as a result of DSS represents
the crust as a system of blocks immersed into the upper mantle. The bottom interface,
the MOHOROVICIE discontinuity, finds itself in depths varying between 15 and 65 km.
The blocks of the crust are separated by steeply falling deep fault zones, which
separate big tectonic units. Jumps of many kilometres have been found frequently and

" also a multiple character of the MOHO has been detected. The CONRAD discontinuity was

found as a continuous interface only in limited areas. On the whole, the principle of
isostasy is preserved, but the AIRY model of isostasy is adequate only on a limited
scale. It is fairly well represented in the Alps, but in the Carpathians the maximum
thickness of the crust and maximum BOUGUER anomalies are shifted northwards into the
flysch zone of the Outer Carpathians, Geological structural lineaments prove to be
systems of deep faults, frequently coinciding with zones of seismic activity.
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It was possible to study various properties of the contact zone hetween the Bohe-
mian Massif and the Carpathians. The zone is formed by a deeper seated block, sepa-
rated on both sides from the system in question by deep fault zones, probably pen-
etrating into the upper mantle, and is conspicuous by respective gravimetric, geo-
magnetic, magnetotelluric and geothermic anomalies, and one of the zones, the peri-
pieninian lineament, also by a strong curvature of the geoid, seismic activity and
a seat of stronger recent movements. Also the transition zone between the East Alps
and the West Carpathians seems to have interesting properties as a reflector of the
energy of east-alpine earthquakes, but the geophysical data from this area are scarce
as well as for the other contact zones situated in the region considered. To solve
these key problems of the European tectonics a closer cooperation of specialists of
all countries involved ought to be established.
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Zur geophysikalischen Inversionsproblewmatik

von

W. BUCHHEIM 1)

Zusammenfassung

Fir alle geophysikalischen Inversionsprobleme, die mittels einer linearen quellen-
mépigen Darstellung eines Aufenfeldes durch ein Materialparameterfeld (z.B. Massen-
dichte, Magnetisierung, elektrische Leitféhigkeit) des Erdinneren formulierbar sind,
wird ein Kriterium fir nicht eindeutige LOosbarkeit angegeben. Dieses besteht in der
Konstruierbarkeit sogenannter "Null-Affekte" des Parameterfeldes mit gewissen Diver-
genzeigenschaften. Beispiele filir sehr allgemeine Null-Affekte dieser Art fiir die o.g.
Parameterfelder werden angegeben.

Summary

For all problems of inversion i1 geophysics for which an external field can be
expressed Dy a linear integral t ansformstion of a parameter field of the interior of
the Earth there exists a criterin for non-unique solubility. If a "zero affect" with
certain properties of divergenc.: can be added to the given parameter field, unique
inversion is excluded. Examples of such zero affects are given in the well-known
cases of mass density, magnetic polarization and conductivity of the Earth's interior.

Die in der Geophysik aufgetretenen sog. Inversionsprobleme wurzeln ausschlieflich
in Fragestellungen, die auf die Erkundung von Materialparametern in nicht zugéngli-~
chen Bereichen der Erde gerichtet sind. Einerseits konnen hierbei Materialeigenschaf-
ten als spontane Ursachen von physikalischen Feldern auftreten, die auch in zugéng-
lichen Bereichen des Erdkorpers auftreten, wie z.B. Massendichte bzw. Magnetisierung
als Quellen des Gravitationsfeldes bzw. des permanenten erdmagnetischen Feldes. An-
dererseits konnen aber auch kiinstlich erregte Felder, wie z.B. seismische Wellenvor-
gdnge, elektrische oder elektromagnetische Felder, durch die Parameterverteilung in
denjenigen Regionen, die sie merklich durchdringen, modifiziert werden. In beiden
Fdllen treten zundchst sinnvoll erscheinende Fragestellungen auf, die auf einen In-
formationsgewinn liber jene unmittelbar nicht erreichbaren Parameterfelder durch die
von ihnen erregten oder nur modifizierten Felder auf Teilmannigfaltigkeiten des Erd-
kOorpers abzielen, die filir Messungen zugdnglich sind. Probleme dieser Art also mégen
hier als "geophysikalische Inversionsprobleme" bezeichnet werden. Bekannte - und ein-
deutig geldste - Inversionsprobleme sind z.B. das WIECHERT-HERGLOTZsche [1, 6, 11]

) Bergakademie Freiberg, Sektion Physik, DDR-92 Freiberg/Sa., Cottastr. 4
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der Bestimmung der seismischen Phasengeschwindigkeiten im Erdinnern aus Laufzeitkur-
ven an der Erdoberflédche oder das RIKITAKEsche [8, 9] der Bestimmung der elektrischen
Leitfdhigkeit im Erdinnern aus dem magnetotellurischen Dispersionseffekt an der Erd-
oberflache. Dariiber hinaus gibt es inversorische Fragestellungen, bei denen eine ein-~
deutige I.6sung aus der Theorie der auftretenden Felder heraus als nicht existent
nachgewiesen werden kann, z.B. das wohlbekannte Problem der Ermittlung der Massen-
dichteverteilung im Erdinnern aus dem Gravitationsfeld im Aufenraum einschlieflich
seines Randes. Schlieflich ist aber eine - theoretisch wohl unbegrenzte - Menge von
Inversionsproblemen denkbar, bei denen eine eindeutige LOsiing wiinschenswert erscheint,
aber nicht evident und deshalb ungewif ist.

Fliir diesen Problemkreis 1&ft sich, soweit das vermittelnde Feld V (von skalarem
Charakter) bzw. 3 (von vektoriellem Charakter) eine quellenmédfige Darstellung mit-
tels des Parameterfeldes P bzw. P ermOglicht, ein hilfreiches Kriterium fir die
Unldsbarkeit des betreffenden Inversionsproblems angeben. Zundchst moge die Darstel-
lung des vermittelnden Feldes durch das Parameterfeld linear sein. O bedeute eine
fiir die Messung von V bzw,. f zugédngliche Teilmannigfaltigkeit des Raumes (z.B.
die Brdoberfldche, den Aufenraum o.dgl.), I das Erdinnere, I' einen Teilbereich
von I, X einen variablen Puvnkt in O, X' -einen solchen des Erdinneren., Die all=-
gemeinste lineare quellenmdpige Darstellung lautet dann bei n vermittelnden bzw.
Parameterfeldern

(1a) V(X)) = { dr(x*) G#l(x, X') Pl(X') bzw. vk(x) { dr(x') (Ekl(x,x')—ﬁl(x'))

fir skalare Felder V und

() R0 = { ar(x") B, (x, x") P (X') bzw. B (X) { ar(X") (ﬁkl(x,x')oﬁl(x'))

£ﬁr vektorielle Felder ﬁk‘ le(X, X') baw. Ekl(x, X') Dbaw. ﬁkl(x, X') Dbzw.
Hkl(x’ X') sind skalare bzw. vektorielle bzw. tensorielle Einfluffunktionen vom be-
kannten GREENschen Typ. Man sieht dann sofort, daf eine notwendige Bedingung fir die
Existenz einer eindeutigen Inversion der Systeme (1a) bzw. (1b) ist, daf die homoge-

nen Systeme

(22) 0 = [ arx) G (% ') H{Ox') baw. 0 IRLCONCICHE DB QICIN
und
(20) 0 = [ ar(x) (B (X, x) P$O)(x')) bzw. o0 =

[ arx) E o x0-Bx))

nur die triviale L&sung P§°)(x') 0O Dbazw. 350)(X') =0 fir X' c1I XcO0 zu-
lassen. Sobald jedoch eine nichttriviale Ldsung, P£°)(x') $ 0 bzw. P§°)(x') % 0,
die hier als "Null-Affekt" bezeichnet werden mdge, auch nur in einem Teilbereich
I' ¢ I existiert, kann sie zu (1a) bzw. (1b) hinzugefiigt werden und macht das In-
versionsproblem (1a) bzw. (1b) dann jedenfalls nicht eindeutig l&sbar.

Die Systeme (2 a,b) werden z.B. immer dann identisch in X € O erfiillt, wenn

=

Ga) G, 1) P = @@ x,  @uo ) FDw) = @I, 1)
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bzw.
(3p) Hgx, x)-R{P@) = @ x) , Eg e ) BK0an) = @I, 1)

homogen lineare Divergenzausdriicke in P§°)(x') bzw. §§°)(x') darstellen, die nur
in X' ¢ I' wvon Null abweichen und gegen den Rand von I' hin stetig mit partiellen
Ableitungen bis zur 2. Ordnung auf Null absinken., Wenn I' keine Punkte mit O ge-
meinsam hat, ist ein Rand O0' wvon I' denkbar, der O nicht beriihrt und fiir den der
GAUSSsche Satz z.B. fiir (2a) nach (3a)

—

(4) {'d'r(X') G (%, x) P$Ox) = {'d'r(x') @3, X)) = g'(df-'fk(x, X') = 0

und Entsprechendes fiir (2b) nach (3b) liefert. In allen Fdllen also, wo Null-Affekte

auffindbar sind, die z.B. le(x, X") Pl°)(x') identisch in X ¢ O in Divergenzaus-
driicke beziiglich X' ¢ I' {iiberfiihren, welche nur in einem Teilbereich I' ¢ I nicht
verschwinden, gibt es keine eindeutige LOsung des Inversionsproblems (1a) fir Pl(X').

Ein besonders einfaches Beispiel hierfiir ist der Null-Affekt beim Inversionsproblem
-> > -
der Magnetisierung M: P(X') = M(X'). Die quellenmdpige Darstellung des permanenten
erdmagnetischen Potentials (X) lsutet (GAUSSsches MafBsystem):

-> > 1
(5a) w(X) = [ ar(I') (M(X')-V'_:;?
rvvy 18t der Abstand der Punkte £ und X' voneinander). Ein Null-Affekt
XX
——
—>
(sb) MO (xy = vu@(xny

mit den oben verlangten Eigenscl iften fiir den Divergenzausdruck (3b) liefert mit
M(°)(x') = 0 fir X' ¢ 0' wegen A'(1/rxx.) =0 fir X X'

-_ - /\
(50) £ arxn) @) vh 2o = [ arx) @O )Tl
I Xx' iy X'

= [ ar(xX') ($~M(°)(X') ;?r"—) = Julxn (E&x').?g_) = 0, Xco,
I Xx!' o' xx'
und damit
—_—>
(5a) J ar(x) @9 J1- = o, Xco,
i XX'

wegen M(o) =0 auf O0', Physikalisch bedeutet dies, daf men in jedem abgeschlosse-
nen Bereich I' ¢ I der Magnetisierung ﬁ(X') das Gradientenfeld eines beliebigen
Skalars hinzufiigen kann, der nur auBerhalb I' verschwinden muB, ohne das magneti-
sche Potential an der Erdoberflédche oder im Aufenraum auch nur in einem Punkte X 2zu
verdndern. - Ein &dhnlich einfaches Beispiel ist der Null-Affekt beim Inversionspro-
blem der gravitierenden Massendichte pu: P(X') = u(X').

Die quellenmdpige Darstellung des Gravitationspotentials V(X) 1lautet

(6a) V(X) = —Gf'dr(x') %Lé%l (G = Gravitationskonstante).
I XX
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Ein Null-Affekt mit der verlangten Eigenschaft fiir den Divergenzausdruck (3a) ist

(6b) 6ulx") = aw(@xry | X' ¢ I'.
Es ist wiederum wegen
(6c) é.t_ti_o)ﬂ'_). = (3'{1'1—- 3'N(°)(X') - N(o)(X') _v'l,r_1_})
XX' X' Xx'
und damit
5g(°)gx'1 P I T (o) 2, 1
(6d) [ dar(x") = fat.-{=—— v'N*%/x"'") -~ N\V(X"'") V!le—}) = 0, XcCO
I Txx! Txx Txx!

wenn nur V'N(®)(X') = 0 und N (x'y = 0 fir X' coO'. Physikalisch bedeutet dies,
daf man in jedem abgeschlossenen Gebiet der Massendichte den LAPLACEschen Ausdruck
eines beliebigen Skalars N(o) hinzufiigen kann, der auferhalb I' verschwinden mug,
ohne das Gravitationspotential an der Erdoberfldche oder im Aufenraum der Erde zu ver-
dndern, Die Massendichte ist also in ganz I um einen solchen Affekt - in iberein-
stimmung mit der Potentialtheorie — unbestimmt. Wie aus (6b) aufgrund des GAUSSschen
Satzes folgt, ist dann die dem Null-Affekt entsprechende, im Gebiet I' hinzugefiig—
te Gesamtmasse stets Null,

Schlieflich sei noch ein Beispiel fiir den Null-Affekt eines Inversionsproblems mit
kinstlichem Sondierungsfeld gegeben. Wir wdhlen hierfiir das stationdre elektrische
Feld von zwei Einspeisungselektroden Eq, E2 und als Parameterfeld den (isotropen)
spezifischen elektrischen Widerstand o(X').

Bei ebener Erdoberfldche O (s. Abb.1) wird die Potentialstdrung ¢S(X) darge-
stellt durch das Sekunddrfeld [2, 3, 5]

SN
(78) 9g(X) = y— JI"d-r(x') (o );Zoc'ln oX)) . x c o.

9(X') 1ist hierbei das totale elektrische Potential in I (Summe von Primdr- und Se-
kunddrpotential).

E4(+) Ez(_)
4 1} O 7[
\‘ﬂhka - //'
\} v lgom(v,x)
7 p(X)

— —— elektrische Stromlinie

Abb. 3
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Man entnimmt (7a), dap jede Verdnderung von 1ln o(X') mit der Eigenschaft

" ->
(75)  ([F'o(x*)-9' 1n o$(x')) = o

ebenfalls einen Null-Affekt bildet, ohne an einen Divergenzausdruck gebunden zu sein.
Ordnet man einer beliebigen Stelle X' im unteren Halbraum durch den Stromfaden, der
sie passiert, die beiden Orientierungswinkel 9 und ¥, unter denen dieser aus sei-
ner Emissionselektrode Eq austritt, zu, so ist jede beliebige Funktion dieser Win-
kel im ganzen unteren Halbraum ein Null-Affekt fiir ¢S(x). Hieraus ersieht man, dap
die Verteilung des Parameters o(X') nicht aus Oberfldchenwerten von ¢S(x) zu er-
schliefen ist. Das Problem der elektrischen Tiefensondierung dagegen, bei der ¢ als
Funktion des Abstands von der Oberfldche allein vorausgesetzt wird, bleibt hiervon
unberiihrt, weil mit dem o.g. Null-Affekt dieser Voraussetzung nicht geniigt werden
kann. Da die elektrische bzw. elektromagnetische Tiefensondierung unter dieser Be-
dingung bekanntlich immer die Inversion zulassen [4, 7, 10], konnen hier keine Null-
Affekte existieren.

Sind die Funktionale
(B) V(O = [ ar(X') BX, X'5 Bg(X')5 +oos PyX )i ceei Bp(X"))

nicht linear von den Parameterfeldern Pl(x') abhédngig, so ist die Existenz von in-
finitesimalen Null-Affekten 6P1(X') mit der Eigenschaft

] aFk ' ’ [ [} (0) ]
(8b) {'dT(X ) 3P, (X, X'5 Py(X")5 +ov5 Pp(X')5 »ov5 Pp(X')) SP;7/(X') = O

bereits hinreichend, um eine eindeutige Inversion von (8a) auszuschliefen. Natiirlich
kann auch hier das Prinzip der Auffindung von Divergenzausdriicken fiir (aFk/apl) dPgo)
durch geeignete Wahl der 6P£°) angewandt werden. Erschwerend wirkt dabei aber, daf
das - unbekannte - Parameterfeldsystem Pq(x'), ey Pn(X') selbst unter den Inte-
gralen in (8b) auftritt, was bei linearen Inversionsproblemen entfdllt.

Natiirlich 16st die Auffindung von Null-Affekten noch kein Inversionsproblem; aber
sie kann durch die Ausscheidung "inkorrekter" Fragestellungen niitzlich sein. Ist die
Menge der nichttrivialen Null-Affekte eines Inversionsproblems nicht vdllig leer, ist
also das Problem nicht eindeutig l16sbar, so kann ihre volle Gruppe doch eine gewisse
{ibersicht vermitteln, in welchem Ausmafe und in welcher Weise Variationen der Para-
meterfelder in I moglich sind, die in der Mannigfaltigkeit O v06llig unwirksam
bleiben.
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A Simple Model of the Earth's Core 1)

by

G. MULIER 2)

Summary

The velocity structure of the Earth's core, as obtained from amplitude investiga-
tions of long-period core phases, is relatively simple. The velocity of P waves is a
smooth function of depth from the core—mantle boundary down to the inner core boun-
dary. There, an increase by 0.6 to 0.7 km/s takes place. At the top of the inner
core, there is a rather pronounced positive gradient in P-wave velocity, and the ve-
locity of S waves is 3 to 4 km/s. This model agrees, in its essential features, with
models derived recently by BUCHBINDER and by QUAMAR from travel times and amplitudes
of short-period core phases. If there is a structure in the lowermost part of the
outer core, then it is on a much smaller (and probably irregular) scale than is as-
sumed in traditional core models such as those of BOLT or ADAMS and RANDALL. Array
observations by ENGDAHL et al. of almost vertical short-period reflections from the
inner core boundary show that this boundary is at most a few kilometers thick. The
S-wave velocity at the top of the inner core, derived from long-period core phases,
is in good agreement with i{he average S-wave velocity in the core, 3.5 km/s, as
derived from free oscillations by DZIEWONSKI and GILBERT. The new core model re-
sulting from these different studies, a liquid outer core without essential structur-
al detail, separated from the solid inner core by a first order discontinuity, is
considerably simpler than older models.

Zusammenfassung

Die Geschwindigkeitsstruktur des Erdkernes, die man aus Amplitudenuntersuchungen
langperiodischer Kernphasen bekommt, ist verhdltnisméfig einfach. Die Geschwindigkeit
der P-Wellen ist fiir den &ufleren Erdkern eine glatte Funktion der Tiefe. An der inne-
ren Kerngrenze wdchst die P-Geschwindigkeit um 0,6 bis 0,7 km/s. An der Obergrenze
des inneren Kernes ist ein 2ziemlich ausgeprégter positiver Gradient der P-Geschwin-
digkeit zu beobachten; die S-Geschwindigkeit liegt zwischen 3 und 4 km/s. Dieses Mo-
dell stimmt im wesentlichen mit denen von BUCHBINDER und QUAMAR liberein, die aus
Laufzeiten und Amplituden kurzperiodischer Kernphasen hergeleitet wurden. Wenn in
den untersten Teilen des duferen Erdkernes eine Struktur existiert, denn diirfte sie
viel kleinrdumiger sein als in den herkdmmlichen Kernmodellen von BOLT oder ADAMS
und RANDAIL. Nach Array-Beobachtungen von ENGDAHL et al., bei denen fast vertikale,

1) Contribution No. 107, Geophysikalisches Institut, Universitédt Karlsruhe

2) Geophysikalisches Institut, Universitdat Karlsruhe, BRD
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kurzperiodische Reflexionen an der Grenze des inneren Kernes verwendet wurden, er-
gibt sich, dap die Grenzschicht hdchstens wenige Kilometer médchtig ist. Die aus lang-
periodischen Kernphasen erhaltenen S-Geschwindigkeiten an der Obergrenze des inneren
Kernes stimmen gut mit der durchschnittlichen S-Geschwindigkeit im Kern (3,5 km/s)
uberein, die DZIEWONSKI und GILBERT aus Eigenschwingungen herleiteten. Das neue Kern-
modell mit im wesentlichen strukturlosem, fliissigem duBerem Kern, der durch eine Dis-
kontinuitdt erster Ordnung wvom inneren getrennt wird, ist wesentlich einfacher als
die dlteren Modelle.

1. Introduction

In this brief report, I want to describe some recent seismological investigations
of the Barth's core. These studies have greatly clarified our picture of the core,
compared with the knowledge available about 10 years ago. Their main result is that
a simple core model, consisting of a liquid outer core surrounding a solid inner core
and having no complications in its lowermost parts, is able to explain practically
all observations. The importance of this simple but realistic model is that it will
facilitate discussions of the chemical composition of the core: A simple elastic
model is certainly the consequence of a simple or relatively simple chemical compo-
sition.

The following points will be discussed:

(a) Studies of short-period core phases (Section 2), including travel-time and ampli-
tude studies of short-period PKP, the problem of short-period precursors to PKP,
and the sharpness of the boundary of the inner core;

(b) Amplitude studies of long-period core phases (Section 3);
(c) Pree oscillation studies (Section 4);
(d) Results and discussion (Sections 5 and 6).

My own contribution is essentially restricted to (b) (MﬁLLER [15]),but I consider it

worthwhile and necessary to include the other investigations, since it is the evidence
from very different methods and period ranges that gives weight to the resulting core
model. '

2. Studies of short-period core phases

Fig. 1 (from QUAMAR [17]) shows several P-wave velocity distributions in the
Earth's core and gives an interesting survey over the development of core models.
There has never been much discussion on the velocity distribution in the outer and
inner core except for the lowermost 500 km in the outer core. This zone has been
called the transition zone between outer and inner core, and very different velocity:
distributions have been assumed there, ranging from JEFFREYS's low-velocity zone
over models with rather pronounced first order discontinuities (BOLT [3]; ADAMS and
RANDALL [1]) to models with an almost smooth velocity variation (BUCHBINDER [4];
QUAMAR [17]). The cause of the disagreement between these models are the so-called
precursors to PKP, i.e., wave groups that are frequently observed up to 15 s earlier
than PKIKP in the distance range from 1250 to 140°. These precursors were interpreted
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Fig. 1. P-wave velociiy distributions in the Earth's core as
compiled by QUAMAR [17]. KOR5 is QUAMAR's distribution

for a long time in the usual framework of velocity distributions with only radial
variations, although many authors stated their emergent nature and the difficulties
in fitting travel-time branches through these arrivals,

However, even within this framework it became clear from amplitude estimates
that the velocity variations in the transition zone of BOLT's model and of ADAMS
and RANDALL's model are too large (BUCHBINDER [4]; QUAMAR [17]). The reduced veloc-—
ity variations with values between 0.01 and 0.1 km/s are so small that the question
is quite natural whether the core is at all radially symmetrical on this scale.
This offers the alternative explanation of the PKP precursors as waves scattered
at inhomogeneities in the lowermost part of the outer core, whose size is of the
order of the wavelength of short-period waves, 10 to 20 km. Another scattering
hypothesis for the precursors has found much attention during the past two years,
namely, that they are due to scattering from inhomogeneities at the core—mantle
boundary (CMB) or in the lowermost mantle. It was suggested by CLEARY and HADDON
[6] that scattering is especially effective at the interscction of the CMB and the
caustic of PKP where amplitudes are large (see also BULLEN and HADDON [5]; DOORNBOS
and VLAAR [7]). The theoretical travel times of these scattered arrivals show re-
markable agreement with the observations and support this hypothesis., Although I
personally prefer this idea to the conception of scatterers existing in the lower-
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most part of the outer core, I would consider it premature to exclude the latter at
the present time. However, even if this hypothesis should be correct, it would not
argue against an essentially smooth velocity variation from the top to the bottom of
the outer core.

Another point where traditional views have changed recently is the increase in P-
wave velocity at the inner core boundary (ICB). JEFFREYS's value of 1.76 km/s was
later replaced in the models of BOLT and of ADAMS and RANDALL by 0.9 to 1.0 km/s.
The velocity increase at the ICB is related to the locat:on of the cusp point D of
the DF branch of PKP (PKIKP), the models just mentioned giving values from 110° to
112°, From amplitude studies of PKIKP and PKiKP (the reflection from the ICB) it is
in theory possible to find the correct location., The rather crude estimates of BUCH-
BINDER and QUAMAR, based on amplitudes of short-period waves, give a distance of D
for a surface focus of about 1200, a value which is confirmed by more accurate ampli-
tude studies of long-period core phases (see Section 3). This value yields a veloc-
ity increase at the ICB of about 0.6 km/s.

Most core models that have been proposed have an ICB which is a first order dis-
continuity. That this is not only the simplest assumption but a very good approxima-
tion to the real situation was confirmed by ENGDAHL et al. [9]. With the array LASA
in the United States, they observed steep angle reflections PKiKP from the ICB at
distances from 10° to 40°. The frequency content of these reflections was about the
same as for PcP, the reflection from the CMB. This is a clear indication that the ICB
is about as sharp as the CMB. Its thickness is at most a few kilometers.

3. Amplitude studies of long~period core phases

Amplitude investigations of body waves are a relatively new tool for investigations
of the Earth, and it can be expected that its use increases our knowledge about the
wave velocities and density, especially in the vicinity of interfaces and transition
zones.,

For a study of the mantle and the core of the Earth, long=-period
body waves are most useful, since they essentially see the radial variation of mate-
rial properties and are not strongly influenced by lateral variations., Worldwide ob-
servations on long-period instruments are available for about 10 years from the
World-wide Network of Standard Seismographs (WWNSS), operated by the United States-
Geological Survey. The method of interpreting long-period body wave observations is
a comparison with theoretical seismograms for different models. That model is consid-
ered as the best which fits the travel times and at the same time gives optimum agree-
ment in pulse forms and amplitudes.

The application of these methods to long-period core phases is described in detail
by MULLER {15]. Figs. 2 and 3 give examples of observed and theoretical seismograms
and show that often good agreement can be achieved. Theoretical seismograms have been
calculated for several earthquakes and for a variety of core models: with an outer
core as in BOLT's model and a smooth outer core,respectively; with a P-wave velocity
increase at the ICB of 1.0 km/s or 0.6 km/s, respectively; and with a liquid inner
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Fig. 2. Record section of vertical long-period WWNSS seismograms for an
earthquake of intermediate depth in Northwest Sumatra. For each
trace, the station identification and the nominal magnification
are given. The first arrival at the smaller distances is Pd'ff’
the P wave diffracted at the Earth's core. The large am- =
plitude arrival at the end of these traces is PP, Arrivals such
as deiff and pPKP(DF) are also visible. The arrival along the

dotted line, characterized by strong amplitude decrease towards
smaller distances and by strong dispersion, is a diffraction
effect from the caustic of PKP.

DOI: https://doi.org/10.2312/zipe.1975.031.02



316

PKiKP
1o

140

120 t\ A

A [deg]

150

130 -\ ——¥%—

f
|
RENARARD

: 160 |—
Faits
PKIKP (DF)
430 710 430 A

T-44A (s]

Fig. 3. Theoretical vertical component seismograms for the earthquake whose records
are shown in Fig., 2. A surface focus has been assumed, and the Earth model
is practically identical with that shown in Fig. 4. The time scale has been
reduced. The amplitudes in the right-hand part have to be multiplied by 5
in order to be comparable with those in the left-hand part. The arrival
along the dotted line is the diffraction from the PKP caustic. The arrivals
along the dashed lines are numerical effects due to the computational meth-
od used. As long as they do not interfere with the arrivals of interest
(as in this figure), they present no problem.,

core or different solid inner cores, respectively. The main results of this inves-
tigation are as follows:

1. The lowermost part of the outer core has an essentially smooth variation of P-
wave velocity with depth. If there are velocity variations, then they are smaller
than 0.1 km/s.

2. The increase in P-wave velocity at the ICB is 0.6 to 0.7 km/s.

3. PKiKP and PKIEKP from 120° to 130o for a liquid inner core are too strong to be
compatible with the observed wavegroups. Satisfactory agreement is obtained for
an S-wave velocity of 3 to 4 km/s directly below the ICB. This is a simple proof
of solidity of the imner core.
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4, Free oscillation studies

The investigation of spheroidal oscillations of the Earth, excited by strong earth-
quakes, has also furnished essential contributions to the determination of the core
structure. Here, only the main results can be given. One field of interest was and
is the density siructure in the core. It was hoped that free oscillations would per-
mit a determination without hypotheses such as the assumption of an adiabatic density
gradient in a chemically homogeneous medium according to the ADAMS-WILLIAMSON equa-
tion. So far, this hope has not yet heen fulfilled, and even the most recent demnsity
solutions depend in one way or other on this equation. For instance, PRESS [16] in
his Monte-Carlo inversions assumes adiabatic density gradients throughout the outer
core, and JORDAN and ANDERSON [12] use an Earth model with adiabatic density gra-
dients in the outer core as a starting model in their linearized inversion technique.
Thus, what can be said positively is that the evidence from free oscillations is in
agreement with the assumption of adiabatic density variations in a chemically homo-
geneous outer core. Essential departures from these conditions have not been de-
tected with the data and inversion methods available at present, but they may exist.
The average density of the inner core is not seriously constrained by the data and
mey take any value between about 12 and 14 g/cm3.

Another important result of free oscillation studies is the first purely seismo-
logical proof of solidity of the inner core by DZIEWONSKI and GILBERT [8]. It con-
firmed a hypothesis which is now more than 30 years old. DZIEWONSKI and GILBERT used
several spheroidal overtones with up to 23 % of their elastic energy in the inner
core and showed that a solid inner core gives a significantly better fit of their
eigenperiods than a liquid inner core. Optimum agreement was achieved with an aver-
age S-wave velocity of 3.5 km/s throughout the inner core.

5. Results

Fig. 4 shows an Earth model which in its core part includes the results of the
investigations described in the foregoing sections. The essential features of this
core model are:

1. The P-wave velocity in the outer core is a smooth function of depth. There are no
gignificant variations in the lowermost part of the outer core. At the ICB, the
P-wave velocity increases by 0.6 to 0.7 km/s, and at the top of the inner core
there is a rather pronounced velocity gradient.

2. The ICB, separating the liquid outer core from the solid inner core, is at most a
few kilometers thick and can therefore be considered as a first order discontinu-
ity. It is similar to the CMB in this respect.

3. The S-wave velocity in the inner core is between 3 and 4 km/s with an average val-
ue of 3.5 km/s.

4. The density in the innmer core is between 12 and 14 g/cm-.

This core model with purely radial variation of parameters does not explain the short-

period precursors to PKP. However, as mentioned above, there is strong evidence that

these arrivals are due to scattering inhomogeneities at the CMB, in the lowermost

mantle or perhaps also in the outer core, i.e., due to small-scale departures from
radial symmetry.
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6. Discussion

The core model in Fig. 4 is considerably simpler than traditional models, and at
the same time it has the support of a variety of investigations, covering periods
from about 1 8 to about 1 h. Thus, it seems worthwhile to investigate the chemical
composition of the core on the basis of this model. I am no expert in this field,
but to me the sharpness of the ICB seems to be of first order importance in such a
discussion. It is well known that the observed densities in the outer core require
the assumption of one or more lighter substances in addition to iron or an iron-
nickel alloy. Fig. 5 illustrates this once more for the core model of Fig. 4 by a
comparison of the density—pressure relationship of the outer core with shock wave
HUGONIOTs of Fe, Ni and two iron-silicon alloys. Recently, sulphur in the form of the
iron-sulphide FeS has been proposed as an alternative to Si for the alloying sub-
stance. In any case, the core is chemically a multi-component system. In such a
system, it seems to be difficult to have a 8 h arp phase boundary between the
liquid and the so0lid state, as represented by the ICB. An alternative explanation

Y ———————

-
-d

L
-

—h
w
I

||||||||"
Outer core

Density [g/cm?3]

w
T

8 ' | ' L 1 1 1
0 1 2 3 4
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Fig. 5. Shock wave HUGONIOT relations of Ni (McQUEEN and MARSH [14]), Fe (taken from
HIGGINS and KENNEDY [10]) and two Fe-Si alloys (BALCHAN and COWAN [2]), in
comparison with the density—pressure relationship of the outer core (shaded
area). The latter follows from Fig. 4 together with the density uncertain-
ties in the Monte-Carlo solutions by PRESS [16]. The percentages of Si are
weight per cent.
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of this boundary would be that it is a phase boundary and a chemical boundary at the
same time, as the CMB, and that the temperature there is higher than the liquidus
temperature of the outer core, but lower than the solidus tempersture of the inner
core, Both Si and FeS seem to be able to lower the liquidus temperature of the alloy
with Fe by a few hundreds of degrees, especially if the composition is eutectic, such
that this temperature assumption is not completely improbable. In the simplest case,
the outer core could consist of an Fe-Si or Fe-FeS alloy, and the inner core of pure
Fe. Additionally, Ni could be present everywhere with amounts as in iron meteorites.

It should also be mentioned that in such a model the adiabatic temperature curve,
which starts at the temperature of the ICB, could give temperatures higher than the
liquidus throughout the outer core, even 1if the adiabatic temperature
gradient is larger than the liquidus (melting point) gradient. This could be the
case if the temperature at the ICB is sufficiently higher than the liquidus of the
outer core. This model is one way of circumventing the '"core paradox" of KENNEDY and
HIGGINS [13]) with its serious consequences for radial convection in the outer core.

KARL FUCHS and RAINER KIND read the manuscript and made several useful suggestions
for its improvement.
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Velocity-Density Systematics from Seismic and Gravity Data

by

WOLFGANG R. JACOBY 1)

Summary

Velocity-density systematics are an important aspect of the physical state of
matter within the Earth. Beside laboratory experiments and solid state theory there
may be a third way for finding velocity-density relations within the Barth by combin-
ing seismic and gravity data. Generally, the inversion of gravity data is an under-
determined and non-linear problem. It is, however, attempted to make the problem over-
determined and linear by assuming that there is a relation between seismic velocities
and densities, such that bodies of constant velocity have a constant density as well;
but no specific numerical relation is pretended a priori. This assumption allows to
compute the densities by a least—-squares fit to the observed gravity field of a model
whose geometry is given by seismic data. The given velocities and the computed densi-
ties are compared afterwards. The results obtained to date for several crust and
upper-mantle models are encouraging. They yield velocity-density relationships simi-
lar to those obtained by BIRCH, ! AFE and DRAKE and others. Since the velocities within
the Earth can he measured more directly than the densities, this approach also leads
to an insight into geodynamical processes.

Zussmmenfassung

Geschwindigkeits-Dichte~-Beziehungen geben wichtigen Aufschlupf liber den physikali-
schen Zustand der Materie im Erdinneren. Neben Labormessungen und der Festkorperphy-
sik gibt es einen dritten Weg, die Geschwindigkeits-Dichte-Beziehung zu finden, und
zwar mit Hilfe der Kombination von seismischen und gravimetrischen Daten. Im allge-
meinen ist die Inversion von Schweredaten ein unterbestimmtes und nichtlineares Pro-
blem. Es wird versucht, das Problem liberbestimmt und linear zu machen mit der Annah-
me, daf es liberhaupt eine Beziehung zwischen seismischen Geschwindigkeiten und Dich-
ten gibt, so daf Korper konstanter seismischer Geschwindigkeit auch konstante Dichten
haben; es wird aber keine bestimmte numerische Beziehung a priori angenommen. Diese
Annahme erlaubt es, die Dichten mit der Ausgleichsrechnung durch Schwereanpassung filir
Modelle zu berechnen, deren Geometrie aus der Seismik bekannt ist. Anschliefiend wer-
den die Geschwindigkeiten und die berechneten Dichten miteinander verglichen. Die bis-
herigen Ergebnisse sind ermutigend. Eine &hnliche Geschwindigkeits-Dichte-Beziehung
wie die aus Labormessungen wurde gefunden.

q) University of Frankfurt/Main, BRD
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1. Introduction

The problew of obtaining numerical vslues of the velocity-density systematics
representative for the material actually existing inside the Earth is difficult, but
its solution is approached here by combihing gravity and seismic data from the Earth's
surface. This approach is distinct from the experimental one, which uses laboratory
measuremens of velocity and density of rock samples, and from the theoretical one,
applying the laws of solid state physics, All of these methods are important and
complement each other because each of them suffers from specific drawbacks. Labora-
tory measurements are subject to difficulties in establishing the proper physical
conditions and in being representative. Theory uses simplifications and extrapolates
beyond the range of observations. Finally, the inversion of gravity data to determine
densities in the Earth's interior is non-unique and the problem is underdetermined
and non-linear, as everyone knows.

However, velocity-density systematics is important for our understanding of the
physical state and chemical composition of the Earth and, in turn, of its dynamics.
The importance is demonstrated by many papers on this topic at the present symposium;
it is also demonstrated oy the efforts spent in the last 10 to 15 years to define the
relation between rock densities and seismic velocities experimentally (e.g. NAFE and
DRAKE 1957 [15] ; WOOLLARD 1959 [22] ; BIRCH 1960, 1961 [5, 6]; USPENSKY 1972 [19];
LIEBERMANN and RINGWOOD 1973 [14]) and theoretically (e.g. BIRCH 1969 [7]; SHANKLAND
1972 [16]; ANDERSON 1973 [2]). Therefore, it appears worthwhile to investigate the
possibility of finding representative velocity-density relations for the c¢rust and
upper mantle in situ.

The main difficulty in establishing meaningful velocity~density relationships for
in-gitu Earth structures is not velocity but density. The velocity in a given region
of the interior is obtained more directly and with less ambiguity than density.
Beside the principal impossibility of solving the inverse problem of potential field
theory generally, the components of the gravity field caused by deep sources are
masked by usually stronger components caused by shallow sources, and a purely verti-
cal variation of density in horizontal layers cannot be detected by gravity or simi-
lar methods at all. Thus, at first sight, the problem appears to be unsolvable, but
with supplehentary data the situation becomes less hopeless; for additional informa-
tion we choose seismic data. There is, of course, nothing new about combining gravi-
ty and seismic information, but the usual way is to take the seismically determined
geometrical structures and velocities, then to assume a velocity-density relation
and to convert the velocities to densities, and finally to compute the gravity effect
of the adopted model, to compare it to the observed field and to adjust the model by
trial and error. I have chosen a difterent way, which is in principle somewhat simi-
lar to the NETTLETON method of determining the BOUGUER density of the topographic
mass for the BOUGUER reduction directly from gravity data.

2. The method
¥e shall distinguish between Earth structures, i.e. specifically the geometry of

layers and their lateral variation determined from seismic information, on one hand,
and the seismic properties, such as velocities, attenuation or the occurrence or non-
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occurrence of earthquakes by which the structures are distinguished, on the other
hand. We make the fundamental assumption that bodies of distinct seismic properties
have also distinct and reasonably uniform densities. However, we do not assume a
priori the densities , but compute them in such a way that the calculated gravity
effects of all bodies together will fit the observed gravity field in some optimum
manner. It is convenient to choose, as the optimum condition, the minimum of the
squared-residuals sum and simply to apply the least-squares formalism., Here the com-
putation of the densities reduces to the solution of a set of linear equations. The
method has the advantage to yield standard errors, which give us an idea about the
accuracy of the results within the framework of the assumptions. It should be men-
tioned that the least-squares approach is not the only possible method and that it
does not necessarily yield correct results, but only more or less probable ones. It
is a way to make the problem of the density determination with the aid of seismic
information linear and overdetermined.

It is only now, after the computation of the densities, that the seismic veloc-
ities of the corresponding bodies are taken into account directly and the velocity-
density relationship is determined. Fig. 1 illustrates the method of the density
computation with a random example of two bodies embedded in a homogeneous material,
Their gravity effects at any station i are given by

(1) o 83 = ¢,(C i‘rv 1% av) ,

'k
where k 1is the number of the body, Cp =@ ~ @, is the density contrast, Vk is
the volume occupied by body k, and G 1is the gravitational constant; 2z and r are
shown on Fig, 1. Since 831k is the gravity effect of body k of unit density, it
can be computed by any convenient method if the shape is known. The whole gravity
effect at station i obviously is the sum of the effects Cx Sik® where the density
contrasts Cy of the individual bodies are not yet known. Thus, our fundamental
observation equation of the least-squares solution for the unknown density contrasts
¢ 1is linear: )

(2) Agi = 4g, + i Cp Six ~ Vi o

where the constant Ago has been introduced because the computed and observed gravity
values Agi may differ in "level". The sum of the squared residuals vy is minimized
by establishing and solving the normal equations in the usual way.

Meaningful densities will be obtained this way if a number of necessary conditions
are satisfied: (1) The number of observations Agi must exceed that of the unknows.
(2) The unit effects 8j) are not to be linearly related in k. (3) The residuals have
to approach a random and normal distribution. - Conditions (2) and (3) must be tested
for any model after the computation. If necessary the model has to be changed. Only
models with a considerable lateral variation, e.g. of layer thickness and depth, are
suitable for the present approach. It must be expected, however, that any seismically
determined model of the crust and upper mantle contains a horizontally layered compo-
nent in the velocity and density distribution. In this case, the computed density
contrasts will be too small and the slope dvp/dg of the velocity-density relation
found may be an upper limit.
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Fig. 1. Illustration of the method of density computation by a
least—-squares fit of model effects to observed gravity

The mothod yields only density contrasts, not absolute densities. For determining
the slope dvp/dQ, this means no loss, buG the constanti in BIRCH's law in the form
vp = a + b o cannot be obtained this way.

Before turning to the application of the method, it should be mentioned that
beside gravity also the assumption of isostasy, i.e. constant hydrostatic pressure
at some. depth inside the mantle, can be utilized to compute the density distribution
for seismically defined models. Instead of gravity it is elevation, or more correctly,
the negative topographic load which plays the role of the fundamental information,
and equations similar to (2) can be formulated and solved for the density contrasts
by the same procedure (JACOBY 1973 [10]).

3. Application of the method to a number of crust and upper-mantle models

Four examples of large crust and upper-mantle models from different regions of the
Earth are presented in Figs. 2 - 5. All of them are basically defined by seismic data.
Crustal structure and velocities are mostly based on several refraction profiles and
partly on surface wave dispersion. Upper—-mantle structure and velocities are mainly
based on surface wave dispersion data, partly on body wave propagation and attenuation
as well as on seismicity. The present method of density computation by fitting the
observed gravity field has been applied to all models, and in the process parts of
the models have been slightly adjusted to improve the gravity fit and to meet the
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above conditions (2) and (3). The variant method using topographic data in combina-
tion with the assumption of isostasy has been applied to the first two examples
(Figs. 2 and 3), but with good success only to the first example (Fig. 2). I have
found that the reliability of the density calculation strongly increases as the qual-
ity of seismic information increases.
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Fig. 2. A profile across Canada from the Pacific to Hudson Bay. - JFR: Juan de

Fuca Rise; VI: Vancouver Island; CR: Coast Range; IP: Interior Plateau;
RMT: Rocky Mountain Trench. B.A.: BOUGUER anomaly, observed and smoothed,
also computed model anomaly; F.A.: free air anomaly; vp: P wave velocities

determined by refraction and by dispersion of RAYLEIGH waves; ¢@: densities,

left: computed by the fit of gravity, right: computed with the assumption of
isostasy

In the following the examples are described in a little more detail, but the stress
will be placed on densities and velocities, not on the individual structures or the
geological or geodynamic implications.

Fig. 2 shows a profile across Canada from the Juan de Fuca Rise in the Pacific
through the Cordillera, the Plains, and the Precambrian Shield to Hudson Bay. The
section is based on TSENG (1968) [18], JACOBY (1970) [9], KANAMORI and PRESS (1970)
[12], WICKENS (1971) [20], BERRY (1974) [4]. Both methods result in densities in-
creasing with the seismic velocities of the layers. The greatest discrepancy of
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0.1 g/cm3 is found for the sediments east of the Rocky Mountain Trench, which are
relatively insignificant in volume compared to the whole model. The layers of 6.6 and
7.2 km/s in the crust could not be distinguished in the density calculations. The
computed densities decrease from the high-velocity upper mantle to the underlying low-
velocity upper mantle, but the absolute values appear to be too low or, in other
words, the density increase from the crust to the mantle is probably underestimated.
The reason for this must be sought in a gradual density increase with depth only,
overlapping the discontinuities near the crust—mantle boundary, as discussed above.
This interpretation is supported by the vertical velocity gradients found in the same
depth range.

Fig. 3 shows a north—south section through North America from the Arctic archi-
pelago to close to the Gulf of California, along the meridian of 114° W. The sources
used are the BOUGUER gravity maps of Canada and the United States as well as the
paper of WICKENS and PEC (1968) [21]. The results of the density calculation by the
fit of gravity are very similar to those of Fig., 2. The crustal low-velocity layer in
the Arctic has also come out as a low-density layer. The density variation between
high~ and low-velocity upper mantle is of the same magnitude as in Fig. 2. These
results are somewhat surprising because the present profile is based on relatively
poor seismic data and, moreover, cuts across the geological structures partly at an
acute angle.
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Fig. 3. A profile across NortH America along the meridian of 114° 'H
densities computed by the fit of gravity

DOI: https://doi.org/10.2312/zipe.1975.031.02



329

Fig. 4 presents a section across the Andes from the Peru—Chile trench to the
Amazonas basin and is mostly based on JAMES (1971) [11] and ISACKS and MOLNAR (1971)
[8]. The results of the density calculation are again similar, although the mantle
densities are slightly higher than in the above cases. The dipping plate has a lat-
eral density contrast of +0.05 s/cm3 and the mantle body above it one of surprising
-0.2 g/cm3. The seismic control of this model is only moderate, however.
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Fig. 4. A profile across the Andes near the Peru=—Chile border;
densities computed by the fit of gravity
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Fig, 5 presents a section of the Kermadec island arc, which is much better defined
by seismic data than the above case (SHOR et al. 1971 [17]; ISACKS and MOLNAR 1971
{8]; BARAZANGI and ISACKS 1971 [3]; AGGARVAL et al. 1972 [1]). Gravity and bathymetry
are taken from KARIG (1971) [13]. The computed mantle densities are similar to those
in the above case, except for the low-velocity, low-density body above the dipping
plate; it has a lateral density contrast of -0.02 g/cm”, in excellent agreement with
KARIG's interpretation.
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Fig. 5. A profile across the Kermadec island arc; densities
computed by the fit of gravity
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4, Results: The velocity-density relation

After the density computations for the above models, velocities and densities of
the corresponding bodies have been combined by plotting the S or P velocities versus
density. For this purpose, the P to S velocity ratio has generally been assumed to
be 1.7, which may not be quite correct in all cases but is considered sufficient at
the present stage. Since it cannot be expected that a single model yields a very
reliable velocity-density relation significantly different from that of any other
model, the results of all models (Figs. 2 - 5) have been combined in Fig. 6. Although
the scatter is not small, the data points quite reasonably fall on a straight line.
The data points of the individual models have been shifted in absolute density such
as to minimize the scatter. Generally, the absolute densities have been adjusted such
that at the lower end the P velocity corresponds to the density, e.g. for granite

(6 kn/s and 2.63 g/cm’).
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Fig. 6. Composite plot of the velocity-density relation determined
for the models of Figs. 2 - 5. The arrows indicate that the
lower-crust and upper-mantle densities computed by the pres-
ent method are probably too low

The slope of the straight line fit to the velocity-density relation thus determined
is approximately

(3) av/de =~ 4.6 0.8 [kn/s]/[g/cn’] .

If we consider that the densities at the upper end have been underestimated by the pres-
ent method, a slope of

4.0 [km/s)/[&/cm®] or less

is probably more correct. Note also that the result refers to the velocity range from
5 to 8 km/s and to the density range from 2.6 to 3.3 g/cm3. This result is in good
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agreement with laboratory results for crystalline rocks under compression in the

same range of velocities and densities.

In conclusion it can be said that the method described is promising. With more

accurate data and future refinements the velocity-density systematics of crust and
upper-mantle rocks can be determined in situ with more confidence.
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Wave Scattering Effects in Modelling Intrinsic Time and Amplitude
Anomalies Observed Across the NORSAR Array

by

K.A. BERTEUSSEN, A. DAHLE and E.S. HUSEBYE L

Sunmary

Large anomalies in travel time and amplitude are observed across the NORSAR array.
In order to explain these, two different crust models have been tried. The first one
is a simple one-layered crust with a depth-varying MOHO discontinuity. This is found
to explain as a maximum 25 % of the variance in the travel-time residuals. In the
second part, a model where random wave scattering is assumed to take place in the
upper mantle and crust under the array is tried. In this case one is able to explain
significantly more of the variance in the anomalies. As a maximum one can explain
84 % for travel-time anomalies, and 73 % for amplitude.

Zusammenfassung

Innerhalb des NORSAR-Arrays wurden grofie Anomalien der Laufzeiten und der Amplitu-
den beobachtet. Zur Erklédrung dessen wurden zwei verschiedene Krustenmodelle betrach-
tet. Das erste besteht in einem einfachen Einschichtenmodell mit variabler Tiefe der
MOHO und gestattet hochstens 25 % der Schwankungen in den Laufzeitresiduen zu erkla-
ren, Im zweiten Modell wird zufdllig verteilte Streuung der seismischen Wellen im
oberen Mantel und in der Kruste unter dem Array vorausgesetzt. Das gestattet, einen
betrdchtlich gropferen Teil der beobachteten Anomalien zu erkldren, und zwar maximal
84 % der Laufzeitanomalien und 73 % der Amplitudenanomalien.

1. Introduction

It is well known that the observed time delays and amplitudes for signals crossing
a seismic array exhibit considerable deviations from the theoretically expected val-
ues. Especially for LASA (Large Aperture Seismic Array, Montana, USA) several stud-
ies have been made of slowness and travel-time anomalies for the purpose of deter-
mining the local structure, as well as inhomogeneities in the lower mantle (f. ex.,
CHINNERY and TOKSOZ 1967 [8]; GREENFIELD and SHEPPARD 1969 [14]; GLOVER and ALEXANDER
1969 [13]; MACK 1969 ([21]; ZENGENI 1970 ([26]; DAVIES and SHEPPARD 1972 [10]; IYER
and HEALY 1972 [17]). Also for other arrays there have been similar analyses (f.ex.,
NIAZI 1966 [22]; OTSUKA 1966 [24, 25]; JOHNSON 1967, 1969 [18, 19]; CORBISHLEY 1970

M Royal Norwegian Council for Scientific and Industrial Research NORSAR, P.0O. Box 51,
2007 Kjeller, Norway
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[9]; HUSEBYE et al. 1971 [16]; BROWN 1973 [3, 4]). At NORSAR few studies of this
type have been made (NOPONEN 1971 [23]; GJPYSTDAL et al. 1973 [12]).

Recently AKI (1973) [1] and CAPON (1974) [6] have convincingly demonstrated the
importance of scattering effects in the analysis of P-wave fields as observed across
the LASA. Physically, this phenomenon was explained by modelling the crust and upper
mantle as a CHERNOV (1960) [7] random medium, i.e., small fluctuations of the order
of a few per cent in the refractive index are permitted.

In the first part of this paper, an analysis is made of to what extent the ob-
served P-wave travel-time anomalies can possibly be explained by depth-varying
interfaces located somewhere in the crust or upper mantle beneath NORSAR. In the
example used, the interface for model purposes has been located at the crust—mantle
boundary, but the conclusions would be the same if another depth had been preferred.

The next step was to check the exigtence of wave scattering or stochastic effects
in the observed P-wave travel-time and logarithmic amplitude (logamplitude). The
method used here is analogue to the least-square error prediction filters used in
time series analysis. From observed phase or logamplitude values at a certain set
of instruments, the values at some other instruments are predicted. In order to do
this, the covariance matrix has to be known. In our case, a covariance matrix de-
rived from the CHERNOV theory is used, and by an iterative procedure the matrix with
the best parameter set is found.

2. Polynomial Models for the Moho Interface

The NORSAR array consists of 22 suberrays, each with 6 SP (short period) instru-
ments., The array configuration is shown in Fig. 1. For a more complete description
of the array, see BUNGUM et al. (1971) [5]. The data used in this first 8tudy has
been obtained by measuring subarray travel-time delays on a total of 149 events,
all with good signal-to-noise ratio. Usually a 1.0 - 3.0 Hz bandpass (third order
recursive BUTTERWORTH) filter has been applied.

The time anomalies were used in the following form (BERTEUSSEN 1974 [2]):

D4y = oy =Ty ) = oy~ ey

where To and T are respectively the observed and the calculated delay for
ij ij

subarray i and seismic region j. The calculated delay is based on NOAA (National

Oceanic and Atmospheric Administration) epicentre solutions and a smoothed version

of HERRIN's (1968) [15] tables. T (TC ) is observed (calculated) delay at the
rj r

reference point. In our case we use the average of the delays for this event.

The mantle—crust interface has been found to exhibit considerable variations in
this area (KANESTRZM 1973 [20]). An experiment has therefore been made in order to
find out how much of the deviations possibly can be explaned by a depth-varying
interface located somewhere in the crust or upper mantle beneath NORSAR. To be more
specific, this interface will be given a reference depth of 33 km and the P-veloc-
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Fig. 1. Depth contours for best 2nd~degree polynomial interface;
VC = 6.6 km/s, VM = 8.2 km/s. The NORSAR array configuration
is also included.

ities below and above this interface are set to 8.2 and 6.6 km/s respectively. The
aim is then to find the depth-varying interface which can explain as much as pos-
sible of the deviations which are observed.

Let the origo be the centre of the array; the X-axis points westward, the Y-axis
north and the Z-axis upwards. Our assumption is that if this interface should be
real, it has to be so smooth that it may be approximated with a polynomial of max
third degree in X and Y. The equation for such a polynomial is

(2) 2 = A+BX+CY+DX +EXY+PFPY +G0X2+HX Y+IXY+7713.

When the interface can be described as in (2), conventional ray tracing is especially

simple on a computer.

For a certain set of the coefficients A, B, C, ..., J, Wwe are thus able to
calculate the expected time anomalies for the different subarrays and the different
regions., The least-square interface is then defined as the interface where the vari-
ance parameter R has its minimum, i.e., the sum of the squared difference between

predicted and observed travel-time anomalies.

The first step was to set D =E = ... =J = 0, which means that we are consider-
ing a plane interface. The minimum R value was found to correspond to a plane
dipping 6° and with an up~dip direction 940 clockwise from north. This plane was,
however, able to reduce R with only 18 % relative to the case with only horizontal
layers. The next step was to set G =H =1 = J = 0, which means that we are con-
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sidering a second-degree polynomial. In this case we were able to reduce R with
21 %. The contours for the best second-degree interface are plotted in Fig. 1.
Finally, we kept all the coefficients in equation (2). After having varied them all
systematically, the minimum this time was found to give 24 % reduction in R,

For the dipping plane nothing can be gained by moving it to another depth or giv-
ing it another velocity contrast (this will only change the dip of the plane). For
the other interfaces there are some improvements using lsrger velocity contrasts.
The conclusion is, however, that no more than 25 % of the variance in the observed .
travel-time anomalies can be explained by a depth-varying interface. Thus it seems
that other models have to be introduced, models where wave scattering and possibly
multipathing effects play a more important part.

3. Wave—-Scattering Analysis

Since conventional models do not seem to be able to explain the travel-time
anomalies satisfactorily, we have also tried a model where random wave sca%tering
is taking place. In general, only deterministic effects are considered in modelling
the travel-time variation across a seismic array, namely,

3 Y o= To + ﬁiﬁ + Ei 5

> -
where Ti is the arrival time at the i-th sensor, R, is the location vector, U

i

the slowness of the incoming P-wave, and ei is the error residue assumed to have
zero mean and being uncorrelated. To account for a potential scattering effect, (3)
has to be modified accordingly, namely,

> -
) 1, o= T + RU + 8, + &5 ,

where Si is a stochastic variable, which physically means that time or logamplitude
observations are dependent to some degree on their neighbours in the geometric space.
In case of logamplitude the ﬁiﬁ—term would be zero, ignoring effects due to small

differences in epicentral distance. We designed the following experiment for testing

the importance of the S-term using NORSAR array data.

The first step was to measure travel time and logamplitude on the first or second
cycle of the recorded P-wave for the 54 sensors comprising subarrays 014, 01B-07B
and 06C. A frequency band of 0.2 Hz centered at 0.7 Hz was selected by time-domain
filtering of the recordings prior to the signal analysis. Half of these observations
were used for least-squares prediction (DAVIS 1963 [11]) of the corresponding values
at the remaining sensors, using both of our mcdels, i.e., equations (3) and (4). The
most efficient model was defined as that having smallest variance in the differences
between observed and predicted parameter values.

The crucial factor in this kind of calculations is the covariance matrix asso-
ciated with the Si—term which must be known beforehand. In our case, we used a
function of the type expected from the CHERNOV theory for wave scattering in a ran-
dom medium, Such a medium is described mainly by the behaviour of the refractive
index: u(x, y, 2) = CO/C(x, Y, 2) - 1. Here C(x, ¥y, 2z) is the wave velocity in
point x, y, 2z, while Co is the mean velocity. CHERNOV assumes that the correlation
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Fig. 2. Contour plot showing per cent variance not accounted for by using
equation (4) for logamplitude (upper) and travel times (lower).

The wave parameter D = 4 L/k a2, where L is depth of the medium,

is wave number and a 1is correlation distance. For this event
(03/26/71 - Table 1) 28.7 % of the variance in the amplitude data
cannot be explained by CHERNOV's theory, while 33.0 % of the time
anomalies are left unexplained,
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function for the refractive index is of a GAUSSian type, and the correlation distance
is then the distance for which this function is down to 1/e. As shown by CHERNOV

(1960) [7], the covariance matrix for phase or logamplitude fluctuations measured on
the surface will depend on parameters like mean square value of the refractive index,

correlation distance, wave number, the extent of the scattering medium and station
separation.

In our analysis an iterative computational procedure was used to find that partic-
ular Si—covariance matrix which gave the minimum variance. The results obtained in
the above experiment are presented in Fig. 2 and Table 1, from which we conclude
that wave-scattering effects cannot be ignored in analysis of array-observed P-wave
travel-time and amplitude anomalies.

Table 1. Correlation distance and wave parameter near the point of minimum variance
for the stochastic model II (equation (4)), when CHERNOV correlation func-—
tions are used. For the first event (11/21/72) it is seen that for the am-
plitude fluctuations there is 30.5 % of the variance which this type of
model cannot account for, while for the travel-time residuals there is
40.9 % left to explain. Part of this will of course be deterministic ef-
fects, which have not been included in this type of model

NOAA epicentre information Amplitude data Travel-time data
Date Origin Veloc- Azi- Corre- Wave Relative Corre- Wave Relative
time ity muth lation para- variance lation para- variance
dis- meter dis- meter
tance tance
[m/da /y] [h mn s] [km/s] [deg] [¥m] [per cent] [knm] [per cent]
11/21/72 17 01 55.3 17.27 11.42 7 35 30.5 4 15 40.9
12/07/72 19 18 52.9 17.09 13.00 13 45 48.1 7 5 52.1
11/10/72 07 40 55.8 17.91 31.73 7 35 41.2 7 15 41.7
03/15/71 05 35 44,6 18.14 35.48 7 45 27.4 7 15 15.6
o4/18/72 15 07 49.1 17.04 160.25 4 45 85.5 4 5 52.9
o4/11/72 02 21 15.7 17.35 223.36 4 45 59.6 7 5 47.9
03/26/71 17 35 18.0 15.76 343.78 10 45 28.7 7 5 33.0

4. Discussion

In the first part of this paper, the travel-time residuals observed across NORSAR
are explained tentatively by a simple depth varying MOHO discontinuity. It is found
that even with as large depth differences as 15 km across the 110 km aperture array,
such an interface as a maximum can explain 25 % of the variance in the residuals.
The bulk of these anomalies are thus not caused by such a boundary, and in order to
map the MOHO discontinuity under the array, other types of data therefore should be
used, say seismic refraction measurements (KANESTREM 1973 [20]).

In the second part, a model where random wave scattering is assumed to take place

in the upper mantle and crust beneath NORSAR is tried. The theory used is that de-
veloped by CHERNOV; this theory is, however, not claimed to be valid on the basis
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of our observations. Some of the assumptions stated in his theory are certainly too
strict to be valid for the real Earth. We merely state that the CHERNOV covariance

function can explain a considerable part of the anomalies in travel-time and loga-

rithmic amplitude. For the data we used it was found to be able to explain 84 % of

the variance in travel-time anomalies and 73 % for asmplitude as a maximum.
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Further Investigations on Coda Waves

by

E. BISZTRICSANY 1)

Sqmmarz

In a previous paper it was set down as a fact that coda waves are the consequences
of plate vibration. After further investigations this fact was confirmed. Consequently,
the thickness of the layers is closely connected with the dominant periods of coda
waves.

Zusammenfassung

In einer friiheren Arbeit wurde die Tatsache festgestellt, daB Coda-Wellen die Fol-
ge von Plattenschwingungen sind. Mit Hilfe weiterer Untersuchungen wurde sie erneut
bestédtigt. Somit besteht ein enger Zusammenhang zwischen der Schichtdicke und den vor-
herrschenden Perioden der Coda-Wellen.

Seventeen years ago a new method was worked out [2, 3] to determine the magnitude
of shallow focus earthquakes. It is the main point of this method that a connection
can be found between the duration of surface waves and the earthquake magnitude. More
exactly, the duration depends mainly on the magnitude of shallow focus earthquakes,
but insignificantly only on the epicentral distance, which therefore is negligible
for near earthquakes. At that time already the question was raised as to what was the
reason of this phenomenon. K. AKI in 1969 [1] tried to give an explanation of this
fact for near earthquakes. His work turned my attention again to the problem, because
if the coda waves are responsible for the constancy of duration, so perhaps a uniform
explanation ought to be found for the fact mentioned above that the duration depends
only very slightly on epicentral distance.

As a result of this study, a few years ago a connection could be found between
dominant periods of coda waves and the structure of the Earth's crust for shallow
focus earthquakes originated at an interval of 5° < 8% < 50o epicentral distances.
The results were in very good agreement with the structure, which was determined by
deep seismic sounding in Hungary; they were published in Luxemburg in 1971 [4].

The above assumption was based upon the fact that dominant periods exist at coda

waves, as they do with continuous noise waves. Therefore, on the basis of the dominant
period as well as of the relation

M Geod. and Geophys. Research Institute of the Hungarian Acad. of Sci., Seismological
Dept., Budapest, Meredek 18, VR Ungarn
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obtained by HARDIWIG [5] for RAYLEIGH waves, the thickness 2, of layers could be

computed., T and T' are the periods in the neighbourhood of the dominant period,
Z and Z' the amplitudes belonging to T and T'.

In determining the CONRAD and MOHO levels we did not have any troubles because of
relatively small epicentral distance, i.e., the smaller wave periods could not disap-
pear as a result of absorption.

But the question arose again what would be the situation at remote earthquakes,
where the higher frequencies had been absorbed. It is again assumed that a dominant
period must exist and this period must be connected with the average thickness of the
Earth's crust. To prove this assumption, 1275 coda waves were measured. The data were
provided by the ultralong~period ULIMANN-TEUPSER vertical seismograph (Tp = 25 sec,

Tg = 80 sec). The result was in full agreement with the expectation (Fig. 1).
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Fig. 1. Frequency distribution of coda waves
plotted against wave periods

DOI: https://doi.org/10.2312/zipe.1975.031.02



345

The frequencies of different periods showed roughly POISSON distribution. The maxi-
mum of the curve can be found at 15.5 sec, and on the basis of formula (1), 40 km
average crust thickness belongs to this period. Since the greater part of the surface
waves crossed the Asian area, this thickness is acceptable (Figs. 2 and 3). Two peaks
are standing out from the POISSON curve, the first at 12 sec and the second at 20 sec.
Accordingly, thicknesses of 31 and 52 km,respectively, are able to be computed from
formula (1). Perhaps the first value is in connection with the West European area and
the other with the mountainous zones.

From the results it can be seen that coda waves are very closely connected with
the Barth's crust passed by surface waves from shallow focus earthquakes.
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Thermal Structure of the Crust in Czechoslovakia

by

VIADIMIR GERMAKT)

Summary

The observed continental heat flow can be divided into two components; one is due
to radioactive heat sources in the upper crust, the other to the heat flow contri-
bution from the lower crust and the upper mantle. By the help of combined heat flow
and heat generation measurements, performed in large portions of continental areas,
the concept of the so-called heat flow provinces was developed. These results enable
the extrapolation of surface heat flow observations to greater depth and the calcu-
lation of the temperature distribution in the Earth's crust and upper mantle. Using
the results of the deep seismic sounding together with gravity data and determi-
nations of the radiocactive content in crustal rocks, we constructed reasonable geo-
thermal models of the Earth's crust on the territory of Czechoslovakia. The MOHO
temperature of about 500 °c beneath the Bohemian Massif is increasing to 800-1000 ¢
beneath the Pannonian Lowland in the Carpathian system.

Zusammenfassung

Aus kombinierten Messungen des Wdrmestromes und der Wadrmeerzeugung, die auf grofen
Gebieten durchgefiihrt wurden, konnten bestimmte Wdérmestromprovinzen hergeleitet wer-—
den, Diese Ergebnisse erlauben es, oberfldchennahe Wdrmestrombeobachtungen fiir grdBe-
re Tiefen zu extrapolieren und so die Temperaturverteilung in der Erdkruste und im
oberen Mantel zu berechnen. Seismische Tiefensondierungen fiihrten in Verbindung mit
gravimetrischen, aeromagnetischen und magnetotellurischen Daten sowie Messungen der
radioaktiven Warmeproduktion von Krustengesteinen zu reprédsentativen geothermischen
Modellen der Erdkruste auf dem Gebiet der CSSR. Es konnte gezeigt werden, dap die
geothermische Struktur des Bohmischen Massivs grundlegend verschieden von der des
Karpatenbeckens ist. Die MOHO-Temperatur im Bohmischen Massiv betrdgt im Mittel et-
wa 500 °c und steigt im Bereich des Pannonischen Beckens im karpatischen System bis
zu Werten von 800 - 1000 °C an.

1) Geophysical Institute, Czechosl. Acad. Sci., Prague, Boéni IIa, Praha 4-Spoifilov
Czechoslovakia
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The measured values of surface heat flow, heat production by radioactive heat
sources and the thermal conductivity of rocks, together with some assumptions on the
structure of the Earth's crust and the corresponding vertical distribution of radio-
activity and conductivity, enable the temperature distribution with depth to be cal-
culated.

The sites for temperature-depth profiles were chosen in places (Fig. 1) where the
crustal structure is known from the results of deep seisnic sounding (BERANEK and
DUDEK 1972 [1]), where reliable heat flow data are available (CERMAK 1968[3]) (Fig.2)
and above all inplaces where the crustal profile may represent the characteristic
tectonic section of the Earth's crust.

The M oldanibicum represents the oldest and most rigid part of the
whole Bohemian Massif (Pre-Variscan age). The thickness of the crust reaches up to
42 xm in the centre and decreases to 32 - 34 km on its rims. The characteristic heat
flow of 1.2 - 1.3 pcal cm-2 3-1 is relatively low and uniform over this region.

The Krus$né Hory Mts. (Erzgebirge) belong to the Sachsen-Thiiringen
block, an area of intensive Variscan tectogenesis, which forms the NW boundary of the
Bohemian Massif. The area is characterized by a relatively shallow MOHO depth of

30 - 32 kn and high heat flow of about 2 pcal cm™2 s 1.

The Cretaceous Basin of northern Bohemia represents an elongated

denudation relict, the axis of which is believed to be an 0ld tectonic suture in the
frontal area of the Caledonian range. The MOHO discontinuity rises here by 6 - 8 km

to only 28 km in the centre of the basin, all the basin showing enhanced geothermal

activity of 1.7 - 1.9 ucal em2 g~ (CERMAK et al. 1968[5]).

The Vienna Basin 1is situated just off the south-eastern rim of the
Bohemian Massif, which is deeply submerged here under the Carpathian flysch and
covered by Neogene sediments. The MOHO is abruptly rising here from 35 to 28 km and
strong magnetic high suggests the elevation of mafic rocks from 20 km to 10 - 15 km,
Theeheag flow field does not differ from that of the Bohemian Massif, Q = 1.3 ucal
cm — 8 .

The Danube Basin Dbelongs to the large Pannonian Lowland. Heat flow of
2.3 pcal cn2 g~1 ag well as temperature gradients of 50 - 70 °C/km suggest high
subsurface temperatures. Typical positive gravity anomaly in the whole region con-

firms the weakened crust found by deep seismic sounding.

To complete the picture and to show the possible range of crustal temperatures in

the western Carpathians, two other sites (both off the Czechoslovak territory) are
added.

In the outer flysch zone of the peri-pieninian lineament (Poland),
north of the CSSR boundary, deep seismic sounding has revealed an anomalous crustal
thickness of 50 km. There is only one heat flow value here, Q = 1.3 ucal cm_2 s~
(PLEWA 1966[11]), which was used for calculating the temperature-depth profile.

The Pannonian Lowland covering most of the Hungarian territory
stretches to the southernmost part of Slovakia. This area is characterized by high
gravity, shallow MOHO depth of 25 - 28 km, high hydrothermal activity and anom-

alously high heat flow of 2.5 pcal en2 g~
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Fig. 1. Map of Czechoslovakia showing the locations where
temperature-depth profiles were calculated
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Fig. 2. Generalized tectonic map of Czechoslovakia (M'AéKA et al. 1960[9]) showing
the heat flow stations and international deep seismic sounding profiles.
1 - Moldanubian region; 2 - Tepld-Barrandian region; 3 - Sachsen-Thiiringen
region; 4 - West-Sudetic region; 5 - Moravian-Silesian region; 6 - Bohemian
Cretaceous Basin; 7 -Carpathian frontal foredeep; 8 - Carpathian Pre-Neogene
folded units; 9 - Neogene depressions; 10 - Tertiary volcanites. Heat flow
data are given in 107° cal cn™? s~
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Calculated temperature-depth profiles for all these sites are summarized in Ta-
ble 1. To calculate these data several assumptions were made.

1. The solution of the general equation of heat conduction can be greatly simplified
by assuming steady-state conditions and by neglecting the curvature of the Barth's
surface. The problem can be solved in one dimension, i.e. temperature depending
only on depth. Many models may be given, according to the chosen function of the
vertical distribution of radioactive heat sources,

2. To calculate the temperature-depth profiles, the so-called "step-model"” (ROY et
al. 1968[12]) was used. This model represents the upper crust composed of a number
of blocks forming a surface layer, which extends to a certain depth. The heat
sources strength is vertically uniform to that depth, but shows horizontal varia-
tion. The heat flow from below this layer, i.e. from the lower crust and the upper
mantle, does not change appreciably within the particular tectonic unit.

3. Thermal conductivity of granites and gneisses decreases with increasing temperature,
i.e. with depth. This dependence roughly follows the law kT/ko =(1 +¢C T)-1 where
kT’ ko are conductivities at temperature T, resp. at O °C, the values of C de-
termined for data given by BIRCH and CLARK (1940) [2] are in the interval of
0,0006 - 0,0014 00'1, the mean of 0.0011 °C'1 was used in this paper, - The con-
ductivity of mafic rocks depends only little on temperature; the conductivity in
the lower crust was taken 0.005 cal cm-1 8-1 OC—1 and was regarded independent
of position.

4. As experimental data on the behaviour of the thermal conductivity with increasing
pressure are still scarce, all calculations were done for "isobaric” model, i.e.
no pressure dependence of the conductivity was supposed.

5. The thickness of the sedimentary cover in the Bohemian Massif is negligible for
the temperature-depth calculation. However, the thickness of sediments in the
Carpathians amounts up to 10 km and its insulating effect can produce a rapid
increase of temperature with depth. The following values (in 10_3 cal cm-1 5_1
00'1) were adopted for the coefficient of thermal conductivity: Neogene sediments
4,5, Mesozoic sediments 5, Permo-Carboniferous sediments 5.5, limestones of the

Carpathian flysch 7.5.

6. The average surface heat production was estimated according to the extensive
aeroradiometric survey and many laboratory determinations of total gamma-ray in-
tensity (MATOLIN 1970[10]): magmatic rocks 5.9 x 10™13 ca1 cn~3 3'1, meta-
morphosed rocks 3.1, sediments 3.4.

7. Owing to our poor knowledge of deep radioactivity all calculations were made for
the model of uniform granite radioactivity, the value of which should represent
the average value over the whole particular granite section. To show the possible

variations, several models are introduced, and the value of granite heat produc-
tion used is given.

8. Heat production of 1 X 10713 cal cn™3 s~ was used for the lower crust. This
value corresponds to average basalts (HEIER and ROGERS 1963[7]).

9. One of the limiting factors which can be utilized in calculating temperature
profiles may be the heat flow from the upper mantle. Its value is marked on each
model in Table 1. While the heat flow contribution from below the MOHO in the

Bohemian Massif of 0,5-0.6 ucal cm_2 3-1 does not differ substantially from data
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Table 1. Temperature-depth profile

S

Moldanu- Erusné Cretaceous Vienna . Outer Pannonian
iined bicum Hory Mts. Basin Basin DanubepBasin flysch Lowland
Model Mq M2 KHM1 KHM2 CB1 032 CB3 VB1 VB2 D31 D32 D33 0F1 0F2 PL1 PL2 PL3
Surface heat flow [HFU) 1.2 2.0 1.7 1.3 2.2 1.3 2.5
Thickness of sediments or

crystalline schists [km] > _O 10 9 3 4 6
Depth of CONRAD disconti-
nuity [lkm] 22 20 20 21 18 30 18
Depth of MOHOROVICIG dis-
continuity [im] 40 32 28 33 27 50 25
MOHO heat flow [HFU] 0.53 0.36 0.88 0.48 0.82 0.62 0.42 0.50 0.31 1.57 1.27 0.97 0.46 0.20 1.89 1.65 1.41
Granite heat production [HGU] 2 3 5 7 5 7 9 3 5 3 5 7 2 3 3 5 7
Depth [knﬂ ) 80 80 144 140 124 124 124 117 117 200 200 200 o1 90 230 230 230
10 161 159 288 269 250 250 250 194 190 391 380 370 180 178 441 438 435
15 241 233 424 378 374 368 364 280 274 601 565 530 271 260 728 679 656
20 317 295 548 459 485 462 441 372 342 800 728 658 360 334 1017 898 &7
25 389 349 646 517 573 530 489 424 375 %62 860 760 445 398 1209 1066 990
30 454 397 738 569 (623 568 531)2) 485 411 (1025 911 799)4)525 449 - - -
35 515 as1 (77 589)1) - - - (318 4313 - - 589 48 - - -
40 570 479 - = = = = = = = = . 647 519 = = =
45 - - - - - - - - - - - - 701 547 - - -
50 - - - = - - - - = - - - 749 569 - - =
DVat2mm 2D at28km D at33km D at27mm

1 HFU = 10°° cal cm™@ s_q;
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published for Australia (CLARK and RINGWOOD 1964(6]) or for the Canadian shield
(CERMAK and JESSOP 1971[4]), quite different conditions may exist in the Carpa-
thians. Especially in Neogene depressions considerably higher energy inflow from
the upper mantle seems to be reasonable. The thin granitic layer, even if it has
relatively rich radioactive content, cannot account for the very high surface
geothermal activity observed here. The heat flow from below the MOHO cannot be less
than 1.0 pcal cn™2 s~ in the Danube Basin and up to 1.4 pcal cn™® s~ in the Pan-
nonian Lowland.

The complicated geological structure and the position of the Czechoslovak territory
on the contact between the eastern sector of the West-European Variscan platform of
"Meso-Europe" and the young orogenetic Alpine-Carpathian belt of "Neo-Europe" provide
a unique opportunity to study the distribution of the temperature field within the
Earth's crust and its behaviour on the contact of these two principal tectonic units.

All temperature-depth calculations are based on assumed steady-state conditions.
Por tthe Bohemian Massif these conditions seem to be quite probable; for the Carpa-
thians, however, the assumption of steady state may not be valid, the calculated tem-—-
peratures demonstrate there a lower limit of the existing crustal temperature profile.

The most important result from the study performed are the existing regional tem-
perature differences between the Bohemian Massif and the Carpathians. When the local
temperatura differences for a heat flow variation in the range 1.2 - 2.0 pcal cm—2 s
in the Bohemian Massif at the base of the crust are of the ordexr of 100 - 200 OC, the
corresponding temperature differences between both tectonic units for a similar range
in heat flow may be 500 %¢ or more (Fig. 3).

-1

The existence of high crustal temperatures under the Pannonian lowland, compared
to the Bohemian Massif, is not so surprising; from the geophysical point of view, the
existence of an amazing regional difference in upper mantle heat flow contribution of
up to 1.0 wcal cm 5-1 may be more important. Such a variation, especially when
concentrated on a relatively shorter horizontal distance, may be the driving force
for the geological evolution and/or a critical parameter for the geophysical inter-
pretation. This may be the case of the Vienna Basin. The peri-pieninian lineament
bordering the Carpathian block, where horizontal temperature gradients on the base
of the crust of 200 - 400 oC/’lOO km are not to be excluded, belongs to the most
active seismic zones in Slovakia (KﬂRNiK and RUPRECHTOVA 1964[8]). This furnishes
evidence that the lineament is tectonically still "alive" even though only slightly.
The uneven temperature distribution with depth may be the main reason for the accu-
mulated tension in the lower crust and the upper mantle under this zone, being
released there in shallow earthquakes.

The temperature at the base of the crust at 35 - 40 km under the Bohemian Massif
is 500 - 550 OC with local excesses giving temperatures of 600 - 700 % in regions of
enhanced surface heat flow (such as the KruSné Hory Mts.(Erzgebirge) or in the Cre-
taceous Basin). The Cretaceous Basin may display higher heat flow from the upper -
mangle 50.6 - 0.7 pcal cm_2 s'1) compared with most of the Bohemian Massif (0.5 ucal
cm < s ).
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Fig. 3. The range of temperature: and crustal thickness below the Bohemian Massif and
Neogene depressions of ihe Carpathians. M1 and M2 are minimum and maximum
curves, respectively, for Moldanubicum, CT - average temperature for the Cre-
taceous Table, KHM - average temperature for the Krudné Hory Mts. Crosshatched
area shows the melting relations for basalt and eclogite (YODER and TILLEY
1962[13]), pyrolite solidus curve is taken from CLARK and RINGWOOD (1964 ) [6]

The maximum crustal thickness in the outer flysch zone amounts to 50 km. For the
model calculated we obtain an upper mantle heat flow contribution of 0.20 pcal cm_2
g1 for heat production of granites 3-'10-’13 cal cm™3 5—1, and 0.46 for lower pro-
duction of 2:10713 cal cn3 s~1. The latter model requires negligible radioactivity
in the lower crust if the heat flow from the mantle is to be comparable with previous
models. Some process in crustal evolution which has efficiently impoverished the
lower part of most of radioactive heat sources in a large region has to be looked
for. If the conditions of this case are not steady state, the idea of the existence
of a transient heat sink, such as a layer undergoing an endothermic reaction in the
lower crust or in the upper mantle, may be introduced (ROY et al. 1968[12]). This
might absorb considerable heat and reduce the outgoing mantle heat flow for a limited
time.

The hyperthermal region of the Pannonian Lowland is typical by extreme subsurface
tomperatures. Even if the radioactive heat production in granite layer is relatively
high, 5-7.10"13 cal cm™3 s-q, the heat flow from the upper mantle will not be less
than 1.4 pcal cm-2 s-’1 in the centre of the Pannonian Lowland. The corresponding
temperatures at the MOHO discontinuity are in the interval 800 -~ 1000 %c. Because of
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such high temperatures the melting point may be probably reached at shallow depth in
the upper mantle. For data given by YODER and TILLEY (1962) [13] for melting temper-
atures of basalt and eclogite this would be at the depth of 30 ~ 35 km. This is a
very important result, and only more detailed geophysical investigation can bring
about further progress and probably prove or disprove the concept of the existence
of local convective cells in the upper mantle.
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Untersuchungen zum Absorptions-Dispersions-Verhalten
seismischer Wellen

von

S. GRASSL, K. DEUBEL und W.-D. HERMICHEN 1

Zusammenfassung

Eine Untersuchung der Ubertragungseigenschaften realer geologischer Medien fiihrte
zu folgenden wesentlichen Ergebnissen: 1. Der Absorptionskoeffizient «(w) héngt fir
Gesteine der oberen Erdkruste in guter Ndherung im Bereich von 20 bis 250 Hz linear
von der Frequenz ab. 2. Wegen der Giiltigkeit des Kausalitédtsprinzips ist jede Ab-
sorption mit einer Dispersion der Phasengeschwindigkeit verbunden. Mit Hilfe der dis-
kreten HILBERT-Transformation konnte nachgewiesen werden, daf der seismische Wellen-~
ausbreitungsprozepf minimalphasig verlduft; zwischen Absorption und Dispersion besteht
ein analytischer Zusammenhang. - Anhand synthetischer Beispiele wird der Absorptions-
Dispersions-Einflup auf die Form von Zeitsignalen demonstriert. Dariiber hinaus wird
kurz auf die Mdglichkeit eingegangen, mit Hilfe einer speziellen Dekonvolutionsva-
riante den seismischen Impuls in der Ndhe der Anregungsquelle zu rekonstruieren.

Summary

An investigation of the transfer characteristics of geological media led to the
following essential results: 1. In rocks of the upper Earth's crust, the coefficient
of attenuation shows a nearly linear dependence on frequency in the range from 20 to
250 cps. 2. Due to the principle of causality, every kind of attenuation is associated
with a dispersion of phase velocity. By application of the discrete HILBERT transform
the minimum-phase character of the seismic wave propagation process could be evidenced.
Between attenuation and dispersion there exists an analytical relation. - Thus, the
change of the shape of a seismic pulse, which takes place when the wave is passing
any real medium, can be modelled by synthetic computation, requiring only information
about the attenuation parameter. Some examples demonstrate this fact. Moréover, there
ig the possibility to reconstruct, from records obtained in great distances, approxi-
mately the near-source shape of seismic pulses by applying inverse filters, which
renove the nonelastic influence of the medium between the source and the station.

M Karl-Marx-Universitdt, Sektion Physik, 701 Leipzig, Talstr. 35
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1. Einleitung

Die Untersuchung der Ubertragungseigenschaften realer geologischer Medien, die die
beobachtete Amplitudenabnahme und die damit verbundene zeitliche Dehnung eines seis-
mischen Impulses beim Durchlaufen der Erde bestimmen, nimmt in der Seismik und in der
Seismologie immer breiteren Raum ein. Dabei sind jedoch bis heute nur sehr wenige ge-
zielte Feldexperimente in den vor allem fiir seismische und seismologische Aufgaben-
stellungen interessanten Frequenzbereichen iliber die Deformation eines elastischen Im-
pulses beim Durchlaufen des Untergrundes durchgefiihrt worden. Laborexperimente mit
Ultraschall besitzen wegen der unsicheren Ubertragbarkeit der Ergebnisse auf den Fre-

quenzbereich der Seismologie bzw. der Seismik fiir diese speziellen Probleme nur einen
relativen Wert.

Im folgenden soll iiber einige wichtige Ergebnisse berichtet werden, die mit einem
speziellen Mefprogramm zur Untersuchung der ﬁbertragungseigenschaften der obersten
Kilometer der Erdkruste erhalten wurden. Die dabei gewonnenen Erkenntnisse beziehen
sich auf einen Frequenzbereich seismischer Wellen von ca. 20 Hz bis etwa 250 Hz.

2. Mefmethodik

Mit Hilfe von Sprengstoffdetonationen in flachen Bohrungen wurde in der Ndhe der
Erdoberflache eine elastische Welle angeregt, die von zwei Empféngern in ca. 40 m und
in mehreren Kilometern Tiefe aufgenommen und digital registriert wurde. Es erfolgte
eine mehrfache Wiederholung der Messung bei allmidhlicher Vergroferung der Tiefenlage
der unteren Sonde (vgl. Abb. 1).

fi () _hw) _ W)=T 1)) L))
[ ol B Sw)= ) ~Lwe?™-Iw)e

()|
C :L__u J %
Eﬂwﬂ S(w)

L n|S(w)|=ln|Iw)+oc(w) arg S(w)=argI(w)+Ow)

Nt g :t)

o) =1In|Sw)|* O(w) 0/(@)=Opin (@) + O(w)
#{inISw)l)=arg Iw)*Gpif®
arg S(w)-F{In|S ()|}~ Ow)

Abb. 1. Schematische Darstellung der Mef- und
Interpretationsmethodik
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Fiir die Beschreibung der ﬁbertragungseigenschaften eines geologischen Komplexes
eignet sich in besonderem Mafe die Betrachtungsweise der Systemtheorie, da eine
exakte physikalische Deutung beispielsweise der Verlustmechanismen elastischer Ener-
gie wdhrend der Wellenausbreitung heute noch nicht méglich ist: Der zu untersuchende
Korper wird als linearer Filter angesehen, der ein definiertes Eingangssignal fq(t)
so verformt, daf am Filterausgang das Signal f2(t) erscheint. Aus den FOURIER-
Transformierten beider Signale lassen sich die Amplituden- und die Phaseniibertragungs-
funktion |S(w)| Dbzw. arg S(w) des Filters bestimmen. Die ibertragungscharakte—
ristik S(w) des zwischen den Empfadngern befindlichen geologischen Mediums wird
durch zwei in Reihe geschaltete Teilsysteme bestimmt:

- durch das System mit der Ubertragungsfunktion I(w), das im wesentlichen die In-
homogenitdt des Untergrundes (d.h. Schichtung) charakterisiert,

— durch das System mit der Charakteristik eY(w), das das nichtelastische Verhalten
der Gesteine beschreibt. Die komplexe Ausbreitungsfunktion y(w) = a(w) + jo(w)
setzt sich additiv aus dem frequenzabhidngigen Absorptionskoeffizienten a(w) und
der Dispersion der Phasengeschwindigkeit ©(w) zusammen. Fir eine ebene Welle er-
rechnet sich daraus der rdumliche Q-Wert zu

QR = l?‘e%%jl .

3. Interpretationsmethodik

Die Ubertragungscharakteristik des geologischen Mediums wird durch Vergleich der
an den beiden Empfadngern registrierten Zeitsignale bzw. deren komplexer Spektren
ermittelt (vgl. Abb. 1). Dabei erfolgt die Trennung der sich multiplikativ iliberla-
gernden Ubertragungscharakteristiken der einzelnen Teilsysteme in folgender Weise:
Der logarithmische Quotient der gemessenen Amplitudenspektren setzt sich additiv aus
dem periodischen bzw. quasiperiodischen Teil 1n I(w) und der gleichmdfig in Abhin-
gigkeit von der Frequenz sich verdndernden Absorptionsfunktion @ (w) 2zusawmen. Die
Eliminierung des storenden Interferenzanteils erfolgt durch eine TiefpapBfilterung
des Spektrenquotienten mit einem geeigneten Filteroperator O(w) und anschliefende
lineare Regression.

Die Gliltigkeit des Kausalitdtsprinzips erfordert bei Vorhandensein von Absorption
das gleichzeitige Auftreten einer Dispersion der Phasengeschwindigkeit. Die Ermitt-
lung der Dispersionsfunktion wdre prinzipiell aus der Differenz der Phasenspektren
von Eingangs- und Ausgangssignal mdglich, jedoch iiberlagern sich auch hier die Ein-
fliisse der eigentlich gesuchten absorptionsbedingten Dispersion und von interferenz-—
bedingter Pseudodispersion. Eine lineare Filterung ist nicht mdglich, da die gesuch-
te Phasenfunktion 6(w) deutlich nichtlinear ist und somit durch den Filterprozep
verzerrt werden wiirde.

Es wurde folgender Weg eingeschlagen: Bekanntlich existiert bei linearen minimal-
phasigen Systemen ein analytischer Zusammenhang zwischen der logarithmischen Ampli-
tuden- und der Phaseniibertragungsfunktion, der durch die HILBERT-Transformation ge-
liefert wird. Da infolge der speziellen Mefgeometrie das Interferenzsystem garan-
tiert minimalphasig ist, lassen sich durch eine HILBERT-Transformation der gemesse-
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nen Amplitudenspektrenquotienten aus der Gesamtphasenilibertragungsfunktion der Inter-
ferenzanteil arg I(w) sowie der minimalphasige Anteil emin(w) der absorptionsbe-
dingten Dispersion eliminieren., Der verbleibende Restanteil 6(w) 188t Riickschliisse
dariiber zu, ob neben der absorptionsbedingten eine weitere Dispersion besteht.

4. Ergebnisse

Alle untersuchten gefilterten Spektrenquotienten (vgl. Abb. 2) zeigen, dap fir
Gesteine der oberen Erdkruste im Frequenzbereich von 20 bis ca. 200 Hz der Absorp-
tionskoeffizient in guter Ndherung linear von der Frequenz abhdngt (Korrelations-—
koeffizienten grofer als 0,95). Dieser lineare Zusammenhang gilt auch flir trockene
Lockersedimente, also flir Gesteine mit extremen elastischen Eigenschaften. Die Ge-
nauigkeit der vorliegenden Daten reicht jedoch nicht aus, um geringfiigige Kriimmungs-
effekte in den Quotientenkurven (Exponent in der Potenzabhingigkeit der Absorption
von der Frequenz etwas kleiner als 1) nachweisen zu konnen.

Die Differenz der HILBERT-Transformierten des logarithmischen Spektrenquotienten
und der gemessenen Phasendifferenzkurve (vgl. Abb. 3) erwies sich in allen Fdllen als
lineare Frequenzfunktion, was lediglich einer reinen Zeitverschiebung entspricht. Das
bedeutet, daf entsprechend den Voraussagen der linearen Wellenthecrie die Dispersion
der Phasengeschwindigkeit eindeutig aus der Absorption bestimmbar ist; der Prozef
der Ausbreitung seismischer Wellen in Gesteinen der oberen Erdkruste kann in guter
Ndherung als minimalphasig angesehen werden. Die bei den Zeitsignalen festgestellten
Abweichungen von der Minimalphasigkeit sind auf Prozesse in unmittelbarer Ndhe der
Quelle zuriickzufiihren.

Die Eigenschaft der Minimalphasigkeit ermdglicht die Beschreibung der mit der 1n-
elastizitédt verkniipften Ubertragungseigenschaften durch alleinige Vorgabe des Ab-
sorptionseinflusses. In Abb. 4 ist der Einflup eines physikalisch nicht realisier-
baren nullphasigen geologischen ﬂbertragungssystems (alleinige Wirkung der Absorp-
tion) dem eines den reellen Verhdltnissen entsprechenden minimalphasigen Systems
(Absorption mit Dispersion) an einem synthetischen Beispiel gegenilibergestellt. (Der
Zeitmafstab wurde dabei so gewdhlt, daf der theoretische Signaleinsatz bei 5 ms
liegt.) Es ist zu erkennen, daf die Vernachldssigung der Dispersion zu einer Ver-
letzung des Kausalitdtsprinzips flihrt. Das den realen Verhdltnissen entsprechende
minimalphasige ﬁbertragungssystem bewirkt bedeutende Verzerrungen der Form des Zeit-
signals.

Die Untersuchung des Systemeinflusses an synthetischen Interferenzsignalen
(Abb. 5) zeigt, dapf die exakte Festlegung des zweiten Einsatzes mit zunehmendem Lauf-
weg immer komplizierter und schlieflich sogar ohne Zuhilfenahme objektiver mathema-
tischer Signalerkennungsverfahren unmoglich wird. Diese Tatsache:'1dBt flir seismi-
sche Registrierungen die Anwendung einer physikalisch orientierten Dekonvolution
geeignet erscheinen, bei der liber einen inversen Filterprozef der absorptions-—dis-
persionsbedingte Verzerrungseinflup des durchlaufenen Mediums rlickgdngig gemacht
wird. Uber einige mit diesem Filterverfahren erhaltene Ergebnisse soll spidter an ge-
eigneter Stelle berichtet werden.
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Praktisches Beispiel zur Bestimmung
des Absorptionskoeffizienten

Abb. 2.
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) arg S(w)

2JT

o= gemessenes Phasenspektrum

b = minimalphasiges Phasenspektrum
¢ = a-b(Tiefensonde)

d = a’-b(0berflachensonde)

Abb, 3. Praktisches Beispiel zur Bestimmung
des Dispersionsverhaltens
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Waveletveranderung unter Einfluf Waveletveranderung unter Einfluf8 von
von frequenzselektiver Absorption frequenzselektiver Absorption und Dispersion
Absorptionsansatz :
A(F)=A,(F)-e-kxF
kex =0,0/Hz X = Lavfweg
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Abb. 4, Einflup von Absorption und Dispersion auf die
Form eines seismischen Wavelets
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Verdnderung des Schwingungsbildes spezieller Interferenzsignale durch
zunehmenden Absorptions-Dispersions - Einflul3

Impulsseis- Impulsseis- Impulsseis-
: n%pgummml' - mogramm I T mogramm III
! 1 ] ’ tms .5 I
Py 0-5] 0 74ms
[
i ohne
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5 “7 5 t[ms] 5 5 20 t[ms] 5 % t[ms]
= 0,002/H
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_ U kx =0006/Hz Mg/ﬁz k- 0020//7’2
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\/\/

Abb. 5. Einfluf von Absorption und Dispersion auf die Form
von einfachen Interferenzsignalen
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Temperatur—-Tiefenprofil, abgeleitet aus tiefenseismischen Daten

von

CHRISTIAN OELSNER und CHRISTIAN ENOTHE 1)

Zusammenfassung

Aus den Ergebnissen des internationalen tiefenseismischen Profils VI im Siiden der
DDR wurden Linien gleicher Erdwdrme mittels einer Methode der sukzessiven iberrela-
xation abgeleitet. In die Untersuchungen wurden Wadrmequellen einbezogen. Das Resul-
tat der Untersuchung wird mit dem vertikalen Profil der seismischen Geschwindigkeit
unter besonderer Beachtung von Zonen niederer Geschwindigkeit verglichen.

Summary

From results of deep seismic soundings in the southern part of GDR (part of the
international DSS-profile VI) the isothermal lines were computed by means of a
relaxation method. Heat sources were taken into consideration. The result is com-
pared with vertical profiles of seismic velocity, whereat special attention is paid
to low-velocity layers.

Im Rahmen der multilateralen Zusammenarbeit der Akademien der Wissenschaften der
sozialistischen Lédnder (KAPG) wird fiir die Arbeitsgruppe Geothermie eine komplexe
Bearbeitung der auf den internationalen Profilen gewonnenen seismischen, geother-
mischen und anderen Daten genannt. Mit den darzulegenden Resultaten soll dazu ein
Beitrag durch Verkniipfung seismischer und geothermischer Ergebnisse geleistet werden.

Auf dem DDR-Teil des ITS VI (internationales tiefenseismisches Profil) wurden
nach der reflexionsseismischen Auswertung 4 Grenzflédchen festgestellt, die der Ober-
kante einer "Granitschicht", der Unterkante dieser Schicht (die als C-~Diskontinui-
tdt bezeichnet werden kann), einer Zwischengrenze in einer Schicht basischen Ma-
terials (CM-Diskontinuitdt) sowie der MOHO-Grenzfldche zugeordnet werden konnten
[2], wobei die Problematik "Grenzfldche" oder "Zone eines starken Geschwindigkeits-—
gradienten" fiir die zu ldsende geothermische Aufgabe zundchst ohne Bedeutung ist.
Der DDR-Teil des Profils reicht von Johanngeorgenstadt (km Null) iiber Jena nach NW-
Thiiringen. Die erhaltenen seismischen Grenzfldchen sind in Abb. 1 eingetragen. Sie
lieferten das Geriist fiir das dargestellte 4-Schichten-Krustenmodell: 1. Mesozoikum
und Kristallin, 2. granitisches, 3. basaltisches und 4. peridotitisches Material.
Das Modell ist mit geologischen und anderen geophysikalischen Daten vertrédglich.

n Bergakademie Freiberg, Sektion Geowissenschaften, Wissenschaftsbereich Angewandte
Geophysik, 92 Freiberg/Sa., Schlieffach 47
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Die geothermische Aufgabe lag in der Berechnung der Temperatur-Tiefenverteilung
fiir dieses zweidimensionale Modell. In der Literatur sind verschiedene Beispiele fiir
die numerische Ldsung dieses Problems, der sog. "direkten Aufgabe der Geothermie",
bekannt, wobei im allgemeinen die LAPLACE-Gleichung geldst wird. Fir unseren Fall
wurde ein ALGOL~Programm zur Ldsung der POISSON-Gleichung mit den geltenden Randbe-
dingungen mit Hilfe der Methode der sukzessiven Uberrelaxation (SOR) entwickelt und
angewandt. Dazu wurde das seismogeologische Profil mit einem gleichmipigen Rechteck-
gitter Uberzogen. Der horizontale Abstand der Gitterpunkte betrug 5 km, der vertika-
le 1 km. Als oberer Rand wurde die Tiefe 1 km gewdhlt. Fir diese Tiefe liegen Tempe-
ratur- und Wirmestromdaten von MEINCKE, HURTIG u. WEINER [4] vor. Daraus wurden fiir
jeden der 1080 Gitterpunkte eine Temperatur '"nullter Ndherung'" sowie die Temperatur
des unteren Randes, der in 30 km Tiefe angenommen wurde, berechnet.

Auf Grund der gewidhlten Gitterabstidnde entstanden 5 x 1 km2 grofe Rechteckflichen,
denen jeweils ein bestimmter Wert der Wirmeleitfdhigkeit und der radioaktiven Wir-
meproduktion entsprechend dem vorherrschenden Gestein zugeordnet wurde. Die flir die
einzelnen Schichten angenommenen Warmeleitfdhigkeiten bzw. radioaktiven Warmepro-
duktionen sind als Vertikalprofile in Abb. 2 dargestellt (Kurve 1 bzw. 2). Da bei
der Berechnung Schicht 1 noch differenziert wurde, sind jeweils untere und obere
Grenzen der Wertebereiche angegeben. Die Daten wurden anhand von Werten, die in der
Literatur vorliegen, zusammengestellt, wobei die geologische Situation besonders be-
rlicksichtigt wurde. Die in Abb. 2 angegebenen Midchtigkeiten entsprechen den Verhdlt-
nissen am Profil-km 100.

Aus dem seismischen Material lassen sich mittels Ndherungsverfahren die mittleren
Geschwindigkeiten filir genligend viele Punkte des Vertikalschnittes bestimmen. Mittelt
man diese Werte flir entsprechende Entfernungs- und Tiefenintervalle, so enthalten
die so entstandenen vertikalen Geschwindigkeitsprofile auch Zonen erniedrigter Inter-
vallgeschwindigkeit.

In Abb. 1 sind Linien gleicher seismischer Geschwindigkeit, die erhaltenen Zonen
erniedrigter Geschwindigkeit und die Isothermen eingetragen.

Der Geschwindigkeitsverlauf wird durch eine relative Hochlage der Isolinien im
Zentralbereich des Profils charakterisiert. Sehr markant ist das Auftauchen der
Linien gleicher Geschwindigkeit im Bereich des Erzgebirges, nachdem am nordwestlichen
Erzgebirgsrand eine relative Tieflage durchlaufen wurde. Im Abschnitt zwischen km
Null und 120 kénnen deutlich zwei Bereiche niedriger Geschwindigkeit ausgehalten wer-
den. Einer liegt in etwa 17 - 20 km Tiefe, er ist in allen untersuchten vertikalen
Geschwindigkeitsprofilen nachzuweisen. Ein zweiter, bedeutend flacherer, d.h. in
Tiefen von 5 - 10 km auftretender, lief sich nur zwischen km 100 und 120 nachweisen.

Der Temperaturverlauf wird durch drei Zonen relativ erhohter Temperaturen gekenn-
zeichnet. Ein Bereich liegt im Mittelteil des Profils im Gebiet der MOHO-Hochlage,
ein weiterer nordwestlich davon in einem Gebiet mit relativ grofer Michtigkeit der
Granitschicht. Der dritte Bereich deutet sich im Slidosten an. Seine Hochstwerte lie-
gen auf dem Gebiet der CSSR.

DOI: https://doi.org/10.2312/zipe.1975.031.02



368

K in mcalcm™ s Tgrad™ (1)

0 2 4 6 8 10 12
: M N - L1 L1
o
| |
|
£ ol | I
- |
= |
|
£ |
o 10— i
i |
© |
|
L
C ]
=] |
.
(2) (1)
|
20 — |
|
|
CM —= '—————i
|
- |
|
|
|
M'—-—l— L-———-i
30— !
I l I T | |
0 1 2 3 4 5 6

A in calem™3s™ 1 10713 (2)

Abb. 2. Vertikale Verteilung der Warmeleitfdhigkeit
und der Warmeproduktion am km 100
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Berichte liber Laboruntersuchungen zur Abhdngigkeit der Ausbreitungsgeschwindig-
keit elastischer Wellen von der Temperatur liegen in der sowjetischen und amerikani-
schen Literatur vor [1, 6]. MUELLER und LANDISMAN [5] weisen in ihrer Arbeit iiber
Zonen niedriger Geschwindigkeit im oberen Teil der Lithosphdse auf die Laborunter-
suchungen von HUGHES und MAURETTE [1] hin, die zeigten, daf die Geschwindigkeit in
Graniten in relativ geringen Tiefen ein Maximum durchlaufen, entsprechend dem zuneh-
menden Einfluf der Temperatur gegeniiber dem Druck. Die gute Korrelation zwischen dem
Isothermenverlauf und dem der Linien gleicher Geschwindigkeit bis in Tiefen von 22 km
ist auffédllig. Ihre Ursache ist die Temperaturabhdngigkeit der Ausbreitungsgeschwin-
digkeit elastischer Wellen, die nach den vorliegenden Resultaten bereits im Bereich
relativ niedriger Temperaturen sehr ausgeprédgt ist. Auf die Beziehungen zwischen dem
vertikalen Geschwindigkeits— und dem Temperaturgradienten wurde u.a. insbesondere
von LJUBIMOVA [3] hingewiesen.

Der vertikale Gradient einer temperatur- und druckabhédngigen Ausbreitungsgeschwin-
digkeit elastischer Wellen ergibt sich bekanntlich zu

M T o= G- B+ G,
Mit « = (av/ap)T und B = (av/am)p, wobei @ > O und B < 0, erhdlt man

() %% = 3 (dz - dg)

Der Druckgradient ist bis zu T’ 2fen von 1000 km relativ konstant, weshalb sich
auch der isotherme Druckgradient ler Geschwindigkeit wenig &ndert. Da andererseits
der Temperaturgradient in der Kruste stark schwankt, wird sich auch der isobare
Temperaturgradient der Geschwindigkeit stédrker &dndern und damit amch der Geschwin-
digkeitsgradient. In Abb. 3 wurden die ermittelten maximalen negativen Geschwindig-
keitsgradienten und die entsprechenden, durch numerische Berechnung gewonnenen
Temperaturgradienten eingetragen und die jeweiligen Materialien markiert. Nimmt man
nun fiir den Geschwindigkeitsgradienten 0,01 3-1 bei einem Temperaturgradienten Null
an, so ergibt sich bei Material der Dichte 3 fiir den isothermen Druckgradienten der
Geschwindigkeit der Wert 3-10-3. Mit Gleichung (2) 18t sich jetzt p Dberechnen.
Die in Abb, 3 eingetragenen Werte schwanken beachtlich. Unter Voraussetzung richtig
bestimmter Geschwindigkeits— und Temperaturgradienten kann man solche Schwankungen
mit Materialunterschieden erklédren.

Aus unseren Daten lieflen sich verschiedene isobare Temperaturgradienten der Ge-
schwindigkeit ableiten. Markiert sind ein oberer (Gerade 1) und ein unterer Extrem-
wert (Gerade 3) sowie eine mittlere Gerade 2. Die fS-Werte von 1 und 3 schwanken um
eine Grofenordnung (—2,1-103 bzw. —2»102). Die im Bereich peridotitischen Materials
erhaltenen Werte liegen auf Gerade 1. Gerade 3 konnte granitischem Material entspre-
chen. Prinzipiell sollten sich die fir ein bestimmtes Material erhaltenen Tempera-
tur- und Geschwindigkeitsgradienten um eine Gerade scharen, die den B-Wert dieses
Materials représentiert. Bei stédrkeren Streuungen konnte auf falsche Materialannah-
men geschlossen werden. Damit besteht die Mdglichkeit, das Ausgangsmodell zu verbes-
sern,
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Ergebnisse explosionsseismologischer Untersuchungen in der DDR

von

2)

R.-P. OESBERG ', Chr. KNOTHE 2’ und E. HURTIG 1’

Es werden erste Versuche der Auswertung explosionsseismologischer und seismologi-
scher Drei-Komponenten-Registrierungen an Einzelpunkten in der DDR hinsichtlich der
Trennung und Identifizierung von P- und SV-Phasen dargestellt. Als seismische Anre-
gungsquelle fiir unsere Untersuchungen dienten neben Erdbeben zahlreiche Steinbruch-
sprengungen, die auf den Territorien der DDR, der CSSR und der BRD stattfanden. Die
Registrierung von Steinbruchsprengungen gewinnen - entsprechend den Empfehlungen
der KAPG - zunehmende Bedeutung fir die Erkundung der Kruste und des oberen Mantels,
insbesondere filir die Verdichtung des Beobachtungsnetzes zwischen den Internationalen
Tiefenseismischen Profilen.

Die Registrierung der Sprengungen erfolgte innerhalb des Zentralinstituts fir
Physik der Erde an der Seismologischen Station Moxa und am Geophysikalischen Obser-
vatorium Berggiefhiibel, ferner am Geophysikalischen Cbservatorium Collm der Karl-
Marx-Universitét Leipzig. Moxa und Ccllm sind seit 1972 bazw. 1973 mit jeweils nahezu
homogenen Drei-Komponenten-Sétzen fiir den Empfang kurzperiodischer Ereignisse ausge-
stattet. In Berggiefhiibel arbeitet gegenwdrtig eine Drei-Komponenten-Aufnahmeappara-
tur der Bergakademie Freiberg mit Magnetbandregistrierung.

Die an den seismischen Stationen erhaltenen Analogregistrierungen wurden digita-
lisiert und rechentechnisch bearbeitet. Zur Trennung und Identifizierung von P- und
SV-Phasen verwendeten wir in der Literatur beschriebene Verfabhren (SHIMSHONI u.
SMITH [3]); SUTTON u. POMEROY [#4]), die auf der Ausnutzung des Unterschiedes in der
Wellenpolarisation zwischen Bodenunruhe und Nutzsignal beruhen. Beide Polarisations-
filter-Verfahren wurden an mehreren Registrierungen von Steinbruchsprengungen und
Erdbeben getestet.

Die Analyse der Steinbruchsprengung Pulsitz (DDR), registriert am Observatorium
Collm (A = 17,2 km), zeigt im Zeitbereich bis ca. 5 s nach dem ersten Einsatz mehre-
re deutliche P-Wellen-Einsédtze. Der erste Einsatz kann als P gedeutet werden.
Nach 5 s beginnen die ersten SV-Wellen-Einsdtze. Eine Zuordnung zu bestimmten Grenz-
fldachen kann nicht vorgenommen werden.

Bei der Auswertung der Sprengung Dorheim (BRD), registriert an der Statioﬂ\Moxa
(A = 173,7 km), ist versucht worden, mehrere P- und SV-Einsétze bestimmten Krusten-

& Zentralinstitut fir Physik der Erde der AdW der DDR, 15 Potsdam (DDR),
Telegrafenberg

2) Sektion Geowissenschaften der Bergakademie Freiberg, DDR-92 Freiberg/Sa.
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und Mantelphasen zuzuordnen. Die Grundlage dazu bilden die Laufzeitkurven von JUNGE
[2]. Der erste Einsatz kann als Pn gedeutet werden. Etwa 2 s spdter ist ein stdr-
kerer P-Wellen-Einsatz sichtbar, der der Welle PP entspricht. An spdteren Einsédt-
zen lassen sich die Phasen Sn und SuS erkennen.

Die Analyse eines Japan-Erdbebens, registriert im Gebéude der Sektion Geowissen-
schaften der Bergakademie Freiberg (A = 78°), gibt Hinweise auf Manteldiskontinuita-
ten. Der erste Einsatz auf dem Seismogramm entspricht der direkt gelaufenen P-Welle.
Deutliche P-Impulse treten bei 10,0 und 13,8 8 nach dem ersten Einsatz auf. Nach den
Laufzeitkurven von JEFFREYS u. BULLEN [1] konnen diese Einsétze gut mit den tiefen
Phasen pP und sP korreliert werden. Die'bei 20 und 26 8 nach dem ersten Einsatz
auftretenden SV-Einsdtze konnten als Wechselwellen PS gedeutet werden und von
Grenzfldchen im oberen Mantel herriihren.
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Zum Krustenbau im nérdlichen Mitteleuropa

von

E. HURTIG, R.~P. OESBERG, E. RITTER '), G. GRUNTHAL und F. JACOBS 2)

Die Gropgliederung der Erde in einzelne Lithosphdrenplatten wird durch die geo-
graphische Verteilung der Gebiete mit hoher seismischer Aktivitat bestimmt.

Das Kriterium der Seismizitédt gestattet es, zwischen "dynamisch aktiven" Zonen
und weitgehend "dynamisch passiven" Krustenfeldern zu unterscheiden. Es reicht aber

nicht aus, eine weitere Untergliederung kontinentaler aseismischer Platten vorzuneh-
men.

Auf der Grundlage einer komplexen Analyse tiefenseismischer, geothermischer und
geoelektromagnetischer Untersuchungsergebnisse im ndrdlichen Mitteleuropa gelingt es,
weitere Kriterien fiir eine Gliederung der Erdkruste nach dynamischen Gesichtspunkten
auszusondern,

Dynamisch aktive Zonen kdnnen charakterisiert sein durch

1. erhohte seismische Aktivitdt bei gleichzeitig erhohtem Wadrmeflup und vergrodferter
elektrischer Leitfdhigkeit (dynamische Zonen 1. Ordnung);

2. positive Wadrmeflufanomalien und gleichzeitig auftretende Maxima der normierten
Z-Komponente geoelektromagnetischer Tiefensondierungen (dynamische Zonen 2. Ord-
nung).,

Aus den vorliegenden tiefenseismischen Messungen ergeben sich bisher keine Hinwei-~
se auf Geschwindigkeitsinversionszonen in der Erdkruste; die zwischen den Zonen hdhe-
rer Aktivitdt liegenden Krustenfelder sind sehr homogen aufgebaut, Hinweise auf eine
dynamische Aktivitdt lassen sich nicht erkennen.

) Zentralinstitut fiir Physik der Erde der AdW der DDR, 15 Potsdam (DDR),
Telegrafenberg '

2) Sektion Physik der Karl-Marx-Universitdt Leipzig, Fachbereich Geophysik,
701 Leipzig (DDR), Talstr. 35
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The Study of the Earth's Crust Structure in the West Caucasus
by Phase Velocities of Surface Waves

(Short Comunication)

by
D.I. SIKHARULIDZE and A.Kh. BAGRAMYAN )

The method of phase velocities of seismic surface waves has been used for studying
the crustal structure of the eastern part of the Caucasus within one quadrangle and
some triangles formed by seismic stations. The experimental data of the phase veloc-
ity dispersions have been compared with theoretical dispersion curves plotted for a
two-layered model of the crust, where the granitic and basaltic layers were taken to
be the main layers. Since our task is to determine the crustal thickness inside the
triangles on their tops, where the seismic stations are located, it is reasonable to
use the surface waves. Such waves may occur when the magnitude M of earthquakes is
equal to, or greater than, 4 and at a larger distance from the region under study,
i.e., when A > 3000 km., The crustal structure of the uppermost layer for the differ-
ent regions of the Caucasus is beir 7 studied by short-period surface waves. The comn-
parison of sxperimental and theorstical phase velocity dispersions is given in Figs.
19 -8,

In Figs. 1 and 2 the experime.csal and theoretical data of LOVE and RAYLEIGH wave
phase velocities have been compared, determined for the Dzhavakheti upland, i.e.,
within a quadrangle delimited by the seismic stations Leninakan, Stepanavan, Tbilisi,
and Bakuriani. The values of the phase velocities are similar for all earthquakes
discussed, thus the comparison for LOVE and RAYLEIGH waves is not given in the same
figure. On the basis of the interpretation of the observed dispersions the thickness
of the Earth's crust in the Dzhavakheti upland region is H = 48 km. It should be
noted that the same thickness was found for the eastern part of the Minor Caucasus.
So it may be concluded that the structures of these regions exhibit a certain simi-
larity.

The second domain studied is contoured by the seismic stations Tbilisi, Gori, and
Dusheti. According to the results of geological and geophysical investigations per-
formed in this area the crustal structure is not considerably changed. Figs. 3 and 4
give a comparison of the experimental and theoretical dispersions. On the basis of
the experimental interpretation the crustal thickness of this region is equal to
45 km.

1 Institute of Geophysics of the Acad. of Sciences of the Georgian SSR, Tbilisi (USSR),
Zoya Rykhadze 1
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Furthermore, the crustal structure inside the triangle formed by the seismic sta-
tions Oni, Abastumani, and Bakuriani has been studied (Figs. 5 and 6). This area in-
cludes mainly the northern part of the Adzharo-Trialetic fold system, the Dzirulian
crystallic massif and a part of the southern slope of the Big Caucasus. The records
gave the opportunity to calculate the phase velocities. Though, it must be noted that
probably some different structures have been crossed by the seismic waves propagating
inside this domain, The thickness of the crust for this region according to LOVE and
RAYLEIGH wave dispersion is about 49 km.

The following region for which the crustal structure has been studied is the
quadrangle between the seismic stations Oni, Saberio, Abastumani and Bakuriani. This
area includes the northern part of the Kolheti lowland, the southern part of the Big
Caucasus and the northern part of the Adzharian-Trialetian fold system. The definite
phase velocities following from different earthquakes are scattering, but the experi-
mental dispersions are arranged between the theoretical dispersion curves for
H = 45 and 50 km. The dispersion curve with the minimum deviation to experimental
data is the curve for H = 47 km (Figs. 7 and 8).
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Group Velocity Dispersion and the Black Sea Crust Structure

by

S. RIZHIKOVA 1) and I. PETKOV 2)

Summary

Twenty six Caucasian and Asian minor earthquakes recorded in Sofia with mean
period seismographs are taken into account. Using the data of the Black Sea deep
seismic sounding, a three-layer model including sediments, granite, basalt and the
halfspace is chosen. The theoretical group velocity tables of SAVARENSKIY et al.
(1965) [3] are used for comparison. The empirical dispersion curves for LOVE and
RAYLEIGH waves are plotted together with the modified theoretical ones. The satis-
factory agreement corroborates the crust structures suggested.

Zusammenfassung

Es werden 26 kaukasische und kleinasiatische Erdbeben, aufgezeichnet von mittel-
periodischen Seismographen in Sofia, berilicksichtigt. Indem die Daten der seismischen
Tiefensondierung des Schwarzen Meeres benutzt werden, wird ein Dreischichtmodell,
das eine Sediment-, Granit- und Basaltschicht und den Halbraum enthdlt, gewdhlt. Die
theoretischen Gruppengeschwindigkeitstabellen von SAVARENSKIY et al. (1965) [3] wer-
den zum Vergleich benutzt. Die empirischen Dispersionskurven filir LOVE~ und RAYLEIGH-
Wellen werden an die modifizierten theoretischen Kurven angepaft. Eine befriedigende
ﬁbereinstimmung begriindet dabei die angenommenen Krustenstrukturen.

The purpose of this article is to investigate the Earth's crust in the environs
of the Black Sea by means of the group .velocity dispersion of LOVE and RAYLEIGH waves
as recorded in Sofia. The earthquakes used here occurred east and south-east of Sofia
-~ in the Caucasus and in Asia Minor (Fig. 1). Thus, the dispersion curves obtained
pertain to the trajectories through the central part of the Black Sea, the northern
and eastern shelf zones and across Asia Minor. This situation of the foci permits
to get the group velocity of quite different trajectories with respect to the sedi-
ments, granites, and whole-crust thickness. The group velocities obtained are between
2.70 and 3.90 km/s and 2.20 and 3.40 km/s for LOVE and RAYLEIGH waves, respectively.
All velocities concern the period range from 5 to 35 s, i.e. the surface waves are
travelling in the Earth's crust. The experimental dispersion curves are compared
with the theoretical ones of SAVARENSKIY et al. [3], computed by the model given in
Table 1.

1) Geophysical Institute, Bulg. Acad. Sciences, Sofia
2) Department of Physics, University of Sofia
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Table 1
Layer Longitudinal vel. Transverse vel. Density  POISSON
[km/s) [km/s] (g/cm3) ratio
Sediments = 4,0 bo = 2.0 0y = 2.2
Granite a, = 6.0 b1 = 3.43 04 = 2.7
o = 0.25
Basalt a, = 6.8 b2 = 3.93 @y = 2.9
Halfspace ay = 8.1 b3 = 4,74 03 = 3.3

We consider this three-layer crust model as closest to the real situation because
of the earlier data from the deep seismic sounding in the Black Sea area [1, 2]. The
epicentres are grouped according to the different trajectories, and suitable theoret-
ical curves are selected for each group.
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Fig. 2 shows the LOVE wave dispersion curve obtained from earthquake No. 4, the
trajectory being through the northern part of the basin. These data are in good
agreement with the theoretical curve for a crust thickness of 30 km and a ratio be-
tween sediment and crust thickness ho/H = 0.25, i.e. an approximately 7.5 km thick
sedimental layer.

o=

Group vel. [km/s]

W
=
]

29 |

2.7 F

25 f

23

21 F

19 |

1 1 ] 1 A A

o
0] 5 10 15 20 25 30 Period [s]

Fig. 2

Fig. 3 shows LOVE and RAYLEIGH wave dispersion curves for earthquakes No. 7, 9,
20, 21, 22 - for trajectories across the central part of the Black Sea (Fig. 1).
These experimental curves agree with the theoretical ones with sediment-~to-crust
thickness ratio ho/H = 0.1. The coincidence for the trajectory Bulgaria-Sea depres-
sion corresponds to a 25 km thick crust. But if the same trajectory is longer, with
a part travelling across the Caucasus, the experimental points cover a theoretical
curve for a 35 km thick crust. It is evident that the rapid increase of the crust
thickness to the east of the Black Sea influences the dispersion.
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Fig. 4 shows the agreement between experimental and theoretical curves for earth-
quakes No. 13, 14, 16 and 23, 24, 25. The trajectories for both group epicentres are
equal, but the second one has a longer path across the continent (Fig. 1). The agree-
ment for the first group relates to a 35 to 45 km deep MOHO, but for the second one -
to 50 km. Here the great depth of the MOHO under the Caucasus changes the group ve-
locity. The theoretical curves used here are computed by the ratio 0.1 for sediment-
to-crust thickness.

In Fig. 5 the trajectories across the southern shelf zone and Asia Minor, i.e.
through a purely continental area, are given. They are related to earthquakes No. 3,
5, 8, 10, 11, 12 (Fig. 1). These data are in best agreement with the theoretical
curves for 30 - 35 km deep crust and ho/H = 0,7,

Fig. 6 offers the earthquakes No. 15, 17, 18, 19 and 26 (Fig. 1) by the same
trajectories as the above shocks, but for a larger epicentre distance - closer to
the Caucasus - the best agreement with the theoretical curve is found for a 35 km
crust but computed for another model as follows: The thickness of the sediment is
equal to zero, and the ratio between the granite and the whole crust is 0.5; this
means that the sediments tend to vanish in the direction of the Caucasus and south-
east of the Black Sea.
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The trajectories to epicentres 1, 2, 6 (Fig. 1) are crossing Central Asia Minor.
The LOVE and RAYLEIGH wave dispersion curves obtained from these earthquakes are in
coincidence with the theoretical curves computed by a model with missing sediments
and a crust thickness of 30 - 35 km (Fig. 7). This means vanishing of the sediments
south of the basin.

All these results of the differential establishment of the total thickness of the
crust in the Black Sea area are given in Fig. 8. The earthquake foci are marked on
the map with their signs as in the previous figures and with the crust and probable
sediment thicknesses found for each trajectory. The areas of trajectories with equal
thicknesses, as it has been found above, are hatched differently for better clearness.

The MOHO is 30 km deep in the northern shelf zone, but minor to 25 km across the
central basin as well as for the same trajectory enlarged across the continent; the
mean depth is 45 km. For the trajectory across the Black Sea the average thickness
of the crust is 40 - 42 km. More inland it reaches an average thickness up to 50 km.
This means that the MOHO falls down very quickly from the Black Sea towards the
Caucasus and that the great thickness of the Caucasus influences the dispersion more
than the thin crust in the middle of the basin. For the trajectories south of the
sea we obtained dispersion curves leading to an equal thickness of approximately

35 km.

All these conclusions are based on the average value of the group velocity for
average trajectories which consist of different parts with respect to the thickness
of the layers and the whole crust.

References
[1] BALAVADZE, B.K.; Basic results of geophysical investigations of the
MINDELLI, P.S. Earth crust structure of the Black Sea basin (in
Russian). Collection of Papers.
Moscow: "Nauka" 1966
[2] NEPROCHNOV, J.P. Results of the deep seismic sounding of the Black
Sea (in Russian). Collection of Reports.
Moscow: "Nauka" 1962
[3] SAVARENSKIY, E.F.; Rayleigh and Love wave dispersion curves applied to
GLASKO, V.B.; a two- and tlree-layer continental Earth crust (in
GRANIT, J.S. Russian).
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Einige Angaben iiber die O6rtlichen Unterschiede des Tiefenbaus
aus seismischen Oberflédchenwellen im Siiden der UJdSSR

von

S.A. KAPITANOVA und I.I. POPOV )

Zusammenfassung

Der Stand langperiodischer Beobachtungen im Siiden des europiischen Teils der
UdSSR und Mittel und Methoden der Beobachtung entlang von langen Wellenwegen werden
behandelt. Es wurden Phasengeschwindigkeiten langperiodischer Oberfldchenwellen bis
120 s entlang des Profils KiSinjov-—Simferopol'—Soli—Tbilisi bestimmt. Weiterhin
wurden Wellenziige von Erdbeben mit Herden in Peru, Indonesien und im Pazifik, die
sich auf demselben Groflkreis wie die Beobachtungsstation befinden, beobachtet. Die
Wellen breiteten sich in diesem Fall entlang des Profils in beiden Richtungen aus.
Die experimentellen Dispersionskurven wurden zwecks Anndherung mit den theoretischen
verglichen. Zur Bestimmung der Inhomogenitét ist die Dispersion von Gruppengeschwin-
digkeiten der Oberflidchenwellen entlang von Wellenwegen, die das Schwarze Meer kreu-
zen, mit verschiedenen Azimuten untersucht worden.

Summary

The state of long-period observations in the south of the European part of the
USSR as well as means and methods of observation along one of the long-wave paths
are dealt with. Phase velocities of long-period surface waves (up to 120s8) along the
profile Kishinyov—Simferopol'=—Sochi—Tbilisi have been determined. Wave pictures
have been observed for earthquakes with foci in Peru, Indonesia and the Pacific Ocean,
which are on the same great circle as the recording station. The waves in this case
propagated along the profile in both directions. Experimental dispersion curves have
been compared with theoretical ones for the purpose of approximation. In order to
reveal the inhomogeneity, the dispersion of the group velocities of surface waves
along paths crossing the Black Sea in different azimuths has been investigated.

Bekanntlich wird die Abhdngigkeit der Geschwindigkeit ¢ seismischer Oberfléchen-
wellen von der Periode T durch den Schichtenbau der Erdkruste und des Erdmantels
bestimmt. Die Unterschiede zwischen verschiedenen erhaltenen Dispersionskurven
¢ = c¢(T) werden durch die 6rtlichen Besonderheiten der Tiefengliederung hervorgeru-
fen. Das berechtigt dazu, an das Problem von der umgekehrten Ausgangsposition heran-
zugehen und es experimentell zu l6sen, d.h. den Tiefenbau aus der Dispersion der
Oberfléchenwellen-Geschwindigkeit zu deuten. Dabei bieten die Wellenldngen von eini-

1 Institut Physik der Erde der Akademie der Wiss., der UdSSR, Moskau G-242,
B. Gruzinskaja 10
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gen hundert km die Moglichkeit, die Unterschiede im Erdmantel zu bestimmen und, was
besonders interessant ist, zu differenzieren.

In der vorliegenden Arbeit werden Beobachtungen zu RAYLEIGH-Wellen im Periodenin-
tervall von 30 bis 100 s benutzt und deren Phasengeschwindigkeitsdispersion auf der
Trasse Soféi—Simferopol'—KiSinjov untersucht. Diese Trasse liegt auf einem Grof-
kreisbogen mit den Epizentren einer Reihe der untersuchten Fernbeben aus den Regio-
nen des Pazifik, Indonesiens, Perus und Ekuadors. Die Parameter der verwendeten Erd-
beben sind in Tab. 1 angegeben.

Tab., 1. Parameter der untersuchten Erdbeben

! : Epizentral- Magni-  Herd-
Nr. s Herdzelt Region koordinaten tude tiefe
1. 21.1.1970 17851™B398  pagzirik,  7,0°N 104,3% 6,1 23 knm
Plateau
Albatros
2. 27.7.1971 02B0omiBugS  pery— 2,7°s 77,5% 6,4 88 km
Ekuador
3. 4.5.1971  02Bo4™D338  Tpgone- 6,6%s 105,4° 6,3 69 km
sien
4, 28.5.1972 01P55M10588  Tndone- 9,9°S 116,8°W 6,4 40 km
sien
5. 24.9.1972 20P%09™2368  Indone- 6,0° 131,4% 6,6
sien
6. 16.3.1973 00%51™%458  Tndone- 2,3°N 126,4°% 6,6
slen

Obwohl die Beobachtungen einer seismischen Station auf der Krim (Simferopol') fiir
die Untersuchungen seismischer Oberfldchenwellen schon seit langem ausgenutzt wer-
den [1, 3, 6, 7, 8, 10], hat man erst in der letzten Zeit begonnen, die Registrie-
rungen einiger mit langperiodischen Seismographen vom Typ SD-1 [4] ausgeriisteter
seismischer Stationen zu benutzen. Diese Apparatur ist u.a. an den Stationen Simfe-
ropol', Soci, Tbilisi, Kid8injov, die auf einem Grofkreis liegen, vorhanden. Diese
Stationen gehdren einem vereinbarten europdischen Profil im Beobachtungssystem der
langperiodischen seismischen Wellen an. Ihre Anordnung und der Grofkreis sind in
Abb. 1 dargestellt.

Betrachten wir nun die ersten Ergebnisse der gemeinsamen Interpretation von korre-
lierbaren Oberfldchenwellenziigen, die an drei der genannten Stationen registriert
worden sind. Als Ausgangsdaten dienen die Seismogramme der Vertikalseismographen
SD-1 (Simferopol', KiZinjov) und SKD (Soéi), deren Frequenzcharakteristik in Abb., 2
dargestellt ist. Seismogrammausschnitte sind in Abb. 3 und 4 wiedergegeben.
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layered horizontal system for plane harmonic waves was used [3, 5, 6, 8, 13]. The
matrix method is convenient for computer programming; it allows to determine the
vertical and horizontal amplitudes of oscillations at the surface of the layered
crust if the incident wave at the bottom of the crust is known. In this case the
vertical and horizontal components at the surface of the layered crust depend on the
medium parameters: velocities of longitudinal and shear waves in each layer, 2,4,

85y seey 8pqi b1, b2, 5a9n bn+1‘ densities 04y Opy eeey Q4 layer thicknesses

h,, h h angle of wave emergence from the half-space (Earth's mantle)

2 *°°' "n? €n+1
and oscillation frequencies.

When a monochromatic longitudinal wave with frequency w, vertical and horizontal
components Wn+1(w) and Un+1(w) respectiveély (index n + 1 corresponds to the
half-space) approaches the crust bottom, then the oscillations Wo(w) and Uo(w)
at the surface of the layered crust may be written as

- - o - Wn+1(w)
Wo) = W@, b, T By epyqi @) gime—
(&) o
= a > " n+1 '\
U (w) = U(a, B, o, By ey 43 w) o5 5,07

Here a, D, ¢ and h denote the set of these values for all n layers and the half-
space.

In the formulae (6) as well as in (2) W and U are operators of transformation,
which now take into account the i ifluence of all reflected and refracted P and SV
waves. In (4) the expressions &5(%) should be written for the monochromatic wave as
s(t) = s(w) e2“%  and then

?7) wo(w) = W(E’ B’ 5’ E, 841 w) S(w) , Uo(w) = U(Z’ b, 5’ E' en+1’ w) S(w) .

It is seen that the apparent angle of emergence, except for en+q? will depend on the
structure of the layered crust and the frequency:

(8) tan 5(w) Wo(w) W(a, B, 0, B, ey 4 w)
an €(w) = gy = - ;
o o u(a, b, o, h, en+v|i w)

The scattering of the observed values of the apparent angles of emergence can be
explained by their dependence on frequency w. It follows from (8) that the apparent
angle of emergence is determined by the operators W and U, the frequency responses
of the layered medium. Taking this into account, the authors investigated the Earth's
crustal structure under the seismic station [7, 12].

In the expression (?) S(w) may be considered as a complex spectral density of
the oscillation on the initial impulse. On the lefthand side of (7) one may then
consider wo(w) and Uo(w) to be the complex spectral densities of the oscillation
components at the surface of the layered crust. We shall obtain the expression for
the oscillations as functions of time using the FOURIER transform:

Q= - iwt
w(t) = .r w(a, b, o, h, €n+1’ w) S(w) e dw ,
- 00
€))
Q- = L iwt
u(t) = [ u(g, b, @, h, epyqi W) S(w) e dw .
- 00
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One finally gets the formulae for the oscillations recorded by seismographs. Por this
purpose, the complex frequency of the vertical and horizontal seismographs are de-
noted by Vz(w) and VH(w) respectively and the seismogram records by Yz(t) and
YH(t):

JYz(t)
(10)

LYH(t)

The computations according to formulae (10) were made by G.L. KQSAREV with the
help of a BESM-6 computer. The initial data are the values s(t), a, b, ¢, h, LI
and the seismograph parameters. First of all the question arose as to the choice
of the true s(t) form of the oscillations in the initial impulse propagating from
the focus. Some data of SAVARENSKIY[10] give evidence that the source function is
close to a suddenly starting and then damping sinusoid. These impulses were used in
the further computations. The power of this damping was equal to 100 for a period
in accordance with [10].

(e o} .
V@) W@, B, 7, By egyqi @) 5W) e au ,

iwt aw .

_:Jz VH(w) U(E) 5’ 0, Ho €n+1' w) S(w) e

Fig. 1 a,b,c show the computed seismograms at the surface of a one-layered crust,
taking into account the influence of the long-period seismograph (‘1‘s = 30 s,
Tg = 100 s, Ds =1, Dg = 0.5), when the periods of the initial sinusoids are equal
to 8, 20 and 40 s respectively. The velocities of longitudinal waves in the model
and the crustal thickness are given on top of Fig. 1. The velocities of shear waves
are taken in accordance with the POISSON hypothesis, bk = ap ~/3. The densities are
proportional to the velocities that may correspond to the BIRCH hypothesis [2] about
the linear relation between these values. The solid and dashed lines show respective-
ly the vertical and horizontal components of the record. The crustal structure is the
same as in the previous case. On the seismograms, especially in Fig. 1 a, the arriv-
als of various secondary waves are observed. For example, the group of 2PS and P2S
waves produces an appreciable oscillation. At the period T = 40 s the arrival time
of the first peak on the vertical component of the record is observed earlier than
that on the horizontal part. This is caused by the influence of the first converted
S wave and was noted by SAVARENSKIY in 1952 [9].

Fig. 2 gives a comparison of the theoretical seismograms computed for the assumed
three-layered model of the crust under Obninsk seismic station with the observed
records of the longitudinal waves from an earthquake. The parameters of the recording
seismographs were used in the computation. The period of the initial damping si-
nusoid was chosen by the best fitting of the computed and observed seismograms and
was equal to 12 s. It is seen that there is a good agreement of the theoretical and
observed seismograms., The trifling discrepancy at the end of the curves may be due
to some details of the structure of the Earth's crust and upper mantle not taken into
account,

All p}evious computations were made on the assumption that the Earth's mantle is
a homogeneous half-space. An attempt has been made to estimate the influence of wave
velocity variations in the mantle down to a depth of 1000 km. The velocity distribu-
tion for shear waves typical for a continental platform [1] was taken as the basis
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Fir das Profil Simferopol'—Soéi sind Wellen untersucht worden, die sich in ent-
gegengesetzter Richtung ausbreiten; so von Nordwest kommend bei den Erdbeben 1 und 3
und von Slidost bei den Erdbeben 5 und 6. Im Falle des Profils Simferopol'-——KiSinjov
konnten nur aus siidéstlicher Richtung kommende Wellen (Erdbeben_Z, 4 und 6) benutzt
werden.

Die Phasengeschwindigkeiten von RAYLEIGH-Wellen wurden sowohl visuell nach der
Phasenkorrelationsmethode als auch nach der Parabelinterpolationsmethode mit der
EDVA "Minsk-32" [9] bestimmt. Letztere Methode benutzt zur Berechnung der Phasen-
spektren die FOURIER-Transformation unter Beriicksichtigung der Phasenverschiebung
der Apparatur. Um die Streuung der experimentell bestimmten Geschwindigkeitswerte zu
mindern, wurde die Methode des gleitenden Mittels liber 5 Werte fir die Glattung der
Dispersionskurven verwendet. Das Vertrauensintervall fiir die Geschwindigkeiten be-
trug bei einem Zuverldssigkeitsniveau von 0,9 0,08 km/s.

In Abb. 5 sind die Untersuchungsergebnisse hinsichtlich der Phasengeschwindig-
keitsdispersion von RAYLEIGH-Wellen fiir das Profil Simferopol'=—KiSinjov und in Abb.6
die im Profilabschnitt Simferopol'—Soéi angegeben. Offene Kreise der experimenteller
Dispersionskurve entsprechen der visuellen Phasenkorrelation, wdhrend schwarze EDV-
Daten darstellen.
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Abb. 5. Phasengeschwindigkeitsdispersion von RAYLEIGH-Wellen im Ab-
schnitt Simferopol'—KiSinjov
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Abb, 6., Phasengeschwindigkeitsdispersion der RAYLEIGH-Wellen im Ab-
schnitt Simferopol'—Sodi

Die Unterschiede der Geschwindigkeitsdispersion auf zwei ziemlich langen, sich
aneinander anschliefenden Abschnitten des Wellenweges weisen auf Differenzen der
Profile Sodi-—=Simferopol' (470 km) und Simferopol'—KiSinjov (460 km) hin.

Die experimentellen Daten fiir die gefundene Dispersion der Phasengeschwindigkei-
ten von RAYLEIGH-Wellen werden in erster Ndherung durch folgende theoretische EKurven
erklért:

a) Fir das Profil Simferopol'—KiSinjov gilt mit einer Durchschnittsdicke der Erd-
kruste von 40 km und einer Tiefe der Asthenosphédre von mehr als 100 km das Tiefen-
modell fiir Erdkruste und Mantel, wie es in [2] gegeben wurde.

b) Fiir das Profil Simferopol'=—Sodi kann das Modell der Alpenregion 10 SPLA-N50 mit
einer Durchschnittsdicke der Erdkruste von 50 km und einer Tiefe der Asthenospha-
re von 80 km angenommen werden. Die theoretischen Ndherungskurven sind in Abb., 5
und 6 mit fetten Linien dargestellt.

Eine weitere Sammlung von Beobachtungsergebnissen auf allen Stationen des Profils,
insbesondere im Bereich langer Wellen, bietet Gelegenheit, die Approximation zu ver-
bessern und genauere Daten fiir den Tiefenbau und fiir eine Bestimmung von elastischen
und dissipativen Eigenschaften sowie von lokalen Besonderheiten im Aufbau von Erd-
kruste und Mantel zu erhalten.
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Dispersion of Seismic Surface Waves in Middle and Northern Europe

by

H. NEUNHOFER and D. GUTH 17

Summary

The phase velocity dispersion of relatively short period RAYLEIGH waves for two
regions in Central Europe and for two profiles across the Baltic Sea is investigated.
The resulting models for the shear wave velocity in the Earth's crust and upper man-
tle are given. A model which follows from adequate investigations in Finland made by
NOPONEN is also considered.

Zusammenf assung

Fir zwel Gebiete in Mitteleuropa und zwei Profile liber die Ostsee hinweg wird die
Phasengeschwindigkeitsdispersion von relativ kurzperiodischen RAYLEIGH-Wellen unter-
sucht. Hieraus abgeleitete Modelle fiir die Scherwellengeschwindigkeit in der Erdkru-
ste und im oberen Mantel werden vorgelegt. Im Zusammenhang hiermit werden entspre-
chende Untersuchungen von NOPONEN in Finnland betrachtet.

Studies of seismic surface waves for parts of Middle and Northeast Europe have
been made in the past already by some authors(e.g. TRYGGVASON (1961) [4]; NOPONEN
(1966) [2]; NEUNHOFER and GUTH [1]). Basing on these investigations, models of the
Earth's crust and mantle have been developed. These results are the basis of the
present paper. Together with supplements, the resulting crust and mantle models are
to be related to the macrotectonic units which characterize this region and discover
distinctly their different depth structures.

A general review of the geotectonic structure of this area is shown in Fig. 1,
which is founded on a compilation by THIERBACH (1971) [3]. Essentially, two geo-
tectonic lines or regions are prevailing: firstly, the so-called Mitteldeutscher
Hauptabbruch, which is the northern margin of the region, folded during Variscan
orogeny, and secondly TORNQUISTsche Linie, which, as the southern margin of the East
European platform, divides the geologically very old region from a much younger one.
Between both margins a zone exists which is cratonized during Prevariscan orogeny.

We want to give up a more detailed geotectonic subdivision, since it is not

essential for the presented observations. The latter are obtained from a station net
furnished with mean period seismographs, which has been established especially for

1) Central Earth Physics Institute of the Acad. of Sciences of the GDR, part Jena,
69 Jena (GDR), Burgweg 11
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investigations of seismic surface waves in the GDR (stations 1 to 8 in Fig. 1).
Purther, the results of NOPONEN (1966) [2] are valid between the stations Nurmijérvi,
Oulu and Kevo (stations 11 to 13). The observation gap between the GDR and Finland
across the Baltic Sea region has been filled up by investigating ray paths between
Copenhagen (9) in the west and Nurmijdrvi and Pulkovo (10) in the east, respectively.

All dispersion curves of the phase velocities of the fundamental RAYLEIGH mode
are summarized in Fig, 2. First of all there are the results for the south of the
GDR (triangles), valid for the area folded during Variscan orogeny; they can be
explained by the model J 027. Secondly, results are presented for the northern part
of the GDR, marked by crosses; they are representative for the intermediate region
which is cratonized during Prevariscan orogeny and can be explained by the model
J 028, Further, the observed dispersion curves are shown as points for Finland and
as squares for the Baltic Sea; they differ somewhat from each other. Their velocity-
depth-functions are modifications of the well-known CANSD model for the Canadian
Shield.

¢ L km/sec) o O "“_'__.._‘_.‘__ .«
4.0 7
3.5 1
3.0 -1
+ North of the GDR  —~=—- 7028 * Finland ( Noponen) ——:J035
& South of the GDR  =—--= J027 @ Baltic Sea —— J038
T T T T T
10 20 30 40 50 T Csecl

Fig. 2. Observed phase velocities of different areas and theo-
retical dispersion curves

Pig, 3 gives a comparison of the four models, explaining the observed curves. In
direction from southwest to northeast there are shown from left to right at first
the model for the southern part of the GDR, which is characterized by depths of the
MOHO discontinuity of 30 km and of the CONRAD discontinuity of 20 km and by two low-
velocity zones for shear waves in the Earth's crust, one of them being situated only
a little above the MOHO and the other in a depth of about 8 km. In the next model,
which is valid for the northern part of the GDR, the depths of the MOHO and CONRAD
discontinuities are the same, but only one low-velocity zone exists, namely in the
upper Earth's crust. The third model, for the Baltic Sea, and the fourth, for
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Pig. 3. Comparison of the models found for the
investigated regions

Finland, differ from the GDR models by a deeper MOHO and a higher CONRAD disconti-
nuity. Evidences on low-velocity channels for the shear wave velocities in the Earth's
crust still cannot be derived from the present material.

These facts are summarized clearly in the lower part of PFig., 4. It corresponds to
a vertical profile along a line which is broken at the points I and II. Additionally,
in the upper part there is drawn the shear wave velocity immediately beneath the
MOHO, which shows considerable variations.
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Crustal thickness in Fennoscandia from phase veloc-

ities of Rayleigh waves.
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ber die Anwendung der Matrizenmethode fiir die Erforschung
und Berechnung von Oberflédchenwellen und gedédmpften Wellen

von

L.A. MOLOTKOV )

Zusammenfassung

Die Matrizenmethode, die in Arbeiten von THOMSON (1950) [11], MOLOTKOV (1961) [4],
DUNKIN (1965) [1] und THROWER (1965) [12] vorgeschlagen wurde, wird fir vertikale he-
terogene elastische Medien verallgemeinert. Pir die Ableitung der Dispersionsglei-
chungen sind die Matrizen 5. Ordnung am bequemsten. Die erhaltenen Dispersionsglei-
chungen gestatten es, die Interferenzwellen bei hohen und niedrigen Frequenzen zu
untersuchen und sie auch im Falle hoher Frequenzen zu berechnen.

Peswme

MaTpuuneit meTon, mpelnoxeHHmit TOMCOHom (1950) [11] , MOJOTKOBum (1961) [4] ,
JIVHKVHom (1965) [1] u TPAY9Pom (1965) [4], oGoduaeTcA Ha BepTMKAILHO HEOITHODPOIHHE
yupyrue cpeld. 1A BHBOZA IMCIEDPCHOHHHX ypaBHeHMiI HauCoJiee yIOOHEMA SABIADTCA Ma-
TpMIH 5-ro nopsixa. [losydeHHHE IMCIEPCHOHHHE YpaBHEHUA IOBBOJIAKT MCCJIEIOBAThH MH—
rTepPepeHMOHHHe BOJIHH IIpM MaJIHX ¥ GOJIBIMX YacTOTaX, a Takke pPacCUMTHBATEH MX B
cJyyae COJIBIMX 4acToOT.

Bei der Untersuchung der Ausbreitung von Wellen in geschichteten Medien kann man
sich das Verschiebungsfeld als Summe von Interferenzwellen denken. Jede dieser Wellen
ist das Ergebnis der Interferenz einer grofien Anzahl vielfach reflektierter und an
Schichtgrenzen gebrochener Wellen. Die Interferenzwellen gliedern sich in gedémpfte
und ungedémpfte Wellen.

Die ungeddmpften Wellen werden in der Seismik und Seismologie RAYLEIGH- und IOVE-
Wellen genannt. Es sind Oberflédchenwellen, die sich entlang den Schichten mit gerin-
gerer Geschwindigkeit ausbreiten. RAYLEIGH- und LOVE-Wellen entstehen, wenn unter
grofien Winkeln reflektierte Wellen interferieren. Bei solchen Reflexionen entstehen
keine gebrochenen Wellen, woraus folgt, daB sich die Energie aus den Schichten nicht
in das sie umgebende Medium zerstreut.

Dagegen sind die geddmpften Wellen das Resultat der iberlagerung der Wellen, die
sich aus den Schichten mit gréferer Geschwindigkeit oder unter kleineren Winkeln aus-
breiten. Bei einer solchen Ausbreitung entstehen auch gebrochene Anteile. Die Folge

1 Mathematisches Institut der Akademie der Wiss. der UdSSR, Leningrad
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davon ist, daf sich die Interferenzwellen nach dem Exponentengesetz abschwdchen. Im
Unterschied zu den RAYLEIGH- und LOVE-Wellen sind die geddmpften Wellen Raumwellen.

Fir die Untersuchung der beiden Typen von Interferenzwellen miissen Dispersions-
gleichungen abgeleitet und gelost werden. Die Dispersionsgleichung 1&dBt sich wie
folgt darstellen:

(1) A(k’ ﬂ) = 0.

Dabei bedeuten k = 2 m/A die Wellenzahl, A die Wellenldnge, |Im 7| die Phasen-
geschwindigkeit und |Re 7| den Koeffizienten der Démpfung.

Die Ableitung der Dispersionsgleichung - das System (Abb. 1) besteht aus n homo-
genen elastischen Schichtemn 1, 2, ..., n und homogenen, elastischen Halbrdumen O
und n + 1 = wird mit der Matrizenmethode durchgefiihrt, die schon von THOMSON (1950)
(11], MOLOTKOV (1961) [4], DUNKIN (1965) [1], THROWER (1965) [12] und WATSON (1972)
[13] vorgeschlagen wurde. Danach wird die elastische Schicht i durch die Matrix Ci

(i=1, 2, «cey n) und die Halbrdume O sowie
n+1-A und A1, beschrieben. Multipliziert
man die Matrizen in einer bestimmten Reihenfolge,

0] so erhdlt man eine neue:
- 1
; (2) » = An+1 Cn Cn_1 e C1 Ao .
=== Die linke Seite A(k, n) der Dispersionsgleichung
I (1) wird durch die Elemente von D ausgedriickt.
Unter den verschiedenen Matrizenmethoden ist das
n 2 Verfahren, das in [5] vorgeschlagen wurde, das be-
n+1 quemste. Dabei benutzt man 5 x 5 Matrizen und die
Gleichung
Abb. 1 (3) a(k, n) = dq1 ’

in der dqq ein Element der Matrix D ist.

Die in der Gleichung (3) benutzten Matrizen AO, ;11 und C; werden durch folgen-

de Formeln bestimmt:

-u2 R, _#2 R, -2 T, -u2 T, &4 u2 g
ex, e, et, et, -2
4) A, = |l o« 2, -0« na, o« nz, -0 a 72, 0 ’
-0 B 7%, 0 8 n°, e B nz, -0 B 7°, 0
2ug, -2ueg, -2uet, -2ug, 2pf"
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(5) A~

(6)

e, 2R, o B 1%,
e, -u“R, -0 B 02’
T4 0°a gt = -et, Wl T, e B 1%,
-et, ﬂ2 T, -0 B8 ﬂz’
-4« B, 8 n2 @ B 8, o,
€11 %2 %3 % %15
cpq %22 23 %24 C25
= ;z‘;lg‘;E °3  ®32 ©°33 3 C35f ¢
°41 w2 %43  Cuy %45
°51 %2 ©®53 %4 Css
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0 an’, g
ean?, -ug
oan®, ug .
< an?, uwg'
0, 2paptt

u2 [(6° +4a® 67 5, 85-a B(&® +4) CuCp+ haBgl,

u* [(g* + 16 o® 6%) 5, 85 - 8« B 82(C, Cg - D],

_#aeﬁna[g2sasﬁ—4aBSBca],

2 2 .2
k" e «n” [8° 85 C,

-4 a B8, Cl,

w3 (&3 + 8 a® 82) Sy Sg-2aBeg £*(c, cg - D],

(1+a® B%) 5, 85+

0 B 12 (s, Cg - a B

2
-0 « 1° [8, C,

u (8% + 2% 6 Sy Sg-ah £*(c, cg - ],

2

“Cqy » C33 = @

o unan(g Sg Cy -

5 _
-Q ﬁ2 n4 Sa Sﬁ ’
ouBnles, Cg -

2

2 025 y 052 =

w® [2 (&° + 4 o2 B2) Sy 85 - 8 @
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In ihnen sind der Einfachheit halber die Indizes der Medien weggelassen,und es ist fol-
gendes vereinbart worden:

‘R = g°-4af, T = g+4aB, o = 1-aB, e = 1+ap,
& = g-2aB, g = g+2ap, g = 2+b 29, " = g+2,
@ — i
@ = \//1 + a2 n2 y, B = 4/ 1+ b2 n2 y S, = sibhkhea,
Ga = coshkhea, SB = s8inh k h 8, GB = cosh kh B .

Die Parameter hi, Q4 ai, By 84 und bi bestimmen die Mdchtigkeit und Dichte, die
LAMB-Koeffizienten und Ausbreitungsgeschwindigkeiten von longitudinalen und trans-
versalen Wellen in der i-ten Schicht.

Um die Dispersionsgleichung fiir eine heterogene Schicht entlang der Koordinate 2z
zu finden, muf man die Matrizenmethode fiir heterogene Medien verallgemeinern. Zuerst
betrachtet man das Matrizenprodukt

(8 C = 6y Cphq .. G
das ein System der n elastischen Schichten charakterisiert. In diesem Produkt wird

der Grenziibergang n - oo und hi -+ 0 durchgefiibrt. Zu diesem Zweck schreiben wir
fir Cy der Schicht i 2zwei leicht liberpriifbare Gleichungen

(9) 4 Cy/dkh; = u; C; ,
h.=0
i
E ist eine Einheitsmatrix, und ny wird durch die Gleichung
o, o, - 1%, d+en, O
o, o, -4, c, 0
A = 2 e
1) n = -c, =a-¢ 1%, 0, 0, -b
2
4, en, o, o, =1
o, o, 2, 2 b, 0

dargestellt, in der die Bezeichnungen

- _ 4 u(A + u) == A - _1 _ 1
(12>a-—x‘ﬁLz—uﬁ» b = 333 ¢ T xvEnc ¢ 7y
verwendet werden und i der Kiirze wegen weggelassen ist., Nach Integration der Ma-
trixdifferentialgleichung (9) mit den Anfangsbedingungen (10) erhdlt man die Formel

kh.u,

(13) ¢ = e ~ 7 .
Setzt man (13) in (8) ein, entwickelt exp(k hy ni) in eine Reihe und fapBt die Glie-
der mit gleichen Potenzen von k 2zusammen, so erhdlt man die Matrixreihe der Poten-
zen von k., Die Koeffizienten in dieser Reihe sind Vielfache der Summen,die in der

Matrix enthalten sind. Bei n - oo und hi -+ 0 gehen die Summen in bestimmte Inte-
grale iiber. Dabei wird die heterogene elastische Schicht durch die Matrix
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h h 29
() C = E+ k[ x(2) dz + K% [ x(zy) dzq [ w(zp) dz, + ...
(o] (o] (o]

charakterisiert. Die in (14) eingehende Matrix x wird durch die Formel (11) be-
stimmt, in der die LAME-Parameter A, 0 und die Dichte ¢ von der Koordinate 2
willkiirlich abhéngen. Zieht man in Betracht, daf die Parameter A(z), p(z) und @(2z)
in realen Medien nach oben und unten beschrdnkt sind, so 148t sich die regulédre Kon-
vergenz der Reihe (14) bei allen endlichen Wellenzahlen k und Frequenzen w =

= k |Im 9| Dbeweisen.

Auf diese Weise kann man die Dispersionsgleichung einer elastischen Schicht, die
von homogenen, elastischen Halbrdumen O und 2 umgeben ist, durch die Gleichungen (1)
und (3) bestimmen, in denen d11 ein Element der Matrix

- a—1
(15) D = A2 C A,
ist. Eine eingehende Diskussion der Dispersionsgleichungen fiir geschichtete heteroge-
ne Medien hat der Verfasser in [8] gegeben. In dieser Abhandlung werden die Dis-
persionsgleichungen entweder anhand des angegebenen Grenziibergangs oder durch An-
wendung der LAMﬁ—Gleichungen und des HOOKEschen Gesetzes fir ein heterogenes Medium
erhalten,

Eine andere Verallgemeinerung der Ableitung der Dispersionsgleichungen mit der
Matrixmethode wurde filir Medien mit zylindrischen und sphdrischen Grenzen und einer
radialen Schichtung gegeben. Es w rden untersucht: 1. Wellen, die sich entlang der

Achse einer zylindrischen OberflZ:he ausbreiten (Abb. 2), 2. azimutale zylindrische
Wellen (Abb. 3) und 3. meridionale Wellen in sphdrischen Schichten (Abb, 4),

5/—
>

Abb. 2 Abb. 3 Abb. 4

N

A

AAA

\

In allen drei Fdllen hédngt das Verschiebungsfeld von einer Koordinate nicht ab und
enthédlt keine Komponenten entlang dieser Koordinate.

Mit Hilfe der LAME-Gleichungen und des HOOKEschen Gesetzes wurden in (7] Matrix-

ausdriicke bestimmt, die heterogene zylindrische Schichten beschreiben. Diese Aus-
driicke werden in den drei betrachteten Fdllen durch

R R T
. 1, 1. 1.
(8) ¢ = B+ D) ar + 2 [ 1« z) ar, f wBr,) ar, + ...
RO RO Ro
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dargestellt, _in denen Ro und R,] der innere bzw. dufere Radius der Schicht sind. Die

Matrizen n(l) werden durch folgende Formeln beschrieben:
bk'rz, 0, ~(e n° + ;;9;2). e % +3a, - 0=
o, - -d, c, 0
an M= e, en? e, =D 0, T |
3 -1
a, en+ z o, e -
r
28 ‘
0, £ g 2, 2, 0
£ kK r k= 1 k= r
0, e -4, ey 0
(2) 2 n°3 b -2 n%
(18) n = || =c, -(e n° + l?_rz)’ - 0, ol =3
a b n
d, en + = 0, ko “ExD
r
0 2n3s 2n 2nb o
; g T D
19) #3) =
2b-5 2, 2¢ 2 ,Na-2pu £
= 0 -(en°+—==%), e + - —g@
r ’ kK r rc K r
0, "_i;_%_b, -4, c, 0
N a -
=C, -(e 772 + -_la(?_%m&), = i%%li 0, = Qﬁrﬁ ’
r
2, 2¢ 2 b
4, en” + 3 7 0, kT’ - ﬁmr
N 2 2 b DgE
0, '2_1{%' é ) kr° “Ekr 0
r

Darin sind £, g und N durch

_ 2 A+ 2 u) - 2Au_ -
(20)f-—&§3+—-gﬂ_—ﬁ, S—m&#, N = n(an+ 1)

bestimmt, und n ist die Winkelwellenzahl. Die Reihen (16) bis (19), die die Ma-
trizen C(l) ausdriicken, konvergieren gleichmédfig, wenn Wellenzahl k, Schichtmdch-
tigkeit und Radien beidseitig beschrédnkt sind. Eine schnelle Konvergenz der Reihe
(16) erfolgt fiir '

(21) k(Ry -Ry)) <« 1, kR, > 1.
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Die Matrizen (17) bis (19) gehen in (11) iiber, die der Schicht mit ebenen Grenzen
entspricht, wenn man n durch k r ersetzt und r -» o0 wird.

Die Formeln (16) bis (19) erlauben es, die Dispersionsgleichung fiir den Fall
heterogener zylindrischer und sphédrischer Schichten mit freien Grenzen abzuleiten.
Sind diese Schichten von homogenen Medien umgeben, so muf man fiir die Ableitung der
Dispersionsgleichungen die Matrizen A 1) finden, die diese Medien charakterisieren.
Die Formeln dieser Matrizen sind in [?7] angegeben.

Die dritte Verallgemeinerung der Matrizenmethode betrifft fliissige und elasti-
sche Schichten. Die Dispersionsgleichung dafiir (Abb. 1) ist auch durch die Formeln
(1) bis (3) dargestellt. Die Matrizen Cy» A, und A;lﬂ’ die die i-te Schicht und die
Halbrédume O und n + 1 charakterisieren, werden durch folgende Gleichungen ausge-
driickts

@y % n2 cosh k hi @ a? sinh k hi @y
1

(22) 0, = — .
@; ¥ M |12 4 2
1 ey M sinh k hi @ @y * M cosh k hi @y
o+ % -1 1 @ny1 M 0 Fnyq
(23) A = 21l = 2 .
° 4% na v € M = “ @nyq Fnyn 7 “Cn41 M v %pyq

Die vertikale heterogene Schic't wird durch die regelmépfig konvergierende Reihe
(14) bestimmt, in die die Matrix

0, «2(2)

() w(z) = ——m
e(z) n° || 5 4

e“(z) 0" , 0

eingeht. Die Dispersionsgleichung fiir eine heterogene fliissige Schicht, die von

fliissigen homogenen Halbrdumen umgeben ist, wird durch die Formeln (1), (3), (5),

(23) und (24) bestimmt.

Die Matrizenmethode gestattet es, elastisch-fliissige geschichtete Systeme zu be-
trachten., Die Grenzen zwischen elastischen und fliissigen Medien werden durch die
Matrizen d

0, 0

(25) kSL E ;: g ' kIJS = "09 0’ -1, 0’ 0
by 1 1, o, 0, 0, 0
o, O

‘beschrieben. Diese Matrizen miissen an die betreffende Stelle im Produkt (2) gesetzt
werden. Die Dispersionsgleichung ist nach wie vor durch die Formeln (1) und (3) be-
stimmt.

Mit der Matrizenmethode 1dBt sich auch der Fall betrachten, daf zwischen elasti-
schen Medien ein gleitender EKontakt besteht. (Bei diesem sind Normalverschiebung
und -spannung kontinuierlich, aber die Tangentialspanﬁung ist gleich 0.) Dieser Kon-
takt wird nach (6) durch

DOI: https://doi.org/10.2312/zipe.1975.031.02



412

o, o, 0, 0, O

o, o, -1, 0, O

(26) ¥ = |o, o, o0, O, O
i, 0o, ©O0, 0O, ©

?
o,b 0,0 0, 0, O

beschrieben. Die Matrix (26) wird in das Produkt der Matrizen (2) eingeschlossen,

und fiir die Dispersionsgleichung gilt dieselbe Regel.

Auf diese Weise lassen sich anhand der verallgemeinerten Matrizenmethode die
Dispersionsgleichungen in allen angefiihrten Fdllen aufstellen. Fir ihre Ableitung
und Untersuchung koénnte man die Matrizen 4. und 6. Ordnung benutzen; am bequemsten
sind jedoch die Gleichungen mit Matrizen 5. Ordnung, wdhrend die Verwendung von
Matrizen 6. Ordnung irrational ist., Was diejenigen 4. Ordnung betrifft, so eignen
sie sich nicht fiir die Beschreibung der Grenzen zwischen elastischen und fliissigen
Medien und dem gleitenden Kontakt. Die Matrizen 5. Ordnung sind vorzuziehen, denn
man kann mit ihrer Hilfe die linke Seite der Dispersionsgleichung als Reihe der Po-
tenzen von k darstellen.,

Es ist moglich, die imagindren und komplexen Wurzeln der erhaltenen Dispersions-
gleichungen zu errechnen. Dabei konnen dieselben Methoden, wie sie von MOLOTKOV und
SMIRNOVA [10] angegeben wurden, benutzt werden. Das ist gegenwidrtig die einzige
Methode fiir die Berechnung der komplexen Wurzeln fiir heterogene elastische Medien.
Diese Berechnung ergibt die Phasengeschwindigkeit und den Dadmpfungskoeffizienten als
Funktionen der Frequenz oder des Verhdltnisses von Michtigkeit und Wellenldnge, h/A.

Aus den Dispersionsgleichungen lassen sich bei kleiner Wellenzahl auch ohne Re-
chenmaschinen die Phasengéschwindigkeit und der Dadmpfungskoeffizient bestimmen. Sol-
che Untersuchungen wurden z.B. fiir heterogene elastische Schichten mit freier Grenze
durchgefiihrt. In einer solchen Schicht breiten sich bei niedriger Frequenz die Bie-
gungswelle und die longitudinale Plastwelle aus.

Fir diese Wellen wurden in [8] die Phasengeschwindigkeiten bestimmt., In der ela-
stischen Schicht breiten sich unendlich viele Interferenzwellen aus. Fir jede dieser
Wellen gibt es eine Grenzfrequenz, d.h. eine kritische Frequenz, oberhalb deren sich
die Interferenzwelle erst fortpflanzen kann. Auf Grund der Dispersionsgleichung wur-
den in [8)] zwei Gleichungen fiir Grenzfrequenzen erhalten:

" h o h 29 )
{ e(z) dz - w { o(zq) dz, g c(z,) dz, { Q(z3) dz3 +

J‘ ( ) J‘q ( 2) J‘ ( ) .r q) i .f ( ) =
+ d d d d d cee = 0,
w e(z, z, c(z z, J e 24 23 c(z z e(zg zs
(27)<
d d d
o(z) dz - w e(z, z, d(z,) dz, J e 24 24 +
1 Z,] 22 ZI3 Z
+ w dz d(z ) dz (z ) d 3 d(z dz Q(z ) dz. - .- — 0.
.r Q(Zz]) 1 J‘ ( 2 2 .f e 3 Z J‘ ( ll) 4 .f 5 5

.
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Die Teilung der Grenzfrequenz in zwei Gruppen ergibt sich daraus, daf die Longitudi-
nal- und Transversalwellen unabhingig voneinander unter kleinen Winkeln reflektiert
werden.

Die Gleichungen (27) sind lediglich fiir die Berechnung kleiner Grenzfrequenzen
bequem zu handhaben. Fiir grofe Grenzfrequenzen ist es ratsam, andere, addquate Glei-
chungen zu benutzen:

(oinlo § G251 + 3 § 2505 s, sinfucf - 1 e
o a(z
h oi(z,) dz, 21 olA(z,) dz h 21 %2 dz
1 2 9plzq) 424 piEp) Gos .. 34 ...
il - op(2,) % op(2,) sin[w(iq {2 £ ) aZz35J 0,
(28) 1
h h o' (z,) h 21 dz
. d 1 s*1 § 2
e 1481 031 352 om st - > s
1 ? aé(zq) dz, ;1 cé(za) dz, [ (? ;1 ;2) dz ] o
sinf[w(J - J + ET_ZT + o.0 = .
~ iR o 03(217 o 03(22) zg 2, O z3
Dabei ist

(29) oP(z) = o(2z) a(z) , os(z) = @(z) b(z) .

Eine eingehende Analyse von (27) und (28) wird in [8] gegeben. Daraus folgt, dap
bei ausreichend grofen w auf den linken Seiten der Gleichungen (28) nur die ersten
Glieder erhalten bleiben miissen. Die daraus folgenden Bedingungen liefern die ange-
ndherten Formeln filir die Grenzfrequenzen

(30) -1 b4y 7 = b4z 71 _
wy = n({ 31;7) y owy = 1 n(f BTET) L =1,2, ...) .

Analoge Formeln erhdlt man fir ein aus einer heterogenen elastischen Schicht und
homogenen Halbrdumen bestehendes System. Diese Grenzfrequenzen charakterisieren die
Ausbreitung von "Orgelpfeifenwellen" (organ pipe modes).

Auf Grund der Dispersionsgleichungen fiir heterogene elastische Medien wurde so-
mit untersucht: 1. die heterogene elastische Schicht auf einem homogenen Halbraum
[6]; 2. eine heterogene 2zylindrische elastische Schicht, die sich in starrem oder
nichtstarrem Kontakt mit dem homogenen elastischen Medium befindet [?7]. Diese Syste-
me mit homogenen Schichten sind schon friher in Arbeiten von KRAUKLIS und MOLOTKOV
[2, 3] untersucht worden. Als Ergebnis wurden eine niederfrequente Kopfwelle von
einer dlinnen elastischen Schicht und Storungswellen untersucht, die sich in Bohr-
l6chern bilden, Dem Verfasser ist es gelungen, die friiher erhaltenen Ergebnisse fiir
diese Wellen auch auf heterogene Schichten zu verallgemeinern. Er hat auferdem
Dispersionsgleichungen fiir heterogene Schichten in anderer Form [9] ableiten kén-
nen, Diese Gleichungen gestatten es, auch Interferenzwellen hoher Frequenz zu unter-
suchen.,
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Influence of the Earth Structure under a Recording Station
on the Oscillations in a Longitudinal Wave

by

E.F. SAVARENSKIY, G.L. KOSAREV, N.I. FROLOVA )

Summary

This paper presents the results of an investigation of the relation between the
angle of emergence of seismic radiation and frequency. The horizontal and vertical
components of the oscillations of the layered crust surface have been computed for
a given oscillation generated by a longitudinal wave emerging to the bottom of the
crust. Computations have been made for the impulses of different durations, taking
into account the influence of the seismograph's frequency responses. Satisfactory
results have been achieved for both computed and observed oscillations.

Zusammenfassung

Es wird liber eine Untersuchung des Zusammenhanges zwischen Frequenz und Emergenz-
winkel seismischer Raumwellen berichtet. Horizontal- und Vertikalkomponente der
Schwingungen der Oberfliche einer geschichteten Kruste werden fiir beliebig einfallen-
de P-Wellen bestimmt. Die Berechnungen wurden filir verschieden lange Wellenpakete
durchgefiihrt, wobei auch die Seismographencharakteristik berlicksichtigt wurde. Die
ﬁbereinstimmung zwischen Beobachtung und Experiment ist gut.

The present paper is a study on the angles of emergence of seismic radiation and .
their dependence on wave length and thicknesses of the layers as found out by
E.F. SAVARENSKIY [9] more than 25 years ago.

B.B. GALITSYN [4] was the first to determine the wave velocity distribution in
the Earth in terms of angles of emergence of longitudinal waves for the observations
of 1912 - 1913 at Pulkovo seismic station. In this case GALITSYN used the ratio of
the vertical wo(t) and horizontal uo(t) components of the Earth surface oscil-
lations. This ratio is equal to the tangent of the apparent angle of emergence e
for the longitudinal seismic wave:

(&D) tan e = %{%% .

GALITSYN assumed that the Earth's surface is the boundary of a homogeneous isotropic
elastic half-space. In this case the movement of the Earth's surface will be due to

1) Institute of Physics of the Earth, Acad. of Sciences of the USSR, Moscow D-242,
B. Gruzinskaya 10
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the superposition of three oscillations generated by the incident longitudinal wave,
the reflected longitudinal P wave, and the shear SV wave. The components wo(t) and
uo(t) at the surface are determined by the components w(t) and u(t) in the longi-
tudinal wave emerging to the surface and by the reflection coefficient, which in this
case depends on the true angle of approach, e, and the ratio of the velocities a

and b. Making up the transformations, we write the relations between the components
of the Earth's surface oscillations and those in an incident wave as

t t

(2)  wy(t) = W(e, a, b) ¥EL u, (6) = UCe, a, b) TEL
Here W and U are the operators of transformation, for the half-space they result
as

) 2 = -

2 cos® e - 23 2 cos e 1%122 - cos® e

W(e, a, b) = D L) ’ U(e, a, b) = B H

(3
e 2 4 b
D = ——x=——— (cos” 2 e' + 4 cos’ e' tan e tane'), cos e' = S cose.,
2 b~ sin e

If s(t) is an oscillation produced by an incident longitudinal wave, then the
vertical w(t) and horizontal u(t) components will be

(4) w(t) = s(t) sin e; u(t) = s(t) cos e ;

the relation between the apparent and true angles of emergence is determined by

2
2 a
B 2 cos® e - ;2
(5) tan e = .

2
2 cos e 1%5;2 = 0032 e
b

It is seen from formula (5) that the relation between e and e does not depend on
s(t). At the same time the values of the angles of emergence as determined both by
GALITSYN and later observations [4, 9, 11] show scattering.

E.F. SAVARENSKIY in 1949 has estimated the influence of a layered crust on the
relation between the apparent and true angles of emergence. It was discovered [9]
that even for a one-layered crust above a half-space and for oscillations of the
incident wave in form of a part of a sinusoid with the duration of one period, the
relation between the apparent and true angles of emergence depends on the ratio be-
tween layer thickness and wave length. It was shown that this dependence was deter-
mined by the superposition of converted shear waves arisiné from the lower crust
boundary. Simultaneously, the supplementary converted waves weakened the horizontal
component of the direct wave and amplified the vertical component. This effect
depends on the relation between the period of oscillations and delaying longitudinal
and shear waves in the layer. - With these findings the first step was made to ex-
plain the scattering of the apparent angle values depending on the crust stratifi-
cation and on the peculiarities of oscillations. The results were first published in

1952 [9].
After 1952 studies were started for calculating the oscillation field of surface

seismic LOVE and RAYLEIGH waves as well as cf body waves in multi-layered systems.
The matrix form of representation of the displacement fields in any layer of a multi-
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Abb. 1. Anordnung der seismischen Stationen, Erdbebenepizentren und
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Abb. 2. TFrequenzcharakteristiken der seismischen Stationen
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Abb. 3. Seismogrammausschnitte des Erdbebens Nr. 6 (16.3.1973)
von den seismischen Stationen Simferopol' und KiZinjov
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Abb. 4. Seismogrammausschnitt des Erdbebens Nr. 1 (21.1.1970)
von den seismischen Stationen Simferopol' und Soéi
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AN

¥
H=40km a;=6km/s
t

Fig. 1. Records of long-period seismographs at the surface of a one-
layered crust caused by a longitudinal wave. Impulses are
damped sinusoids of different periods T. a) T=8 s, b) T = 20 s,
c) T = 40 s; YZ and YH - vertical or horizontal component,

respectively, on record
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b+
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Fig. 2. Observed (thick lines) and computed (thin lines) seismograms of
vertical (a) and horizontal (b) component oscillations generated
by a longitudinal wave from the earthquake of May 27, 1970
(Bonin Islands region) recorded at Obninsk station. The model of
the crustal structure under Obninsk was used for computation.

of the used mantle model. The velocities of longitudinal waves were assumed in
accordance with the POISSON hypothesis. The densities were calculated by the formula
0y = 0.768 + 0.328 &, taken from [12].

While computing the seismograms, the continuous velocity distribution was replaced
by a step-like distribution (some hundreds of layers, each of thickness 2 ~ 5 km,
were introduced). Fig. 3 shows the results; the thick lines correspond to the theoret-
ical seismograms for an inhomogeneous mantle model, thin lines - for a homogeneous
one. For the crustal structure and the initial impulse the same values were taken as
in Fig. 1. It is essential to note that the inhomogeneity of the mantle affects the
record 40 s after the arrival of the direct P wave.
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Fig. 3. Records of long-period seismographs (vertical - Yz and horizontal -
Y, components at the Barth's surface). Thin lines - for one-layered

crust covering a homogeneous mantle; thick lines - for the same crust
with an inhomogeneous mantle. Crustal parameters and that of initial

impulses are the same as in Fig. 1.

It may be pointed out in conclusion that the present paper is of interest for the
choice of sites of seismic observatories. It allows to compute the oscillations at
the surface for any given model of the Earth's crust and any initial impulse approach-
ing the crust bottom. Comparing such computations for different regions it is possible
to choose the site where disturbances of seismic records will be small within the
given range of frequencies. It is of particular significance to carry out such prelim-

inary estimations in regions to locate for future arrays.
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sred.

Izv. AN SSSR, Fiz. Zemli (1967) 2, p. 41-53

Ob uglakh vykhoda seysmicheskoy radiatsii i nekotorykh
smezhnykh voprosakh.
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Seysmicheskie volny.
Moskva: "Nedra" 1972

Ob opredelenii ugla vykhoda seysmicheskoy radiatsii.
Soobshch. AN gruz. SSR 20 (1958) 3, p. 285-289

Earth crust structure under the station and P wave
spectra.

Gerlands Beitr. Geophysik (in press)

Transmission of elastic waves through a stratified
s0lid medium.

J. appl. Phys. 21 (1950), p. 89-93
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Possibilities of Identification and Characterization of Discontinuities
by Seismic Surface Waves

by

PETER MALISCHEWSKY and HORST NEUNHGFERq)

Summary

On the basis of ALSOP's method the propagation of seismic surface waves in layered
elastic media with lateral inhomogeneities is considered. RAYLEIGH and LOVE waves are
arranged in such a way that they form a homogeneous eigenfunction system and their
mutual conversion into each other is allowed. For a vertical discontinuity approximate
reflection and transmission coefficients of obliquely incident surface waves are
obtained. The so obtained coefficients of reflection and transmission can be used for
identifying discontinuities with the aid of seismic surface waves. Using the state-
ment of KNOPOFF and MAL concerning the phase velocity of surface waves on a profile
crossing a discontinuity, a method can be given to localize the discontinuity. The
frequency dependence of the reflection and transmission coefficients gives informa-
tion about the contrast of the elastic parameters at the discontinuity. It is possi-
ble to treat in this manner not only vertical but also sloped discontinuities.

Zusammenfassung

Es wird die Ausbreitung seismischer Oberfldchenwellen in geschichteten elasti-
schen Medien mit lateralen Storungen auf der Basis einer Methode von ALSOP untersucht.
Die RAYLEIGH- und LOVE-Wellen werden dabei zu einem einheitlichen Eigenfunktions-—
system zusammengefaft und ihre wechselseitige Umwandlung ineinander zugelassen. Fiur
eine vertikale Diskontinuitdt werden die Reflexions—~ und Transmissionskoeffizienten
der Oberflidchenwellen gendhert berechnet. Sie koOnnen zur Identifizierung von Dis-
kontinuitdten mittels seismischer Oberfldchenwellen benutzt werden. Aus dem Ansatz
von KNOPOFF und MAL iiber die Phasengeschwindigkeit von Oberfl&dchenwellen entlang
einem Profil quer zur Diskontinuit&dt ist eine Methode zur Lokalisierung der Diskon-
tinuitdt ableitbar. Aus der Frequenzabhingigkeit der Reflexions— und Transmissions-
koeffizienten kann man Informationen liber den Kontrast der elastischen Parameter an
der Diskontinuitdt erhalten. Auf dieser Basis konnen auch geneigte Diskontinuitdten
behandelt werden.

M Central Earth Physics Institute of the Acad. of Sciences of the GDR, part Jena,
69 Jena (GDR), Burgweg 11
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The influence of lateral inhomogeneities on the propagation of seismic surface
waves becomes an important subject of seismology if the fine structure of the Earth's
crust and mantle is to be studied. The investigation of discontinuities has two as-
pects: the determination of the influence of surface waves on a well-known discon-
tinuitiy or the localization and determination of the depth extension of a less known
discontinuity by interpreting the recorded surface waves. To get the sought infor-
mation it is necessary to carry out theoretical studies concerning the propagation
of elastic waves in disturbed media.

If surface waves arrive at a discontinuity, the observed features include (see
Fig. 1):

1. relative amplification or attenuation of modal surface displacement due to trans-
mission from one wave guide to the other;

2. generation of new transmitted or reflected modes, body and other waves. The ge-
neration of alternative waves, that is also the inversion of RAYIEIGH to LOVE
waves and vice versa, is conceivable.

\\\\\\\\

xav

(1)= reflected waves —(2)

Fig. 1. The layered half-space with vertical discontinuity
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An exact solution for the transmission of surface waves at vertical discontinuitiss
is unobtainable as yet. The basic difficulty arises from the fact that both scalar
and vector potential functions must be considered and the governing wave equations
are not separable (in the sense of a vector differential equation), because bound-
ary conditions on various co-ordinate planes must be fulfilled. It becomes evident
that the boundary conditions on the surface of discontinuity cannot be fulfilled only
by incident, reflected, and transmitted surface waves. Therefore, additional waves,
for instance body waves, must arise.

From the various attempts of solution ALSOP's method is most suitable, because it
leads rather quickly to results which can be easily interpreted with regard to phys-
ics and seismology.

In the following we show that ALSOP's method, which was originally developed for
perpendicular incidence of RAYLEIGH or LOVE waves at a vertical discontinuity, can
be generalized for the practically important case of oblique incidence, taking into
consideration alternative waves ircluding body waves, and for the case of curved
discontinuities,

The considerations are valid for isotropic and perfectly elastic materials, which
can be completely characterized by only three material parameters, namely by the
LAME coefficients wu, A and the density ¢. In the real Earth the material para-
meters depend on the space co-ordinates. As a model of the Earth we consider an
elastic halt-space, which is boun‘ed by the plane x3 = 0. The dependence on x3 rep-
resents the horizontal stratificzvion, but the lateral variations are expressed by
the dependence on Xq (we neglet* a dependence upon xe). We start from

1) pw = FL(XB) 3 A = A-(X:,’) 5 e = Q(XB) .
The equation of motion of the elastic material
(2) vwOu + (u + 1) grad divu = o u , u = u(xq, Xps Xgs t) ,

produces, together with the boundary conditions,

(3 Tyu

0 for x3 = 0,

00

(4) v = 0 for xq

the discrete eigenfunctions of the layered elastic half-space, namely the surface
waves., Here u 1is the displacement vector and 13 u 1is used for the components
013, 023, 033 of the stress tensor. On the understandig of harmonic time-dependence
with the angular frequency w the eigenfunctions, which correspond to plane waves,
are

« «
o o i(k1x1+k2x2-wt) o
(5) u = U(x3) e , t: wave number vector,
«: mode index .

Using a suitable notation, we arrange the RAYLEIGH and LOVE waves in such a way that
they form a homogeneous eigenfunction system
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(@ = 1,y ooey u(1) RAYLEIGH modes for model 1 ,
|
« = 4 4w, ..., 8 . LOVE modes for model 1 ,
(6) 4
@ = Ty eeey M(z) : RAYLEIGH modes for model 2 ,
La = M(z) + 1, eee,y N(z) : LOVE modes for model 2 .

The surface waves (5) satisfy an orthonormality relation

T B B « «
(7 ~E——£ (W Tyl -U*Tyu)dxy = 853 Lk, = comst, a = 1, ..., N,
4n
1
[+4

where n, is the x1—component of the unit vector in the direction of propagation and

T, u are the components o,,, 0,5, O of the stress tensor. The additional condi-
1 o 11 12 13

tion k2 = const for the x2—component of the wave number vector is not critical,
because it is satisfied by SNELL's law,

(8) k2 inec. ~ k2 refl. - k2 trans. ?

which must be fulfilled by the incident, transmitted, and reflected surface waves.

Dropping the condition (4) we obtain the continuous eigenfunctions represented
by the body waves, which can be orthonormalized with the aid of DIRAC's delta
function as well:

00
(9) ﬁin‘: . ‘g [u(XB, k) 11 u*(xB' k') — ut(x3’ k!) 11 u(x3' k)] dX3 = d(k - k') ,

k, = const , k: continuous ‘mode index" .

Now let us consider a layered elastic half-space with a vertical discontinuity
X = 0. The boundary conditions require continuity of displacements and of certain
stress components on the surface of discontinuity. The resulting displacement field
is expanded in terms of eigenfunctions appropriate to the layered media on both
sides of the discontinuity. Whereas the terms for region 1 represent a superposition
of incident and reflected waves, there are only transmitted waves in region 2:

N
(u(1) 5 81 a, R Jaw) 1My @y =
=

(2)
N ~
= 21 b, 3(2) + J b(y) H(z)(y) dy + 1,
oy 4
N(q) o
1,0 4 s a0 M s a1, 0Dy &y =
=1

52

4 ~
= I b1 1@ 4 r o) 1, 1@ ) @y +8 for x, = 0.
o=

DOI: https://doi.org/10.2312/zipe.1975.031.02



427

The expansion ccefficients 8, and a(y), respectively, are generalized reflection

coefficients and ba and b(y), respectively, are generalized transmission coeffi-
cients. The terms H and.g, respectively, are residual terms, which are not compre-—
hended by the used eigenfunction system. It is impossible to determine the gener-
alized reflection and transmission coefficients from the boundary conditions exactly,
because firstly the residual terms are unknown and secondly there are more unknowns
than equations. Therefore, we try to determine the unknowns in such a way that the
boundary conditions are fulfilled on the basis of the used eigenfunction system "as
well as possible". For this end we define the mean square stress discontinuity by

m‘V ~
(1) F = [ 6 6* dx, .
0 3

In order to make use of both boundary conditions for the determination of the
unknowns it is convenient to consider the generalized reflection and transmission
coefficients as interdependent and to solve for the ba’ for instance, by applying
the orthonormality relation:

(12) M = &y Loy muey aN(q)) L ae=1, ..., N3,

First of all the body wave terms were neglected and under the assumption
3 11 <« My, @) <« jr M)

the terms containing E and g, to . By applying the orthonormality relation both of
the boundary conditions are conracted with each other and from (11) and (12) we

obtain
(14’) F = F(a,], se 0y aN(,])) °

Now we minimize F Dby a suitable choice of the - A necessary and sufficient
condition for the existence of a minimum of F are the N L equations

“5) & =0, «=1, .., N
o

From (15) we have the a, and with (12) the b,+ The consideration of the energy
transport can serve as a criterion for the quality of the method. Using the energy
conservation law and the normalization of the surface wave modes according to (7),
it is possible to define an expression

1) (2)
N N
(16) FEUF = (1 - g% [z Z§1) a2 + =z ig2> b2]) + 100 %

a=1
representing the percentage of surface wave energy, which is converted into other
kinds of waves by the interaction with the discontinuity. Here n, is the X,—compo-
nent of the unit vector in the direction of propagation of the incident and analo-
o 11
ngq) for the reflected and nge) for the transmitted waves. It is suffi-
cient but not necessary for an exact solution that PEUF 1is small enough., First

gously

model calculations showed that PEUF is greater for oblique than for perpendicular
incidence (see Table 1).
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Table 1. Results from model calculations

Model 1 Model 2 Yo a, bq PEUF
vp [km/sec]  2.36 4.0 0° - 0.3 0.929 2.81 %
vg [lm/sec]  1.37 2.31 30° - 0.17 1.139 13.42 %
o [g/cn?) 1.22 2.0

Vp and Vgt velocities of longitudinal and transverse waves, resp.
a, and bq: reflection and transmission coefficients, resp.

The reflection and transmission coefficients are real and therefore at a vertical
discontinuity only phase shifts of O or m can appear. By introducing a curvilinear
co-ordinate system,one co-ordinate plane of which coincides with the surface of
discontinuity, and by applying the transformation theory it is possible to use ALSOP's
method for curved discontinuities, too. The reflection and transmission coefficients
are complex, so that the corresponding phase shifts of surface waves at curved dis-
continuities can be different from O or m (see [5]).

The reflection and transmission coefficients must be known for the second problem,
namely, the determination of the unknown position of a discontinuity.

On this occasion we start, in accordance with KNOPOFF and MAL, from the assumption
that the surface waves propagate over a sloping discontinuity with local phase ve-
locity and the amplitudes are influenced by reflection and transmission. For the
wave function KNOPOFF and MAL stated the relation

(17) F(x) = Aexp (i f k(v) dv) (T + R) ,
-a

where A 1is the amplitude and T and R are functions of the transmission or
reflection coefficient, respectively. Integration is performed along the wave path.
Neglecting R, a model calculation on this basis was carried out, results of which
are shown in Fig. 2. In the middle there is the used model together with the phase
velocities at various periods, which are valid for it. Provided that the dispersion
curves for the undisturbed regions on both sides of the discontinuity are known,
which is possible by special measurements, and using a formerly given statement [ 7]
for a certain arrangement of seismographs, it is possible to calculate the position
of a fictive vertical discontinuity. For a sloping discontinuity the position is
dependent on the period, as it can be seen in the upper part of Fig. 2, and is
influenced by the arrangement of the stations. Utilizing this dependence, it is
possible to obtain, on principle, quantitative information about the position of the
discontinuity in space.
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Fig. 2. The localization of the discontinuity
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Reflection and Transmission of Inhomogeneous Plane Waves
with Particular Application to Surface Waves

by

L.E. ALSOP 1) and S. GREGERSEN 2’

The concept of inhomogeneous plane waves, which is quite common in electromagnetic
(but not in seismic) literature, is reviewed. Examples of allowed inhomogeneous plane
waves are the exponential "tails" of LOVE and RAYLEIGH waves. However, non-allowed
inhomogeneous plane waves often give a very good representation of the wave motion
over a restricted area, as is demonstrated by leaky modes. With this in mind, a
formalism is developed for the transmission and reflection of the allowed inhomoge-
neous waves of LOVE and RAYLEIGH type into non-allowed inhomogeneous waves. These
latter are non—-allowed in the sense that they do not fit the boundary conditions at
a discrete number of points. Here the ray picture breaks down and diffractive effects
occur, Our assumption is that, for many interesting cases, these diffractive effects
are small and can be ignored. Once the transmitted and reflected inhomogeneous waves
are obtained, it is possible to calculate the stress and displacements caused by
these waves on both sides of the interface. These stresses and displacements are a
good approximation to the actual stresses and displacements. Therefore, they may be
used in HERRERA's formula to obtain the component of the stress and displacement
fields on the fundamental and higher mode surface waves.

To date our main effort has concerned the transmission of LOVE wéves across the
Pacific continental margin of the U.S.A. Good agreement with observed data both as
a function of period and of angle of incidence is obtained for a model which is an
approximation of the crustal and upper mantle structure of this area. It is impos-
sible to obtain an agreement with the trend of the transmission coefficients as a
function of period with any model which dces not include a low-velocity layer in
the mantle.

The material discussed in this paper is contrained in two articles to be published
in the Bulletin of the Seismological Society of America: "Reflection and Transmis-
sion of Inhomogeneous Waves with Particular Application to Rayleigh Waves" by
L.E. ALSOP, A.S. GOODMAN, and S. GREGERSEN and "Amplitudes of Horizontally Refracted
Liove Waves" by S. GREGERSEN and L.E. ALSOP, and also in the Ph.D. Dissertation of
S. GREGERSEN accepted by the Columbia University, New York, N.Y.

n Geophysikalisches Institut, 75 Karlsruhe 21, Hertzstr. 16, BRD

2) Geodetic Institute, Dept. of Seismology, Copenhagen, Denmark
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The Effect of the Lateral Velocity on the Surface Wave Amplitudes

by

A.P. LAZAREVA and T.B. YANOVSKAYA 1)

Summary

The routine determination of earthquake magnitudes from surface waves has shown
that for each station there are certain focal regions where magnitudes were deter-
mined systematically higher or, on the contrary, lower than those obtained by aver-
aging the data of the stations of the USSR network. Two possible explanations of
such effect are considered: the variations of the geometrical spreading of surface
waves due to lateral refraction, and differences in the group velocity dispersion
along different paths. The calculations of magnitude residuals caused by lateral
refraction showed that the theoretical values in general are minor to the observed
ones by about an order of magnitude, although the signs of the residuals are in good
agreement. It seems more probable that the observed magnitude residuals are caused
by differences in derivatives of th~ group velocities for different paths. This
allows to conclude that the accura:y of magnitude determinations can be improved if
the group velocity dispersion wil be taken into account.

Zusammenfassung

Die routinemépige Bestimmung von Zrdbe®enmagnituden aus Oberfldchenwellen hat ge-
zeigt, dap filir jede Station gewisse Herdgebiete existieren, filir die die Magnituden
systematisch grofer bzw. niedriger bestimmt werden als im Mittel der Daten des
UdSSR-Netzes. Es werden zwei mdgliche Erkl&rungen betrachtet: die geometrische
Streuung von Oberfléchenwellen infolge lateraler Refraktion bzw. Unterschiede in der
Gruppengeschwindigkeitsdispersion entlang des Wellenweges. Berechnungen von Magnitu-
denresiduen, die durch laterale Refraktion verursacht werden, zeigen, daB die theore-
tischen Werte im allgemeinen um eine GrdBenordnung geringer als die beobachteten
sind, obwohl die Vorzeichen gut libereinstimmen. Es dlirfte wahrscheinlicher sein, dap
die beobachteten Magnitudenresiduen durch Unterschiede in den Ableitungen der Grup-
pengeschwindigkeiten fiir verschiedene Wellenwege hervorgerufen werden. Das erlaubt
die Schlupfolgerung, daf die Genauigkeit der Magnitudenbestimmung verbessert werden
kann, wenn die Gruppengeschwindigkeitsdispersion in Betracht gezogen wird.

) Seismostation Pulkova, Leningrad M-140
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1., Introduction

Surface wave magnitudes MS estimated from observations of different stations
sometimes differ significantly. This shows that the surface wave amplitudes do not
only depend on the intensity of radiation from a source and the epicentral distance
but vary also with the locations of the source and the station; these variations
will further be called amplitude anomalies. In order to increase the accuracy of the
magnitude determinations the values of Ms obtained at any station should be cor-
rected for such amplitude anomalies. For determining the corrections we must inves-
tigate the factors which cause these anomalies. For this purpose, the magnitude
residuals at some stations have been analysed, and some possible considerations are
discussed which may explain the distribution of these residuals.

The magnitude residuals AMS = Ms - Es were determined at ? stations (5 in the
USSR and 2 in the Antarctic) for a large number of earthquakes occurred in different
regions. Here ﬁs is the mean value of the surface wave magnitude reported in the
Operative Seismological Bulletin of the Institute of Physics of the Earth; Ms is
the magnitude calculated from the data of a given station. The mean residuals were
calculated for each focal region and the given station as well as the mean station
errors, the latter being found to be negligible. This shows that the local structure
in the vicinity of the station practically does not affect the surface wave ampli-
tudes. Consequently, the observed amplitude anomalies may be connected either with

the source or with the path between source and station.

The absolute values of the mean residuals for some focal regions obtained by
averaging a large number of individual residuals were found to be unexpectedly high.
For example, the mean residual for Kuril Islands, determined at Iultin station from
the data for 65 earthquakes, is equal to -0.4. This suggests that the surface wave
amplitudes are mainly affected by the path between source and station rather than
by the focal mechanism. This conclusion is confirmed by a comparison of the mean
residuals for different focal regions: The regional residuals within extensive areas
are found to have the same sign. For example, for earthquakes of Japan, Sakhalin,
the Kuril and Aleutian Islands, Kamchatka and Alaska we observed systematically
lower values of Ms at the stations Heis, Tiksi, Iultin, whereas for earthquakes
from the trans-Asian zone lower values of HS were measured at the stations Heis,
Sverdlovsk, Novolazarevskaya and higher values at Iultin, Tiksi, Pulkovo. Thus, the
analysis of the observations shows that the main factor which determines the anom-
alies of surface wave amplitudes is given by differences in the wave propagation
along different paths. Now the question arises: What characteristics of the Earth's
structure are the causes of these differences?

The lower estimates of the earthquake magnitudes may be explained by the existence
of high attenuation zones between source and station. However, the higher estimates
of the magnitudes, which are frequently observed, cannot be interpreted in such a
way; rather they suggest the surface wave amplitude anomalies to be caused by lateral
velocity variations resulting from variations of the crustal structure in different
regions,

DOI: https://doi.org/10.2312/zipe.1975.031.02



435
The lateral velocity variations affect the surface wave amplitudes in two ways:
Firstly, due to lateral refraction, the geometrical spreading of the surface waves
is varied; secondly, the surface wave amplitudes depend on the dispersion of the
group velocities, and the dispersion curves c(T) are variant for different paths.
Now we shall investigate the effects of both these factors.

2. Lateral. refraction of surface waves

To elucidate the question if the observed amplitude anomalies result from lateral
refraction of the surface waves, we calculated the magnitude residuals due to varia-
tions of the geometrical spreading. For these calculations we made three assumptions:
a) The phase velocity of the surface waves, v, is a continuous, twice differentiable
function of the angular co-ordinates 6 and A; b) the propagation of the surface
waves is governed by FERMAT's principle; c¢) the period corresponding to the maximum
phase of the surface waves does not vary. The geometrical spreading was calculated
simultaneously with the co-ordinates 6 and A2 of a "ray" and the azimuth « of the
ray in every point by solving the following system of linear differential equations:

-

%% = ~-co3a,

di _ sina

dog - sin b’

de _ : 103V s coz o v

W = cotesz.nan;;[é-é s'n @ + 375 aI]'

, SR 3

%% = Wsin @ - % cos @ %é sin « + §§§~% %%] 3

v _ cos & _  8in ¢ cog @  Bin o 1 rdv ov
&) T % = "sme -V sinﬁ p tSIine v [§§ U+ 372 vl ,

oW  _ . _ 1oy J 8in @ 9v a.9v av ] _

3 = (cot 6 cos ¢« 7 55 °°8 @ + ¢ FTE 5x) W+ v(5§ U+ 37 V) cot 6 8in «

2 2
: 6 av U 1 3%v . 1 0°v
~ (8in a - S8B8 & CO8 U £, -2 X Usineg - = =XV -
v 04’ Gine g ¥ 362 v al?
= -QEY (V sin a + U 228.%)
L v 96 94 9in 8

with the boundary ccnditions

0|c=o = 8 &|c=0 = Ao alo:O = % Ug=0 = V]o=0 = O
(2)

W|o=0 = 1,
where

d8 da da
U =F A" :a—— W = =
o ' %o ' da’o

60, @, &re the co-ordinates of the source; @, denotes the azimuth of the ray at

the source. The geometrical spreading ds/doc0 is expressed through U and V:

[

c'.‘,?./("b:z() = R U2 + V2 sin® 8 5
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where R 1is the Earth's radius. For the spherically symmetrical model of the Earth
ds/dao = R s8in A ,

where A 1is the epicentral distance. So the magnitude residual due to the varia-
tions of the geometrical spreading or to the spherically symmetrical model of the
Earth, respectively, is determined by the expression

(3) dﬂa - % 1g sin A ,

-\//U2 + V2 sin2 e

To calculate the residuals AMB at a given station for different focal regions
we used the reciprocity principle: The solutions of (1) and (2) will be the same if
the source and the point of observation are changed. Therefore, the co-ordinates of
the given station were taken as the co-ordinates of a source 60, Ao' and for diffe-
rent values of @, the rays and the residuals A"s along such rays were computed.
This allows to obtain the distribution of the residuals AMS over the Earth's sur-

face for every station.

For computation a model of the phase velocity distribution v(8,A) corresponding
to the period T = 20 8 was taken (Fig. 1). To construct this model we used the
result of determination of the phase velocities in different regions of the conti-
nents and those of calculations for a set of oceanic crust models. To make the func-
tion v(®,A) twice differentiable we represented it in terms of a truncated series
of spherical functions. 1t was found that the absolute values of the theoretical
residuals are minor to the observed ones approximately by an order of magnitude (the
absolute values of the observed residuals are about 0.2 - 0.4, whereas the theoret-
ical values are of the order 0.03 - 0.05). At the same time the distribution of the
residual signs over the Earth's surface agrees well enough with the observations. In
Fig. 2 a,b the maps of the theoretical residual signs are represented for the
stations Iultin and Novolazarevskaya; for comparison, the values of the observed
residuals are shown as well. Though some discrepancies exist, they are not signifi-
cant, For example, many negative residuals observed at Iultin correspond to a region
of zero theoretical residuals(Far East -Japan). However, this region adjoins to the
Pacific area, for which the theoretical residuals are Just negative. Moreover, it
should be taken into account that the function v(8,A) accepted for computation of
the theoretical residuals is a rather rough model of the real phase velocity dis-
tribution. Therefore, no importance should be ascribed to the discrepancies of such
kind.

The velocity distribution taken for computation is smooth enough; in reality, the
velocity changes more sharply at the ocean—-continent boundaries. This may suggest
that the relatively small values of the theoretical residuals AMB result from the
smoothness of the function v(8,iA). But the calculations of AHB for the functions
v(8,A) differing in smoothness have not confirmed this suggestion. - So the lateral
refraction may explaein the amplitude anomalies in part, but it is not the main cause
of these anomalies.

DOI: https://doi.org/10.2312/zipe.1975.031.02



Fig. 1. Distribution of phase velocities for T = 20 s
adopted for calculation of geometrical spreading
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Fig. 2.

Distribution of theoretical magnitude residuals over the Earth's surface:

a) for Iultin, b) for Novolazarevskaya. The values of the observed resid-
uals are shown for the main focal regions
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2. The effect of dispersion
The amplitude of the dispersed surface wave is inversely proportional to
+/{dc/dw) (or to %/ dzc/dw2 in the AIRY phase), where c¢ 1is the group velocity
and w denotes frequency. Therefore, the amplitude anomalies may be due to the
differences in group velocity dispersion over various paths,

The effect of the dispersion on the amplitude anomalies was egstimated as follows.
From observations of a given gtation the dispersion curves c¢(w) were determined
for the paths from those focal regions for which the magnitude residuals at this
station were markedly different. From these curves the derivatives dc/dw were es-—
timated. Then under the assumption that the amplitude used for determination of the
magnitude was proportional to (dc/dw)-1/2 the difference between the magnitude
residuals for these regions was calculated by the formula

(2)
(2) 1y _ 2 de/dw
) @ -y = 11 i—l—)—ﬂ -
G2 4 2 % e /dw) T

Strictly speaking, since the magnitudes are determined from the AIRY phase ampli-
tudes, the differences of the magnitude residuals should be estimated by the ratio
of the second derivatives of the group velocities. However, it is very difficult to
determine the second derivatives dzc/dw2 in the vicinity of the AIRY phase, so that
we had to compare the amplitudes at frequencies differing from the AIRY phase fre-
quency. Thus the estimation of the magnitude residual differences, carried out by
the aid of formula (4), is rather rough. '

In Fig. 3 the data of the group velocities are plotted against the periods ob-
tained at Iultin station from earthquakes of New Guinea (oceanic path) and from an
earthquake occurred in South China (continental path). The dispersion curves c(T)
are represented by the straight lines. The derivatives dc/dT and dc/dw were
calculated from the inclination of these lines in the corresponding period range.
The New Guinea region is characterized by a magnitude residual AMS = -0.1, and the
residual for the China region is equal to +0.1, so that the difference between the
observed residuals is equal to -0.2. The derivatives dc/dw for the paths corre-
sponding to these regions are found to have such values that the difference of the
magnitude residuals calculated by formula (4) is equal to -0.44,

As was mentioned above, this estimation is rather rough; moreover, the errors in
the observed values may be about 0.1 - 0.2. Thus we may conclude that the agreement
between the theoretical and observed data is sufficiently good; the difference of
the magnitude residuals, having the same sign, is of the same order of value.

From the analysis of peculiarities of surface wave dispersion we can draw a quali-
tative conclusion about the expected distribution of the magnitude residuals over
thse Earth's surface. Since the dispersion curves c¢(T) for oceanic paths over a
period range from 16 s to 25 s are markedly steeper than those for continental paths,
we may expect that the amplitudes of surface waves propagated along continental paths
will be higher than those along oceanic paths. So the positive magnitude residuals
must be attributed to regions from which the waves propagate to the station mainly
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Fig. 3. Group velocities for the paths New Guinea - Iultin
(crosses) and South China - Iultin (circles)

through a continent, and the negative residuals to regions for which the path between
source and station is mainly oceaunic. Fig., 2 a,b shows that just the same distribu-
tion of the observed magnitude residuals may be stated.

The result of the study allows to conclude that the principal factor causing the
anomalies of the surface wave amplitudes is the difference in the dispersion over
different paths. The lateral refraction and consequent variations in geometrical
spreading give a minor contribution to these variations. It follows that for deter-
mining magnitude corrections the dispersion over the path between the source and the
station must be taken into account., For example, this may be realized by taking into
consideration the duration of oscillations on surface wave records.
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Der Einfluf der Anisotropie elastischer Eigenschaften polykristalliner Medien
auf die Geschwindigkeitsgrofen seismischer Oberflichenwellen

von

J.M. CHESNOKOV M und R. POPPITZ 2)

Zusammenfassung

In letzter Zeit wurde bei der Erforschung des Aufbaus der Erdkruste und des oberen
Mantels von vielen Autoren eine bedeutende Abweichung zwischen experimentellen und
theoretischen Dispersionswerten, erhalten unter der Voraussetzung isotroper Schich-
ten, fir LOVE-Wellen festgestellt. Dieser Unterschied kann durch Anisotropie elasti-
scher Eigenschaften der Erdrinde und des oberen Mantels erkldrt werden. In der vor-
liegenden Arbeit wird eine Methode zur Berechnung von Dispersionskurven seismischer
Oberfléachenwellen fir ein mehrschichtiges, homogenes, anisotropes Medium auf der
Grundlage des THOMSON-HASKELLschen Matrizenverfahrens beschrieben., Der transversal-
isotrope Symmetrietyp, hervorgerufen durch einheitliche Orientierung gesteinsbilden-
der Minerale der Erdrinde und des oberen Mantels, wird erforscht. Es sind die Dis-
persionsgleichungen fiir einige Spezialfdlle hergeleitet: fiir eine isotrope (aniso-
trope) Schicht auf einem anisotronen (isotropen) Halbraum. Die fiir die angegebenen
Bodelle durchgefihrten Berechnunf 2n ergaben, daf ein bedeutender Einfluf der Aniso-
tropie auf die Geschwindigkeits;:rofen der seismischen Oberfldchenwellen des LOVE-
Typs vorliegt.

Summary

Numerous authors found significant differences between observational and theoret-
ical dispersion values for crustal and upper mantle LOVE waves when isotropic layers
were assumed. These differences can be explained by introducing anisotropic elastic
parameters into theory. In the present paper, a computing method for dispersion
curves of multilayered homogeneous, anisotropic media is described, which is based
on HASKELL-THOMSON's matrix method. The transverse isotropic symmetry type, which
is caused by the uniform orientation of minerals, is considered. Dispersion equations
have been deduced for some cases: isotropic (anisotropic) layers on an anisotropic
(isotropic) half-space. The computations carried out for these models show an impor-
tant influence of the elastic anisotropy on seismic LOVE waves.

1) Institut fiir Physik der Erde der AdW der UdSSR, Moskau, BolSaja Gruzinskaja 10

2) Zentralinstitut fir Physik der Erde der AdW der DDR, 15 Potsdam (DDR),
Telegrafenberg
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1. Einflihrung und Problemstellung

In letzter Zeit wurden von einigen Autoren Ergebnisse experimenteller Arbeiten
veroffentlicht, die das allgemeine Interesse am Problem der Anisotropie elastischer
Eigenschaften im Aufbau der Erdkruste und des oberen Mantels sprunghaft ansteigen
lieBen. Dazu gehOren in erster Linie Abweichungen bei der Schichtdickebestimmung zwi-
schen den Werten fiir seismische Oberfldchenwellen des LOVE- und RAYLEIGH-Typs. So er-
hielt McEVILLY [8] im Jahre 1964 bei der Erkldrung der experimentellen Abhdngigkeit
der Phasengeschwindigkeit von der Periode im Zentralteil der USA durch ein homogenes,
isotropes Modell der Erdrinde und des oberen Mantels eine Abweichung in der bestimm-
ten Schichtdicke nach LOVE-Wellen bis zu 5 %. Ahnliche Resultate zeigten Untersuchun-
gen zur Strukturbestimmung von Erdrinde und oberem Mantel, durchgefiihrt von KAMINUMA
1966 [7] in Japan und PESKOV 1969 [9] in Mittelasien, sowie die von BHATTACHARYA [4]
im Jahre 1972 veroffentlichte Arbeit liber das zentrale Gebiet der indischen Halbin-
sel. Die erhaltenen Differenzen zwischen experimentellen und theoretischen Disper-
sionswerten der LOVE-Wellen werden von den genannten Autoren durch vorhandene Aniso-
tropie der Elastizitdtsmerkmale des betrachteten Mediums erklart. Dabei fehlt in die-
sen Arbeiten allerdings eine direkte theoretische Berechnung des Einflusses der An-
isotropie konkreter, unters-:hiedliche Mineralzusammensetzung aufweisender Medien auf
die Geschwindigkeiten seismischer Oberflidchenwellen. Die vorliegende Arbeit bringt
einen Vergleich theoretischer Dispersionskurven von LOVE-Wellen fir anisotrope und
isotrope Modelle der Erdkruste und des Erdmantels.

2. Berechnungsmethode

Die klassische Methode zur Herleitung der Dispersionsgleichungen fir LOVEsche und
RAYLEIGHsche Oberfldchenwellen in mehrschichtigen, isotropen und homogenen Modellen
ist das Matrizenverfahren von THOMSON und HASKELL [6]. Im Jahre 1962 wandte ANDERSON
[2] diese Methode auf Dispersionsberechnungen von LOVE-Wellen in einem aus n Schich-
ten bestehenden, transversal-isotropen Modell an. Auflerdem schlug derselbe Autor in
anderen Arbeiten [1, 3] eine Variante zur Betrachtung RAYLEIGHscher Oberfldchenwellen
vor., CRAMPIN [5] setzte diesen Beginn logisch in seiner 1970 verdffentlichten Arbeit
fort, indem er das klassische HASKELLsche Verfahren auf mehrschichtige, dem ortho-
rhombischen Symmetrietyp angehdorende Medien erweiterte.

Unter Ausnutzung grundlegender Ergebnisse ANDERSONs [2] sind in der vorliegenden
Arbeit einige Dispersionsbeziehungen fiir LOVE-Wellen in konkreten Modellen hergelei-
tet. Sie wurden flir die Fdlle einer isotropen (transversal-isotropen), &uf einem
transversal-isotropen (isotropen) Halbraum lizgenden Schicht in Form transzendenter
Gleichungen der Art

@b F (d,], @9y @p» cij’ cl’(l’ G T = 0

erhalten, in denen d1 die Schichtdicke, [ und @5 die Dichte der Schicht und
des Halbraums, i und Ckl die Elastizitdtsmoduln von Schicht bzw. Halbraum,
L, die Phasengeschwindigkeit und T die Periode bezeichnen.
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3. Vergleichende Betrachtung theoretischer Dispersionskurven von LOVE-Wellen in iso~
tropen und anisotropen Modellen des Aufbaus von Erdkruste und oberem Mantel

Fir die Berechnung theoretischer Dispersionskurven der LOVE-Wellen in zweischich-
tigen Modellen von Erdkruste und oberem Mantel benutzen wir in Arbeiten CHESNOKOVs
[10, 11, 12] vertffentlichte Daten sowie die unter (1) zusemmengefaften Dispersions-—
gleichungen. Die angefiihrten Verdffentlichungen enthalten neben einer Beschreibung
moglicher Entstehungsmechanismen der Anisotropie im oberen Mantel unter Ozeanen und
Kontinenten die Berechnung elastischer Parameter verschiedener Modelle sowie eine
allgemeine Darstellung der Ausbreitung elastischer Wellen in ihnen. Dabei wurde von
der heute gebrduchlichen Annahme ausgegangen, daf das Grundmineral des oberen Mantels
Olivin ist. Wenn fiir alle Kristalle des Olivins eine der Achsen ldngs einer bestimm-
ten Richtung, die librigen zwei aber beliebig in der zu ihr senkrechten Fléche orien-
tiert sind, dann kann das Medium durch 5 elastische Konstanten beschrieben und als
transversal-isotrop bezeichnet werden. Die Symmetrieachse einer solchen Kristallan-
ordnung stimmt dabei mit der herausgestellten Kristallachse richtungsmépfig liberein.
Unter Einbeziehung bekannter geochemischer Vorstellungen wurden folgende 4 Modelle
des oberen Erdmantels zussmmengestellt, die sich nach Olivinanteil (Modelle I, II,
III, IV) und jeweils in bestimmter Richtung orientierter Kristallachse (a, b, c) un-
tierscheiden (Tab. 1).

Tabelle 1
Nr. des P, Olivin-  Enstatit- Diopsid- Orien-
Modell.s LA A L anteil anteil anteil tierungs-
(%] [ %) (%] richtung
I Mittleres ozecarizches 60,9 24,1 15,0 a, b
Lherzolith
II Mittleres ozeanisches 70,7 19,2 10,1 a, b
Harzburgit
I1I Kontinentales Lherzolith 63,9 3,1 33,0 c
Iv Kontinentales Harzburgit 84,1 4,5 11,4 c

Zuerst betrachteten wir den Fall einer isotropen Schicht mit der Dichte
0q = 2,8 g/cm3, der Dicke d1 = 20 km und’ der Transversalwellengeschwindigkeit
Vg = 3,92 km/s, die auf einem anisotropen Halbraum mit der Dichte P 3,3 g/cm3
liegt. In Abb. 1a,b ist die Abhidngigkeit des Dispersionskurvenverlaufs cr = £(T)
vom Anisotropiekoeffizienten ag nach S-Wellen filir verschiedene Modelle dargestellt.
Die Symmetrieachse ist dabei senkrecht nach unten gerichtet. Es ist zu sehen, daf
der Anisotropieeinflup fiir alle Modelle recht bedeutend ist. Wir konnen folgende Ge-
setzmdpfigkeiten erkennen:

a) Pir die Modelle, die durch eine Verringerung der SH-Wellen-Geschwindigkeit mit
steigendem Anisotropiekoeffizienten ag charakterisiert sind, also Ia und IIa,
vermindert sich die Phasengeschwindigkeit der ILOVE-Welle ebenfalls bei wachsen-

dem Xge
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Abb. 1 a,b. Theoretische Dispersionskurven ¢y, = £(T) fiir LOVE-Wellen im Falle

einer isotropen Schicht auf anisotropem Halbraum in Abhéngigkeit
vom Anisotropiekoeffizienten ag nach S-Wellen fiir verschiedene

Modelle des oberen Mantels. Die Ziffern I, II, III and IV bezeich-
nen die Modellnummern, die Buchstaben a, b und ¢ die jeweils vor-
rangig orientierte Kristallachse. Analoge Bezeichnungen sind fir
Abb. 2 - 6 beibehalten,
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b) Die Modelle Ib, IIb, IIIc und IVc, durch umgekehrte Abhdngigkeit der Geschwindig-
keit Vgg VvVon ag gekennzeichnet, unterscheiden sich durch ein Ansteigen von
L, mit héher werdendem @ge Dabei ist zu beachten, dap diese Modelle die von
KAMINUMA [7] eingefiihrte Bedingung zur Erkldrung des Unterschiedes zwischen
theoretischen und experimentellen Dispersionskurven, ndmlich v H> Vv erfiillen
und sich in ﬁbereinstimmung mit den von ihm [7] und McEVILLY [8 gefundenen expe-

rimentellen Werten befinden.

In Abb., 2 ist die Abhéngigkeit des Anisotropiekoeffizienten @p der LOVE-Wellen,
errechnet nach der Beziehung
c -c
L L .
(2) - - max nin . 400 g ,
L L,
min

von der Periode T fiir alle Modelle gezeigt. Als Besonderheiten kann man heraus-
stellen:

a) Im betrachteten Fall ist der Anisotropieeinfluf maximal filir hohe Perioden
(T = 150 - 200 s). @;, nimmt dabei mit fallenden T-Werten ab.

b) Die maximale GrofBe von @y filiir die Modelle Ia und IIa erkldrt sich dadurch, dap
die Phasengeschwindigkeit hier mit steigender Anisotropie sinkt und wir es des-
halb praktisch mit einem '"negativen" Anisotropiekoeffizienten zu tun haben.

Abb. 3 a,b und 4 zeigen die soeben betrachteten Beziehungen fiir den Fall einer
anisotropen Schicht auf eipnem isotropen Halbraum (vS = 6,7 km/s). Bei gleichem quali-
tativem Verhalten wie im ersten Fall erweist sich hier der Anisotropieeinfluf als
maximal fiir niedrige Perioden (T ~ 10 - 30 s8).

In Abb. 5 sind die Abhéngigkeiten a; = £f(T) fir beide oben behandelte Varianten
am Beispiel des Modells IVc gegeniibergestellt. Dabei erweist sich, daB bis zu
s 70 s ein bedeutender Einfluf der anisotropen Schicht vorliegt, der nach {ber-
schneidung beider Kurven stetig abnimmt und bei maximaler Anisotropiewirkung des
Halbraums und hohen Perioden sein Minimum erreicht.

Im weiteren Verlauf unserer Berechnungen betrachteten wir das Verhalten der Pha-
sengeschwindigkeit cy, in Abhdngigkeit von der Ausbreitungsrichtung 6 der LOVE-
Welle, die sich hier in der Anisotropieflédche senkrecht zur isotropen Ebene fort-
pflanzt. Die Symmetrieachse des Mediums ist in diesem Falle horizontal ausgerichtet.
Von CHESNOKOV [12] erhaltene Charakteristika eines transversal-isotropen Mediums in
der Form Vepr Vgy T £(©) wurden den errechneten Kurven ¢y = £(©) fir verschiede-
ne Perioden (T = 50, 100, 150, 200) sowie der dem isotropen Fall entsprechenden Ge-
raden bei T = 200 s gegeniibergestellt (isotrope Schicht auf anisotropem Halbraum).
Folgende charakteristische Besonderheiten sind dabei herauszustellen:

a) Der Charakter der Abhdngigkeit e, = £(8) entspricht fiir alle Modelle der Ande-
rung der SH-Wellen-Geschwindigkeit mit dem Azimut.

b) Mit fallender Periode T werden die Kurven ¢y, = £(6) immer mehr ausgerichtet,
was auf ein Absinken des Einflusses von 6 Dbei niedrigen Perioden hindeutet.

c) die "isotrope" Gerade verlduft fir die Modelle Ia und IIa im gesamten Intervall
0set 90° hboher als die dem anisotropen Fall bei derselben Periode (T = 200 s)
entsprechende Kurve, d.h., fiir alle 6 ist die LOVEsche Phasengeschwindigkeit
geringer als im isotropen Fall,
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d) Fir die Modelle Ib, IIb, IIIc, IVc liegt die Phasengeschwindigkeit der LOVE-Welle
im Azimutbereich zwischen O und 450 hdéher als die entsprechenden isotropen Werte.
Daraus und aus c) folgt, daf die experimentellen Daten KAMINUMAs [7] und McEVILLYs
[8] nur durch die Modelle Ib, IIb, IIIc und IVc fiir Azimute zwischen O und 45° zu
erkldren sind.

4, Schlufbemerkungen

Alle hier herausgearbeiteten Besonderheiten kdnnen als Charakteristika eines
trangversal-isotropen Mediums angesehen werden. AufBerdem erscheinen sie niitzlich fiir
eine mdgliche Gegenliberstellung beobachteter Werte mit verschiedenen Modellen des
Aufbaus von Erdkruste und oberem Mantel.

Es bleibt zu hoffen, daB es mit weiterer Vertiefung unseres Wissens liber die Na-
tur und die Entstehungsmechanismen von Anisotropieerscheinungen im Erdaufbau gelingt,
auf alle Fragen im Zusammenhang mit der Interpretation von Unterschieden zwischen ex-
perimentellen und theoretischen Dispersionskurven LOVEscher Oberfldchenwellen eine
Antwort zu finden.
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Der Einflup von elastischer Anisotropie des Mediuyms auf den
Emergenzwinkel der seismischen Wellen

von

E.M. CHESNOKOV 1) und G. KOWALLE 2)

Zusammenfassung

In der vorliegenden Arbeit wird die Formel filir den seismischen Emergenzwinkel im
Falle eines P-Wellen-Einfalls auf die spannungsfreie Grenze eines transversal-iso-
tropen Halbraums hergeleitet. Die Symmetrieachse des Mediums ist beliebig in der
Einfallsebene geneigt, und die elastischen Moduln sind die, die filir einen transver-
sal-isotropen oberen Erdmantel errechnet wurden. Es werden die errechneten Kurven
fiir verschiedene Modelle des transversal-isotropen Halbraums dargestellt, wobei fiir
die Modelle des oberen Mantels unter Ozeanen ein groferer Einflup der Anisotropie
auf den Emergenzwinkel charakteristisch ist. Im Falle einer geneigten Symmetrieachse
des Mediums wurde eine reflektierte inhomogene P-Welle gefunden. Fir den Fall der
Lagerung einer isotropen Schicht auf dem transversal-isotropen Halbraum wurde eine
Azimutabhidngigkeit des Emergenzwinkels errechnet und mit aus Experimenten errechne-
ten Kurven verglichen.

Summary

In the present paper the formula for the seismic emergence angle in the case of
P-wave incidence on the stress-free surface of the transversal-isotropic half-space
is derived. The symmetry axis of the medium is inclined arbitrarily in the plane of
incidence. The elastic modules are the same as computed for a transversal-isotropic
upper mantle. The computed curves for different models of the transversal-isotropic
half-space are given. The anisotropy has a greater effect on the emergence angle for
upper mantle models under oceans. It has been shown that in the case of an inclined
axis of symmetry a reflected inhomogeneous P-wave must exist. For the case of an
isotropic layer over the transversal-isotropic half-space we have computed the
dependence of the angle of emergence from the azimuth and compared these results
with curves computed from experiments. )

M Institut filir Physik der Erde der AdW der UdSSR, Moskau, BolSaja Gruzinskaja 10

2) Zentralinstitut fir Physik der Erde der AdW der DDR, 15 Potsdam (DDR),
Telegrafenberg
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1. Einleitung und Problemstellung

Fir die Losung der vor der Seismologie stehenden Aufgaben ist es wichtig zu wis-
+sen, wie sich Abweichungen von der Homogenitédt und Isotropie des Mediums auf das
seismische Wellenbild und die zu messenden Wellenparameter auswirken.

In den letzten Jahren riickte die elastische Anisotropie in das Blickfeld sowohl
der theoretischen als auch der experimentellen Forschung. Die Besonderheiten der
Ausbreitung elastischer Wellen in Kristallen und anderen anisotropen Kdrpern wurde
dargelegt in Arbeiten von HELBIG [10], MUSGRAVE [17] und FEDOROV [6], die der Re-
flexionsgesetze von BERSTEJN [3], OSIPOV [18] und GULZAR [9].

Schon in den 50er Jahren erhielt man die ersten Daten, die vom Vorhandensein
einer elastischen Anisotropie verschiedener Krustengebiete zeugten (STONELEY [23];
KLEYN [14]; JEGORKINA [11). Es wurden Anisotropiekoeffizienten (a =(VII-V£?/VL-1OO%)
bis 40 % festgestellt. Bei Untersuchungen von Gesteinen beobachtete man ebenfalls
elastisch anisotropes Verhalten (GIESEL [7]; BABUSKA [2); VERMA [24]). Entsprechen-
de Ergebnisse filir den oberen Erdmantel erhielt man bei explosionsseismischen Expe-
rimenten im Pazifischen und Atlantischen Ozean (RAITT et al. [19, 20] MORRIS et al.
[16]: KEEN u. BARRET [12]; KEEN u. TRAMONTINI [13]).Fiir den oberen Erdmantel in den
einzelnen Beobachtungsgebieten ermittelte man Anisotropiekoeffizienten zwischen 4
und 9 %.

Die aus seismischen Aufzeichnungen bestimmten Emergenzwinkel benutzte als erster
GOLICYN [8] zum Studium de® Struktur der Erde. Nach ihm wurde dieses Verfahren ver-
bessert und verallgemeinert (SAVARENSKIJ [21]; MEREU [15]; AFANASEVA u. BULIN [1]).
Dabei stellte man fest, daf der Emergenzwinkel recht empfindlich bezliglich Inhomo-
genitdten ist. Daraus leitet sich die Frage ab, in welcher Weise sich die Anisotro-
pie des Mediums auf den Emergenzwinkel der ebenen seismischen Welle auswirkt.

2. Losung und Resultate fiir einen transversal-isotropen Halbraum

Betrachten wir einen transversal-isotropen Halbraum. Seine 5 elastischen Moduln
entsprechen denen, die CHESNOKOV [4] fiir einen polykristallinen oberen Erdmantel
bestimmte. Mit der Geometrie des Halbraums sei das Koordinatensystem (XYZ) verbun-
den, (X'Y'Z') mit der inneren Symmetrie des Mediums (Abb. 1). So sei die Z'-Achse
entlang der Symmetrieachse des Mediums orientiert, und in der X'Y'-Fléche liege die
Isotropieflédche. Die Einfiihrung des Systems (X'Y'Z') macht sich notwendig, da in
ihm die elastischen Moduln gegeben sind. Die Ausbreitung einer elastischen Welle in
solch einem transversal-isotropen Medium unterscheidet sich von der in einem ela-
stisch isotropen dadurch, dapf hier die Ausbreitungsgeschwindigkeit richtungsabhén-
gig ist, dapf wir drei verschiedene Geschwindigkeiten in einer Richtung - jeweils
eine fir die P-, die SV- und die SH-Welle - beobachten konnen und daB die Verzer-
rungsrichtung in der P-Welle nicht mit der Ausbreitungsrichtung zussmmenfdllt bzw.
in den S-Wellen nicht senkrecht zur Wellennormale steht, wir also Quasilongitudinal-
und Quasitransversalwellen betrachten miissen.
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Abb. 1. ILage der Koordinatensysteme (XYZ) und (X'Y'Z')

Eine ebene seismische Welle “2lle auf die von Spannungen freie Oberfladche eines
transversal-isotropen Halbraums, in dem die Symmetrieachse des Mediums um den Win-
kel ¢ zur Vertikalen geneigt sei (Abb. 2). Die Neigung der Symmetrieachse erfolge
in der Einfallsebene, so daf vir eine ebene Aufgabe betrachten kdnnen, da in diesem
Falle Einfalls- und Ausfallsebene zusammenfallen und bei Einfall von P- und SV-Wel-
len keine reflektierten SH-Wellen entstehen. Die Einfallsebene einer Quasilongitudi-
nalwelle (P) liege in der X2Z-Fldche, so daB in den Bewegungsgleichungen die Abhin-
gigkeit von der Y-Koordinate entfallt.

Die Bewegungsgleichungen im System (X'Y'Z') lauten

i 2 2 2 2
acu' _ a“u' 3-u' 3w’
@ 5~ = Cqq 3t Cuu 3+ (Cq3 * Opu) 53T o
2 2 2
av' 1 v ov!
(M qe=—= = (Cay = Ca5) + C
at 2071 T 27 @ T VA 502
:
2 2 2 2
w' 9w' 9w d°u'
e 7 7 Cau 3t Cy3 —m * (Cq3 % Cuy) FymapT o

wobei @ die Dichte, 011, 012, 013, 033, C44 die elastischen Moduln und u', v',
w' die Komponenten des Verriickungsvektors seien. Die Grenzbedingungen werden im
System (XYZ) wie folgt geschrieben:
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Abb, 2a. Einfall einer P-Welle in einem Abb. 2b. P-Wellen-Einfall bei geneigter
transversal-isotropen Halbraum Symmetrieachse des Mediums
mit senkrechter Lage der Symme-
trieachse des Mediums

u,w -
Oxz| z=0 Cay (T + =0 = 0>
- v =
(@) S 9yz)2=0 = Cus (Pz=0 = 0>
- u W
92zz=0 = (€13 % * €33 2)z=0 o

Der Ubergang vom System (X'Y'Z') ins System (XYZ) erfolgt nach folgenden Trans-
formationsbedingungen:

(3 uy = agy v, O35 = ik 841 Ox1 o
wobei
cos ¢ O 8in ¢
8 = 0 1 0
-sin g O cos ¢/

sei. Mit Hilfe der Gleichung von GREEN—CHRISTOFFEL erhalten wir
) Ty =S VD = 0,

wo Pik = n'j n; Cijkl der CHRISTOFFEL~Tensor, dik das KRONECKER-Symbol, V die
Ausbreitungsgeschwindigkeit in gegebener Richtung und n, eine Komponente des Rich-
tungsvektors sind.

Die geometrische Bedingung der Reflexion wird gegeben durch das SNELLIUSsche
Gesetz

- ' -
- Vple + ) Vpqleq —9) Vg, (e’ - 9)
co8 e cos e, ) cos e' ’
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wobei e der Einfallswinkel und e e' die Reflexionswinkel der PP- und PSV-Wellen
seien,

Zur Losung von (5) ziehen wir die Gleichung (4) heran, da in (5) die Ausbreitungs-
geschwindigkeit der reflektierten Wellen vom unbekannten Reflexionswinkel eq oder
' abhdngt., Wird der Kosinus des Reflexionswinkels grdfer als 1, so kdnnen wir kei-
ne reflektierte Welle des entsprechenden Typs beobachten, sondern nur eine inhomoge-

e

ne Welle, die also exponentiell mit der Tiefe abklingt. Im Falle der geneigten Symme-
trieachse des Mediums kOnnen wir sogar eine reflektierte inhomogene P-Welle beobach-
ten, was als ein Indikator fir ein Medium mit geneigter Symmetrieachse gelten kann.

Setzt man nun die vollstadndige Verrilickung an der Oberfldche in die Grenzbedingungen
(2) ein, so erhdlt man Gleichungen zur Bestimmung der Reflexionskoeffizienten B fiir
die PP-Welle und C fiir die PSV-Welle. Im Falle ¢ = O erhdlt man, wenn man die
Amplitude der einfallenden P-Welle gleich 1 setzt,

6) B = KBR-NM. C = - _2NK
= KP+TH? - KP+TNH
wobei
(K = 71- sin(2 e + y_) , M = —V—1-cos(2e+ys) A
ho) p sv
cos y sin y
=___2 2 . 2 _ P .
(7) < N vp (C13 cos® e + Cyy sin e) + (C33 013) vp sin e cos e ,
_COSYS . ] ] sinys 2 -
L P = _V;;—* (C33 - 013) sin e' cos e —v;;—— (C,]3 cos® e' + C33 sin© e')

seien. vy ist der Winkel zwischen Wellennormale und Verzerrungsvektor in der P-
Welle und Vg der Winkel zwischen Verzerrungsvektor in der SV-Welle und der Senk-
rechten zur Ausbreitungsrichtung. Der Tangens des scheinbaren Emergenzwinkels wird
durch folgende Formel bestimmt:

sin(e + - B sin(e + - C cos(e' +
8 tans = ¥ ( 7p) ( vp) ( 7g)

= - T L .
ul o cos(e + y;7 + B cos(e + y;j C sin(e™ + ysj

Bei geneigter Symmetrieachse des Mediums, d.h., wenn o § O, geht in die Formeln
flir die Reflexionskoeffizienten B' flir die PP-Welle und C' filir die PSV-Welle
noch der Neigungswinkel ¢ ein, Wir erhalten:

. _ KB8-~-NM _ (KsS-NM\L K
(9> B' = F¥-—TS: ¢t = Gw-TS W "W’
wobei
N = g {(c sin2<p+C cos® ) cos(e + ¢ + ¥.) cos(e + ¢) +
- vp(e+¢7 11 13 P

. 2 2 . . _
+ (C13 sin® ¢ + 033 cos” ¢) sin(e + ¢ + yp) sin(e + ¥)

- Cyy sin 2 ¢ sin(2 e + 2 ¢ + ¥} ,
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1 . 2 2
R = — {C., 8in“ ¢ + C,, cos” ¢) cos(e, = ¢ + ¥) cos(e, = ¢) +
T = O 1 1 1
+ (Gqy 8102 ¢ + Cyy cos® ¢) sin(ey = ¢ + ¥) sin(e; = ¢) +
+ 0y, 8in 2 ¢ sin (2e, -2 ¢ + )}
s = v——(-3—:—-7 {(C1 sin2 ® + 033 0052 ) cos(e' - ¢ + Ys) sin(e' = ¢) -
sv\® ¢ 3

- (Cqq gin® o + 013 cos® ¢) sin(e' - ¢ + ys) cos(e' - ¢) +

+ Cyy 8in 2 ¢ cos(2 e' - 2 ¢ + 78)} ’

N 1 _ .
K = 7;(;—;—57 {(013 C,q) 8in ¢ cos ¢ cos(e + ¢ + yp) cos(e + ¢) +
+ (Cy3 - C43) sin ¢ cos ¢ sin(e + ¢ + yp) sin(e + ¢) +
+ Cyy co8 29 sin(2 e + 2 ¢ + yp)} ,
] _ . _ _
L = Vp Te1_:_$7 {(013 011) sin ¢ cos ¢ cos(e; = ¢ + y) cos(e, 0) +
1
+ (Cy5 - 013) sin ¢ cos ¢ sin(ey - ¢ + ¥) sin(e,; - ¢) -
_044cos2¢sin(2e1-2¢p+y)}’
_ A _ . " o . " _
M = V;;TGT_:_57 {(C33 013) sin ¢ cos ¢ cos(e ¢ +y,) sin(e 0)

- (C13 - 011) sin ¢ cos ¢ cin(e' - ¢ + ys) cos(e' - ¢) -

L .
- Cyy CO8 29 cos(2 e 2.9 + Ys)}

Fir den scheinbaren Emergenzwinkel, d.h. den Winkel zwischen dem Vektor der Bodenbe-
wegung und der Horizontalen, erhalten wir

(10) e = arctan(% )
2=0

mit

u = (cos(e + ¢ + yp) + B! cos(eq -9 +y) -C' sin(e' - ¢ + ys)) cos ¢ +

+ (sin(e + ¢ + yp) - B! sin(e,1 -9 +7v) -C'" cos(e' - ¢ + ys)) sin ¢ =
= E cos8s ¢ + F sin ¢

und

w = -Esing + Fcos g .

Mit Hilfe der erhaltenen Formeln wurden Emergenzwinkel fiir Modelle mit unterschied-
licher chemischer Zusammensetzung und unterschiedlich grofer Anisotropie auf einem
elektronischen Rechner "MIR-1" errechnet. Die Modelle 1 und 2 sind Modelle mit ela-

stischen Parametern des ozeanischen oberen Erdmantels und die Modelle 3 und 4
fir den Erdmantel unter Kontinenten.
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In Abb., 3 ist das Verhalten der Grope
(11)

de = e - e

465

fir den Einfall einer P-Welle auf die Grenze eines transversal-isotropen Halbraums
mit senkrechter Lage der Symmetrieachse des Mediums, in Abb., 4, 5 und 6 fiir den Fall

einer geneigten Symmetrieachse dargestellt. Es zeigt sich, dapf der Emergenzwinkel
fir die Modelle des Erdmantels unter Kontinenten eine geringe Abhdngigkeit vom Aniso-
tropiekoeffizienten besitzt, wogegen bei ozeanischem Mantel eine recht grofe Abhdn-

gigkeit vorliegt.

3. Eine isotrope Schicht auf einem transversal-isotropen Halbraum

Auf einem transversal-isotropen Halbraum mit den oben beschriebenen Eigenschaften

lagere eine isotrope Schicht der Madchtigkeit h

(Abb, 7).

2 y
'\. ! 1 /"\'_‘e’ .
\ /SVd L
\_ A i Py
\ fZ
g v, .V
/\' ',//\92 e
\ . 1 Vs \ X
VA ‘Sg»f' T~
| : / ~_
e ~—
l '/' P / ¥ ¢
S ?
| P Al
Ve+p) /
Abb. 7a. Isotrope Schicht auf transversal- Abb, 7b. Ausbreitung einer Kopfwelle

isotropem Halbraum; Einfall einer
P-Welle aus dem Halbraum

Fir h gelte folgende Bedingung:

entlang der Grenze Schicht -
Halbraum

\'! \
T 2 1
(12) h > § G "=E=) ¢
2 1
wobei T die Periode, V, = 6,99 km/s die P-Wellen-Geschwindigkeit und
V2 = 4,1 km/s die S-Wellen-Geschwindigkeit in der Schicht seien. Aus dem Halbraum

treffe eine ebene P-Welle unter dem Winkel e auf die Grenze zwischen Halbraum und
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Schicht. Die Symmetrieachse des transversal-isotropen Mediums sei um ¢ Dbezliglich
der Vertikalen in der Einfallsebene geneigt. Betrachten wir nur die gebrochenen Wel-
len. Die Brechungswinkel bestimmen wir nach dem SNELLIUSschen Gesetz:

cos ey cos e,

(13) B2l = = .
Vp(e f @) V4 Vo

Somit erhalten wir filir den scheinbaren Emergenzwinkel an der Oberflédche der Schicht

(14) tan® = -2cot2e, .
In Abb. 8 ist die Grofe &e = e — e filir die beschriebene Konfiguration und die
verschiedenen Mantelmodelle dargestellt. Es wird deutlich, daf sowohl eine Vergrofe-
rung des Anisotropiekoeffizienten als auch eine Anderung der Neigung der Symmetrie-

achse des Mediums Einflupf auf den Emergenzwinkel ausiibt, wenn der Einfallswinkel e
kleiner als 45° ist,

Yy il =
20 40 60 80 [ ZZO#O 60 80 e

(=)

a

lSa

I N O VO A I O O O

20 40 60 80 e 20 40 60 80 e
(4
d

(=)

S

Abb. 8. a) Modell 1b fiir verschiedene ¢, D) fiir verschiedene Anisotropie-
koeffizienten, c) Modell 2a, d) Modelle 3c und 4c
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Abb., 11. Vergleich des Modells 1b Abb, 12,
(8 % Anisotropie) mit der Kurve
aus den experimentellen Werten
von KEEN u. BARRET [12]
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Betrachten wir nun die Ausbreitung einer Kopfwelle (P) entlang der Grenze zwischen
dem transversal-isotropen Halbraum und der Schicht. Die Symmetrieachse des transver-
sal-isotropen Mediums liege horizontal, d.h., ¢ = 90°. Bei dieser Geometrie kdnnen
wir eine Abhdngigkeit des Emergenzwinkels vom Azimut Az betrachten:

v, vy cos ey
(15) cos ey = v;zxzj ’ cos e, = V;TIET = v v, .

In Abb. 9 und 10 ist der Emergenzwinkel in Abhdngigkeit vom Azimut fiir verschiede-
ne Modelle und Anisotropiekoeffizienten dargestellt. Abb. 11 und 12 geben einen Ver-
gleich der Abhingigkeit des Emergenzwinkels vom Azimut fiir die Modelle des ozeani-
schen Erdmantels mit der aus den Experimenten von MORRIS et al. [16] und von KEEN
und BARRET [12] errechneten. Die Kurve fiir das Modell 1b mit einem Anisotropiekoeffi-
zienten von 8 % stimmt am besten mit den aus den experimentellen Werten errechneten
Kurven iliberein,

Wir sehen also, daf die experimentelle Bestimmung von Emergenzwinkeln eine Hilfe
bei der Erforschung einer moglichen Anisotropie des oberen Erdmantels sein kann.
Diese Bestimmung miifte auf die Ozeane ausgedehnt werden, da hier die Kruste relativ
diinn und undifferenziert und somit ihr Einflup auf die Grdfe des Emergenzwinkels ge-
ring ist. Hierzu sind aber 3-Komponenten-Meeresbodenseismographen notwendig, an die
beziliglich der Genauigkeit hohe Anforderungen gestellt werden miissen.

Literatur
[1] AFANASEVA, N.A.; Opredelenie skorostnogo razreza zemnoJj kory i
BULIN, N.K. verchnej mantii po uglam vychoda prodol'’nych voln.
Izv. Akad. Nauk SSSR, Fiz. Zemli (1969) 12, S. 36-43
[2] BABUéKA, V. Anisotropy of upper mantle rocks.
Z. Geophysik 38 (1972) 3, S. 461-467
[3] BERSTEJN, N.JA. OtraZenie voln ot granic anizotropnogo poluprostran-
stva.
Izv. Akad. Nauk SSSR, Ser. geofiz. (1961) 10,
S. 1525-1526
(4] CHESNOKOV, E.M. Ob uprugoj anizotropii mnogokomponentnych modeleJ
stroenija verchnej mantii. B
Izv., Akad. Nauk SSSR, Fiz. Zemli (1973) 5, S. 28-38
[5] CHESNOKOV, E.M.; Uprugie charakteristiki odnorodnoj popereé&no-izo-
GLIKO, A.O. tropnoj modeli stroenija verchnej mantii.
Izv. Akad. Nauk SSSR, Fiz. Zemli (1973) 3, S. 20-28
[6] FEDOROV, F.I. Teorija uprugich voln v kristallach.
Moskva: Nauka 1965
(7] GIESEL, w. Elastische Anisotropie in tektonisch verformten Se-

dimentgesteinen.
Geophys. Prosp. 11 (1963) 4, S. 423-458

DOI: https://doi.org/10.2312/zipe.1975.031.02



470

(8] GOLICYN, B.B.

(9] GULZAR, A.

[10] HELBIG, K.

[11] JEGORKINA, G.V.

[12] KEEN, C.E.;
BARRET, D.L.

[13] KEEN, C.E.;
TRAMONTINI, C.A.

{14] KLEYN, A.H.

[15] MEREU, R.PF.

[16] MORRIS, G.B.;
RAITT, R.W.;
SHOR, G.G. Jr.

[17] MUSGRAVE, M.J.P.

[18] osIPOV, I.O.

[19] RAITT, R.W.; et al.

[20] RAITT, R.W.; et al,

[21] SAVARENSKIJ, E.F.

[22] SAVARENSKIJ, E.F.;
KIRNOS, D.P.

DOI: https://doi.org/10.2312/zipe.1975.031.02

Ob ugle vychoda sejsmideskoj radiacii.
Izv. Post. Centr. sejsm. Kom. 7 (1915) 2

Reflexion und Brechung von Planwellen an ebenen
Trennungsflédchen zwischen zwei transveraalisotropen
Medien.

Diss. Miinchen 1966

Elastische Wellen in anisotropen Medien.
Gerlands Beitr. Geophysik 67 (1958), S. 256-288

Izulenie anizotropii zemnoj kory po zapisjam sejsmi-
éeskich obmennych voln,

Izv. Akad. Nauk SSSR, Fiz. Zemli (1969) 9, S. 40-50

A measurement of seismic anisotropy in the northeast
Pacific.

Canad. J. Earth Sci. 8 (1971), S. 1056-1064

A seismic refraction survey on the Mid-Atlantic
ridge.

Geophys. J. roy. astron. Soc. 20 (1970) 5, S. 473-49

On seismic wave propagation in anisotropic media with
application in the Betun area south Sumatra.

Geophys. Prosp. & (1956) 1, S. 56-~69

A study of apparent angles of emergence at Marathon
Ontario from the Lake Superior data.

Bull. seism. Soc. Amer. 55 (1965), S. 405-416

Velocity anisotropy snd delay-time maps of the mantle
near Hawaili.

J. geophys. Res. 74 (1969), S. 4300-4316

The propagation of elastic waves in crystals and
other anisotropic media.

Rep. Progr. Phys. 22 (1959)

OtraZenie i prelomlenie ploskich uprugich voln na
granice dvuch anizotropnych sred.

Izv. Akad. Nauk SSSR, Ser. geofiz. (1961) 5,
S. 649-665

Anisotropy of the Pacific upper mantle.
J. geophys. Res. 74 (1969), S. 3095-3109

Mantle anisotropy in the Pacific Ocean.
Tectonophysics 12 (1971) 3, S. 173-186

Ob uglach vychoda sejsmieskoj radiacii i nekotorych
smednych voprosach.

Trudy geofiz. Inst. Akad. Nauk SSSR (1952) 15(142),
S. 5-109

Elementy sejsmologii i sejsmometrii.
Moskva: Gos. Izd. techn. teor. Lit. 1955



471

[23] STONELEY, R. The seismological implications of aeolotropy in
continental structure.

Monthly Not. roy. astron. Soc., Geophys. Suppl.
5 (1949) 8, S. 343-353

[24] VERMA, R.K. Elasticity of some high-density crystals.
J. geophys. Res. 65 (1960), S. 757-766

DOI: https://doi.org/10.2312/zipe.1975.031.02



DOI: https://doi.org/10.2312/zipe.1975.031.02



473

Determination of the Viscosity Coefficient on the Basis of Records
Obtained by Seismological Stations of the Carpathian Zone

by

0.I. YURKEVICH 1)

Summary

The Earth's crust is characterized by parameters; one of the most important among
them is the coefficient of viscosity, n. To estimate it the dissipative function
Q can be used. This quantity, estimated using records of surface waves obtained by
seismic stations of the Carpathian zone, helps to determine the coefficient n. A
discussion follows concerning the choice of the rheological model for the definition
of 7. Also the interrelation between the engulfment of seismic waves and the coef-
ficient of viscosity is discussed.

Zusammenfassung

Einer der wichtigsten die Erdk uste charakterisierenden Parameter ist der Viskosi-
tdtskoeffizient 7. Zu seiner Abz:hdtzung kann man die Dissipationsfunktion Q ver-
wenden. Diese Grofe wird aufgrund von Aufzeichnungen von Oberfldchenwellen in seis-
mologischen Stationen der Karpatenzone ermittelt und verhilft zur Bestimmung von 7.
Weiter werden die Wahl des rheologischen Modells zur Definition von 7 und die Be-
ziehung zwischen der Abnahme seismischer Wellen und dem Viskositdtskoeffizienten dis-
kutiert.

The essential physical parameters of the Earth's crust are the modulus of elastic-
ity, characterizing the resistance against elastic deformations, and the viscosity
coefficient; on a regional scale, the former may be determined by means of the propa-
gation velocities of the body waves. The regional value of the viscosity coeffi-
cient 7 may be obtained by using the surface waves. For this phrpose, it is neces-
sary to determine the numerical value of the dissipative function Q and to repre-
sent the medium by the aid of a definite model. The Q-value is calculated by the
equation

(1 § = xey?,

where ¢ and y are the phase velocity and extinction of surface waves, respective-
ly, and T denotes the period. The coefficient y 1is determined from the rela-
tionship
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where AA and Ao are the amplitude at the point of observation and the initial
amplitude, respectively, A denoting the epicentral distance. For the definition of
Q the amplitudes and phase velocities of surface waves were used as recorded at the
seismological stations of the Carpathian region.

The seismic network of the Carpathian zone consists of five stations: L'vov,
Uzhgorod, Mezhgor'e, Rakhov and Kosov, all of them being equipped with two types of
seismographs, SKM-3 and SKD, with broad-band characteristics. The SKD device was
established in order to record the surface waves; it enables not only investigating
the seismicity in the Carpathian region, but also studying the structure of the
Earth's crust and upper mantle by the aid of the "surface waves method".

For evaluation of the viscosity coefficient, the records of earthquakes of dif-
ferent epicentral distances of the order A = 10° - 20°, A = 40° - 60° and
A = 75° - 80° were used and were arranged in three groups. For each earthquake
there were determined the phase velocities ¢ and the wave extinction y as the
tangent of inclination angle of a straight line in a logarithmic scale

In(a,, 47/3) = 1na -va.

The y-values for the three groups of earthquakes with period ranges
?T=12 ... 158, T=19 ... 218 and T =25 .-+« 30 8 are found as y = 0.00014,
y = 0.00016 and vy 0.00019, respectively. Thus, the values according to formula
(1) are determined correspondingly as 1/QI = 500-10_5, /91 = )20-10-5 and
1/Qqq = 550-107°.

"

For calculating the viscosity coefficient, a physical model of a viscoelastic
body was used, described by

de _ 1.dp P
3 F;F = p Ity
where & 1is the deformation, P the strain and t denotes time. For short times

of strain activity the body behaves as an elastic one, for a longer time as a viscous
body. The Q-value is obtained from the relation

- w1
#) Q el

where, as in all previous cases, w 1is the osecillation frequency. The coefficient
of viscosity will be

(5) n = {u

w

In this equation, the values Q and g are unknown.

The coefficient of elasticity u for the Carpathian region was determined accord-
ing to the velocity of body waves from near earthquakes as
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where the density ¢ was adopted for the whole Earth's crust equal to ¢ = 2.85 g/cm3,
The mean value of the coefficient u was obtained to be equal to g = 4.1-1011 dyn/cmz.

The coefficient of viscosity was determined from the relation (5); after substitu-
tion of all mentioned parameters, the following values of the viscosity coefficient
for the three groups of earthquakes were obtained:

mp = 0.17:10'° poise, ny; = 0.25-10"° poise, nyy = 0.35-10'7 poise .

No significant differences can be stated between all these n-values; therefore, all
seismological stations of the Carpathian zone when solving such problems may be
regarded as one group, or even as one point of observation.

Investigating the phase velocities of the surface waves there are taken into
account the peculiarities of structure of the region of the recording stations. Thus,
one may consider that the obtained n-value, averaged for all values, fairly well
reflects the viscous properties of the Earth's crust in the Carpathian region.
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KnuemaTnueckue ¥ JUHAMUUECKNE XapaKTEpPHMCTUKH
BosH PEIEA B puanasoHe mepuogoB 20 — 200 cek

0.E. CTAPOBOLT 17

Pesmme

[lpuBoIATCA pe3yJbTATH aHaM3a TPYNNOBHX CKOPOCTell M aMIMTYJIHHX CIEKTPOB BoJIH PE-
JIEA, 3aperncTpMpoBaHHHX B ceficMoJiorMuecKoit odcepBaToprm "OGHMHCK" OT IOBYX VlAJEHHHX
semnerpacenud (o-Ba Makkyopm, 11 moHg 1970 r., u [OxHHe CaHIBMYEBH O0=Ba, 6 OKTAGDS
41973 r.). Ucnomn30BaHH ceficMorpaMMu IJIMHHONEPHOIHHX ceficMorpadoB m ammapaTypu I[ICC, An-
naparypa I[ICC mo3BoJsieT pas3leiiTh MHTepdepupyomme KOJeGaHWS B NMOBEPXHOCTHHX BOJIHAX
Ha OTJHeJbHHE IWCIepIUpymuMe IyTH X NCJydaTh HeNPEepHBHHE IUCIEPCHOHHHE KPUBHE KOPOBRX
M MaHTUHHHX BOJIH., AHAJM3 IMCIEPCHOHHHX KDMBHX ITOKa3akl BO3MORHOCTL BHABJIEHWA T'OPM30H-
TaJBHHX HEOJHOPOJHOCTEH B BepxHell MaHTHM. Il0 aMIUMTYIHEM CIEKTpam BOJH Rq # R, oOT
3emieTpaceHua B pafioHe IEHEX CaHJBMYEBWX 0-BOB IIOCTPOSHA (YHKUUA HampaBJeHHOCTH. Husz-
KOYaCTOTHHE KOMIOHEHTH MU3JyYamTCsa 60Jiee UHTEHCUBHO B CEBEPO-BOCTOYHOM HaIpABJEHMU OT
ouara, 4emM B IPOTHMBOIOJIOKHOM. M3iyueHne BHCOKOWACTOTHHX (T = 20-25 CeK) KOMIOHEHT
ITPOACXOJUT GoJiee MHTEHCHMBHO B WI'0O-3aIIaJHOM HanpaBieHMM., OCGCyRIaeTCA BIMAHME Ha (yHIK-
LM HaIpaBJeHHOCTY BHODAHHHX 3HAueHuii Kos@uIMeHTOB 3aTyXaHWsd.

Summary

The results of the analysis of group velocities and amplitude spectra of RAYLEIGH
waves recorded at "Obninsk" seismological observatory from two remote earthquakes
(Rlacquarie Islands, June 11, 1970, and South Sandwich Islands, October 6, 1973) are
reported. The seismograms of long-period seismographs and PSS apparatus were used,
The latter apparatus allows to divide the interference oscillations in the surface
waves into separate dispersive trains and to obtain continuous dispersive curves of
the crust and mantle waves. The analysis of the dispersive curves in the range of
periods from 20 to 200 s showed the possibility of eliciting horizontal heteroge-
neities in the upper mantle, The directivity function was constructed for the South
Sandwich earthquake by amplitude spectra of the R1 and R2 waves. The low frequency
components are radiated in the north-east direction more strongly than in the opposite
one. Radiation of the high frequency (T = 20 - 25 s) components occurs more strongly
in south-west direction. The influence of the used values of the attenuation coeffi-
cients on the directivity function is discussed.

1)
MHCTUTYyT @uawku 3evum HM. 0,10, UWWMUITA AH CCCP IleHTpasbHasa celicnosornyeckast
oGcepraTopusa "OGHMHCK"
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1. BeeneHue

OpPexTMBHOCTS M3yYeHMA BHYTDPEHHETO CTPOEHmA 3eMIM M MeXaHN3MA 04YaroB 3emieTpAceH:l
TEeCHO CBA3aHa C pacliMpeHueM JMHAMAYECKOTO M JacTOTHOTO I@anasoHa ceficmmueckofi amma=-
PaTypH B CTODOHYy HASKEX 9acTOT.

B nocsemume roux B lenTpasmHo#t Ceftcmosormueckoh O6cepparopmm (IICO) "OCmmmck" WH®3 AH
CCCP mpoBomaTcA paGoTH IO COSJAHMD M HCOHTaHMO ceficMOMeTpHYECKNX RaHaJOB C I'ajJbBAHO-
MeTpuyeckoli permcTpanmet, mpefHa3HAYEHHHX AN 3aNMCH celicMHYeCKEX BOJH B IXana3oHe
nepmogoB 20 - 200 cex. K umexy Takmx OpEGOpOB ciledyeT OTHeCcTE celicMorpadu Trma Cl-2,
CIC-300 n ICC [3, ?, 8] , KOTOpDHE B COBOKYNHOCTE C m3BecTHmME ceficmorpadamm CK, CKI
7 [0 oGecneurBawT permcTpanmmw KoJelaHmit ¢ yKa3aHHHME IeprojaMa OT 8eMIeTpAcerRmd c
M> 6,5 10 7,0 Ha aNEIEHTpPAJbHHX DPacCTOAHEAX Gojple 40 - 50°,

B maHHOft padoTe mpMBelEHH pPe3yJBTATH AHIM3a I'DYNNOBHX CKOPOCTe# M AMIUIATYIHHX CIEK-

TPOB NOBEPXHOCTHHX BoJH PRIEA B JmanasoHe nepmojioB 20 — 200 cek, 3aperECTPRPOBAHHHX
B OGHRHCKe OT JIByX yZajJeHHHX 3eMiIeTpaceHui.

2. AnnapaTypa ¥ MaTepHaJl HaGoZeHt

Ha Puc. 1 noxasaHun KpuBHe yBeamuenrtt ceficMmueckoff ammaparyph 1ICO "OGHumCK" (Bepr¥Kab—
HaA cocTraBndwiasd). BHeJpeH¥e B NPaKTHKY Haoiumuerwmi HoBoro kaHana CIC-300 (kpmmas 5) &
nomexo 3aiumernoro ceiicMorpaga -0 (kpumsed 3) no3BOJHET PACWEPETE YaCTOTHHHA M HAHOMF—
JeCRMil IMana30H permcTpallin ceficMKIeCKwX, iviaBHHM 00pa30M INOBEPXBOCTHHX, BOJIE.

InA MBYYeHNA IMCLEPCUM DeJeeBCKMX BOJH NEpPCIEKTHBHOM ABALETOA [OJNOCOBAaA CelicMuueckad
craruma (IICC). M3BeCTHO, YTO IMCHOEPCHMOEEAA RDEBAA TI'pPynuoBOi# ckopocTu BouH PEIEA B mH-
reppasiax ckopocreft 3,0 - 4,0 xm/cek & nepAomor 15 - 250 ceKk MMeeT jBe HENPEpPHRHO Cle-
Iypuye JDYT 3a JPYTOM BETBU: HODMAILHYD M SHOMATBHYD. [loaToMy M8 celicMorpamuaX mupo-
KOIIOJIOCHHX IpuGOpOB 3alMCh mMeeT CJiokHuM MHTepepeHUMOHHHHA XapaKkTep. JIpM CRIBHEX 36—
MIETPACEHMAX IJIFHHOIEPMOMHHE KOJieGaHAA 3amMCHBADTCA Ha (OHE OYeHb MHTEHCHEBHHX KOPOT-
KONEpMOIHHX. Hepejko SamuMCh BHXOAMT 3a OpejleyH ceficMorpaMvi ¥ NpEMeHeHHE YMCJIOBHX
CIIOCOGOB (WMUIBTPaliMM M CHEKTPaJbHO-BPEMEHHOT'O aHajm3a, peaJm3yeMHX Ha OBM, mparTmdecKm
HEBO3MOXHO., HamGosee wacTo ¢ Taroit cmTyaume#f OpMXOJWTCA CTaJKMBATHCA NpPH BHAJM3E pe-
JIeeBCKMX BOJH, IPONENAX 0O KpaTdafimemy OyTH OT SMmMUeHTpa K cTadiem (BosmH R, ). IICC,
dJarojapa HaMImoO OTHAEJNbHHX KaHaJIOB, HACTPOEHHHX HA MaXCHEMAJbHOE yBeJHYEeHHEe C y9EeTOM
foHa moMex m MMemuMX ODMMEPHO IBYXOKTABHHE IIOJIOCH Opomyckauws (xpmBHe 64 , 6/2 u 6/3),
H03BOJIIET pa3fiefiTh MHTepdepnpybame KoseCaHEA Ha OTHEJbHHE IMCOEprEpyDIme LyTH. lIpm
BTOM MOABJAETCA BOSMOXHOCTH IO yOpPOMEHHO! MeTommke (IO BEIYMHM KOJIEGAHMAM) MOJydaTh
SKCIepMMEeHTaJbHHEe IMCIOEPCHMOHHHE KPHBHE I'DYNIOBO#i CKOPOCTE B MAPOKOM JHAmasoHe Nepn-—
omos [7].

Hamy aHanmaumpoBasmCh ceficMOT'DaMVMH peNe€BCKMX BOJH Ry B Rp, 3aperHCTPEDOBAHHHX OT JIBYX

VIAJIEHHHX 3eMIeTpACeHntt, mapameTpH KOTOpDHX mpmBelleHH B Tada. 1 (mo maHHEM "OmepaTHB-
Horo ceficmosormueckoro GwuieTens ECCH CCCP").
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TCcek]
Pac. 1. Kpmeue yBeamuenmit ceficmmiecxot anmapaTypu LCO "OGmmHCK" (1973 r.);
1 = ceiicmorpad CK, 2 - CKL, 3 - [0, 4 - CI-2, 5 - CIC-300, 6/1 - nee, ,
6/2 - Icc,, 6/3 - TICC4
Taba. 1
% A \
n/n Paiton u mara Koopmyn.. smui. Epgﬂgre [kﬁ] M OBH
(0] A R RZ
OcTpoBa Makkyopn
1. | 11 mowr 1970 . [59,1° s 157,8° E | 16-46-48 | 33 | 7,2 |148,8° 211,2°
IOxHHEe CaHIBIYEBH
2. | ocrpopa 61,2° 8 20,6° W | 15-07-39 | 33 | 6,8 [124,4° 235,6°

6 okTaAGpA 1973 T,
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Ha Pnc. 2 (a, 6) mokasaHH yuacTku ceficMorpamm anmapaTyph LICO ¢ sammcAmMM BOJH Ry

R, oT 3emieTpsaceHms 6 okTAGpA 1973 r. BepTukaibHull mMacuTad Ha celicMorpamvax npuGopoB
CK u CKI menrme B 4, a Ha mpmdopax CI-2 m II-0 B 2 pasa no CpaBHEHEI C BePTHMKALHHM
Mmacmradom ceficmorpamm CIC-300 u IICC.

Ha ceficvorpamvax CK m CKI 3anucaHH KoJeGaHma ¢ mepuolamu no 20 — 25 cek. BoJsee mupo-
Kuit CIieKTp KoJieGaHmii 3aperncTpupoBaH mpméopamm CI-2, II=I0 m CIC-300. Ha 8Tux 3amucaAx
YeTKO BHJHA MHTepJepeHIMOHHAA KapTHHA - Pe3yJbTaT HAJOKCHMA HODMAJBHO M QHOMAJBHO
INCIEePTHpYPIIX LyTOB.

Haudosiee MHTEHCHBHHE IJIMHHONEDPMOIHHE KOJeGaHUs 3aperMCTpPMpOBaHH npudopom CIC-300.,
Pe3Kko BHIEJANTCA GOJBNME aMIMIATYIH B HaYaJbHON 4acTyM BOJHH R, . 9TO OTYACTH CBA3a-
HO ¢ HammmeM “"ropda" Ha kpmBo#i yBesudeHus CIC-300 npm nmeprmojax 80 - 140 cex. Bo
BpeMi perncTpalny 3TOTO 3eMIETPACEHmA Ha ceiicMorpammax mpmbopa CIC-300 Had/mIayich
CPaBHUTEJPHO MHTEHCWBHHe IJIMEHonepuomnue (T 2 80 - 100 cek) nomexu, 9TO XOpolo By~
JHO B XBOCTOBHX 9acTfIX 3alICH BOJH R4y M R,. - Ha ceficMorpamvax (QUIBTPOBHX KaHaJOB
IICC weTko BHIEJIDTCA JMCHEPTApyDmuEe LyT® ¢ HopmaubHOR (IICC;) u aHOMaimbHOM (HCC3)
Inmcnepcueil.

3. TD'pyiimoBHEe CKOPOCTH

T'pynnoBre ckopocTm BoJH PEIES OwiM ompelesieHH IBYyMZ CIOCOGaMH: IO BANFAMEM Ha 3&NUCH
BpeMeHaM BCTYIUIeHMA BepuMH ¥ BOAMMH KoJeCaHmii [6] ¥ IO MeTOIy CIEeKTpaJbHO-BPEMEHHOTO
apaymsa (CBAH) ceiicmorpasm [4].

U1 onpelielleHAA CKOPOCTH IIO IEPBOMY CIOCOGY MCIOJB3eBaJCh ceficMorpamMMvH BceX IpHGo-
POB, YTO JaJ0 BO3MOXHOCTE OLIEHMTE MOTpemHOCTH. JId KopoTkomepuomuoi#t (47 - 50 cek)
BETBH IMCIIEPCHOHHOM KDUBOM CpefHAA OMEGKA IO CKOpocTy 0,04 KM/CEK ¥ IO TepHONy

*2 cex; nm JupmeHoneprofHo#t (80 - 200 cek) BETBM — COOTBETCTBEHHO +0,02 xm/cex n

*6 cex. - Jl1A ompemesyeHns CKOPOCTH IO MeToy CBAH ucmosm3oBaymmck 3anucu ceiicmorpaga
[I-l0, xoTopHe Owm oTOEOPOBAHH C maroM o BpeMeHH A4t = 2 cek. OcpelHEeHHHE IUCIEDCH—
OHHHE KDMBHE, IOJY4YEHHHe II0 IIEePBOMy CIOCOCy, M onpenejeHHHe Mo MeTony CBAH mpaxkTu-
YeCKN COBIAJIA.

Ha Prmc. 3 npelcTaBneHH pe3yJHTATH ONpeleNeHw IPYNNOBHX CKOPOCTel N0 BOJHAM R, M
Ry, BapermcTpupoBaHHEM B OCHuHCKe (R, 2OBH) n B Coun ( o CO0Y) or IByx 3emiIeTpace-
Hit 1970 7. n 1973 r. (Tadx. 1). Ha cPammmu "Coum" mcnosb3oBarn MaTepnasm 1ICC. Ha
Pmc. 3 BepTMKAJNLHEMA ¥ TODPMBOHTAJLHHMY OTpe3KaMi, DPACHOJIOXEHHHMM BOS3JIE COOTBETCTBY-
bMyX BeTBell, IT0Ka3aHH BEJMUNHH CPENHMX OMMGOK IO CKOPOCTM M IO NEePHOLY.

PaccMOTpUMM MOJIydeHHHE OuCIepCHOHHHE KpuBHe (Puc. 3) M OCHOBHHE OCOGEHHOCTH ITyTeit
pacnpocTpaHenns BoJH (Puc. 4). Ha Puc. 4 BepTMKAJIBHON MTPMXOBKON BHIEJNEHH 30HH CTa-
OMJIPHHX KOHTMHEHTAJIBHHX MaccwBoB no B, I'VTEHBEPTY u 4, PUXTEPY ("CeficMirdHocTh 3e-
min") .
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R1 (a) = Re(c) OT SemieTpiAceHra § orRTAGpa 1973 r. B paitloHe xEmMx CaHI-—

BHYEBHX O~EBOB
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Pmc. 3. IpynnoBme ckopocTy BoJH PENES mo HadsmonmeHmAM B OCHMHCKe m CouM 3emiIeTpace-
Hmi B pafioHe o-Ba Maxxyopm (4970 r.) u kHex CanmeuyeBHx o-BoB (1973 r.).

BepTHKaIBGHEME ¥ TODMBOHTAJBLHEMM OTPE3KAMYM IOKABaHH NOTPEMHOCTY ONpelesleHMs
ckopocTefl ¥ mepmoONIoB.
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Puc. 4. IlyTu pacnpocTpaHeHmsa BoJH PEIEA; 41 - cejlcmmueckad CcTaHuua, 2 — Tpacca BOJIHH,

3 - BNMIEHTD 3emIeTpACeHus, 4 -~ CcTaCWIbHHE KOHTMHEHTaJIbHWEe MaccuBH 1o B, IV-
TEHBEPIY n Y,PUXTEPY ("CeficMmyHocTh 3emuu")
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B mmanasoHe nmepmofioB 17 - 50 cek HAGJRIAWTCA HA®GOJBIME pasudpsa JTACIHEPCHOHHHX 'KPHBHX,
oGyciaBiuBaeMue, KaKk N3BECTHO, CTpoeHueM 3eMHON KopH. JeficTBmMTesBHO, GoJibmMe B3HAYEHRA
CKopocTeil XapakTepHH Ind kpuBhx R, OBH (70), R, OBH (73) m R, COY (70). IlpeoGaa-
Janmyo YacTh oyt (85 %, 75 % m 70 % COOTBETCTBEHHO) 3TH BOJHH IpoXomaT Twolt m
ATsaHTHYecKE# OKeaHH, C yMeHblieHMEM OKeaHEIeCKO!l JacTE OyTHM SHadeHmA cKopocTelt yMeHB-
mapTcsi. Tak mo BoaHaMm R, OBH (70) m R4y OBH (73) mosydeHN HamMeHbIEe 3HAYEHMA CKO-
pocrel. Boara R, OBH (70) mopamka 60 % myTM OPOXOJAT IO BOCTOUHOH OKpamHe MEWMicKoro
OKeaHa, [IlpmIeM STOT y9acTOK OyTH GJM3KO pACHOJIOXEH K OpUOPEXHHM 30HAM ABCTpaJmMm #
MHIOHe3ME M, MO-BUIMMOMY, HE MOXET OHTh OTHECEH K OKEAHNIeCKEM CTDPYKTypaM. Bosma

R, OBH (73) Tomeko 50 % myT: mpoXommT dUepes ATJaAHTMIECKEA OKeaH.

B myanazone nepmomoB 70 - 200 cek pasinyud MeXTy KDHBHME (Rpome kpuBo#t R, COY (70))
IpaKkTHIecKn ncuesawT., Kpmead R, OBH (73) rMeeT HECKOJBKO GOJBIME CKOPOCTH IO IepH-
onoB 120 cex. OmHaKo Takoe corJiacue MeXLy KpWBHMW, IIO-BRAIVMMOMY, He SBIIETCS OCHOBa-
HEeM LI yTBEDRAEHMA 06 OINMHAKOBOM CTpPOEHMM BepxHell 0GOJIOUKM IO TpaccaMm pacopocTpa-—
HEHMA 3THX BOJH. J3BeCTHO, 4TO CTpOEeHMe KODH (a OHO pas3iM9Ho, CyJAd OO JHMCIEpPCHMH B
ImanasoHe 17 — 50 cek) OKa3HBaeT CyuleCTBEHHOe BJMSTHME Ha CKOPOCTH PEJIEEBCKEX BOJH C
neprojiam#, no Kpafinelt mepe, mo 130 — 150 cek.

Kpupar R, COY (70) B nmanasoHe mepuoZoB 20 — 50 cek uMeeT NPOMeXyTOTHHE, & B Hpana-
s8oHe 50 - 160 cex HauMeHblMe 3HAUEHMA CKOpPOCTe# IO CpaBHEHND C OCTAJLHHEME KDHBHMH,
PasHocTh ckopocTek B aHoMasbHO!l BeTBM cocTasisteT 0,05 - 0,07 M/cex @ IOpeBHmAET IOT=-
PENHOCTL MX ONperneseHss. PaccMOTpmM COBMECTHO TpaccH BosH R; COY (70) m Ry OBH
(70). 31ech HAGADJANTCH PalJIMIMA %ci. B OKEAHMYECKAX, TaKk M B KOHTMHEHTANLHHX JacCTAX
Tpacc. Boswa R, COY mpoXommT uep .3 LeHTpaJbRym uacTh Mmnmfickoro oxeaHa, a BOJHA

R, OBH ~ ucpes ero BOCTOUHYY® OK[Z4HY. 0 KOHTHEHEHTy BosHa R, COY HpOXOMAT TOJEHKO
uepes TEKTOHHYeCKM aKTHBHHEe 30HR lpaHa m KaBkasa, Torja kak BojHa R4 OBH Gosmmym
YacTh KOHTMHEHTAJLHOTO NyTH UZAT depe3 CTACHIbHHE KOHTMHEHTOJIbHHE MAcCHEBH (3amamHad
OXOHEYHOCTE ABcTpasmmtickoro mwera, Mumickmit muT B Pycckaa mraTdopma). COBOKYIHOCTH
0COGeHHOCTell CTpPOeHMA KOpH ¥ EeprHeil oGoJcUKM IOJ IEeHTpanbHOll JacThio VHIWACKOTO oKe-
ana n ceficMoakTrmeHEME 30Hampt Jpanz ¥ Kamirasa ofycjapiZBanT CpPaBHATENHHO MAJHE 3HAYe-
Hug IpynnoBoit ckopocTy mpu nepuozax 50 - 60 cek, moayueHHHWe mOo BosHe R, COY.

[lpoBeileHHHI KaueCTBEHHHIl aHANE3 yKa3HBaeT Ha HeOOXOIFMOCTH IpE pemeHmy oCpaTHOl 3a-
Iaun HCIOJH30BaTh IMCIEPCHOHHHE KDMBHE B IMala30He MEepHOJOB, OXBATHAANNEM KODOBHE X
MaHTHIHHE BOJIHH OJHOBPEMEHHO. BHABJIEHNME HeOITHOpOoIHOCTedl BepxHell 0GoJj04RE Gojee mep-
CIEKTMBHO IO Jucrepcunm BOJH R, , uem mo BoJHam R, , R3 R T.., KOI'JA XapaKTepHHe

OCOGEHHOCTH CTPOEHNA YCPeIHARTCA C KaxIuM Iocjelymm oGeraHmeM BoJHOI 3eMHOro mapa.

KomyruecTBeHHas ymTepnpeTanus (momdop Momenell cpefiH) Ha@JRMIEHHHX HaME JAHHHX MOXET
OHTH BHIIOJIHEHA Ha 6a3e MeTOJOB TeopeTHIeCKOoll M BHUUCJMTENBbHOM ceficMojiorye @ TpelyeT
CaMOCTOATEJBLHOT'0 MCCJIeOBaHMA,
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4, AMOJETYOHHE CIEKTPH

CnekTpaJbHOMy aHaJM3y NOJBEPIHYTH BOJHH R4 M R,, 3aperucTprpoBaHHHe B OCHMHCKE
npnéopom II-0 oT 3emnerpacenms 6 okTaAGpd 1973 r. 3amicy OHIM OTOMPPOBAHH C WATOM IO
BpeMeHN A4t = 2 ceK. JJIMTEJBHOCTY aHANMBMPYEMHX MHTepBaJioB paBHH 1200 cek (Bojma

Ry or 416 u, 05 mmm Jo 16 4. 25 mmm) u 1320 cex (Bosma R, = oT 16 u. 57 mmi Jo

17 9. 419 mmi). CHeKTpH pacCUMTaHH IO MeTOXy GHCTPOTO mpeodpasoBanmi GYPbE [5] B Hua-
nasoHe gacTor & oT O jmo 0,46 m ¢ waroM no gacrtore Aw = 15,34%-4107%,

PesyspTaTH aHanu3a npelcTaBlieHH Ha Puc. Sa. KpmBHe cnekTpaipHON ILIOTHOCTM CHUIBHO
QUyRTyMpy®T. PaspelleHHOCTH CIEKTpaJbHOTO aHaaMsa Io yYacToTe w, paBHad wn/At (AT -
IUIMTEJHHOCTh AHAJMBMPYEMOTO MHTepBaJia), He o0eclneuuBaeT yBepEeHHOE BHJEJEHHE MHOTTX
mK. [[o5TOMy KpHBHE CIEKTDaJbHOR IJIOTHOCTM OCDEJHAJMCH II0 11 TOYKAM IIyTeM BHUYACJIEHUR
apudMeTMYeCcKoTo cpefHero. OcpelHeHHHe TakuM o0pas3oM CIEKTDH IOKa3aHH Ha Puc. 56 B
Inanas3oHe IepmofioB 17 = 400 cek.HadimiaeTcda udeTkoe pa3fiesleHMe CIEKTDOB Ha JBa ydyacT-
Ka: HUBKOYACTOTHHA - B juanasoHe nepuoloB 400 - 70 cek, M BHCOKOYACTOTHHIA — B JMana-
30He nepuoZioB 70 - 17 cek. Ecum B 0GJacTM HMBKHEX YaCTOT OTHOWEHME CIIEKTPAIBHHX IIJIOT—
oHocTelt Ry/R, mopAmka IByX, TO B OGJaCTM BHCOKNX YacTOT B CDEMHEM OHO GJDI3KO K
elyHuULIE,

I masbHefillero aHasu3a NpUBENEH CIEKTD BOMHH R, (4, $ 26 200 KM) K pacCTOAHND),
npofiienHoMy BosHol Rq (44 =13 830um). HcnoJp3yeM UBBECTHOE COOTHOWEHME:

¥(W)(By-47) Zéin A,

Soe(w) = 8, (w) e ’
R R J —
E 2 sin A,I
Tne SRZ(w) — HaOJmOIeHHHI CIIeKTD BOJHH R,, SRE(w) - CIIEKTD BOJHH R, NIpUBELEHHHH

K pacCTOAHMD R, y(w) - xoaddwmmeHT 3aTyxarusd. OTHouweHKe reomeTpngecxnx pacxo;tl<73
IeHmii (sin Ap/sin Aﬂ)-1/2 PaBHO elldHyile, IIOIIpaBKa 34 Juclnepcuo A4 wm A
He BBOINUTCA, TaK KaK QHaAJM3WPYOTCA CIEKTPH.

Budop mnsa pacuera dymkumM y(w), IpeICTaBIAET ONpeleJeHHHe TDPYIHOCTM, Tak KaK Omy—
GIMKOBAHHHE JaHHHE XapaKTepusyoTcs CoJbmy pasdpocamu. MCIONB30BAaHH IBE KpUBHE
y(w), mOKa3aHHHWe B HEEHedl yacTu Pmc. 6. CIjommas JIMHHA COOTBETCTByeT IAHHHM M3 pa-
dor [1], [2], [13] anna mepuomoB 200 - 90 cek, 80 — 60 cex u 22 - 24 ceK COOTBET-
CTBeHHO. IIpu BTOM IPOMEXyTOUHHe 3HAYeHms Y OHIM NOJYYEeHH I[yTeM JMHeiiHofi MHTepmos-—
ATMM, MCXOISA M3 NpPEJIIONOKEHUs o6 yBeJMUeHMM Y C dYacToToft. IIyHKTHpHO# JmHueil mo-
KasaHa 3aBucmMocTh ¥(w) mpuBeneHHas B [12].

Ha Puc. 6 10kasaHa INOJydYeHHas 3aBUCUMOCTB OT YaCTOTH OTHONEHNA CNEKTpoB R4 RY.
9TO0 Tak HasHBaeMas (IyHKUMA HapaB/IeHHOCTHM, XapaKTepusyolad M3JaydeHue ceficMiryecKoi
SHepIuMM M3 ovara 3emiIeTpAceHus. CHJIOWHOH ¥ NYHKTUDHOM JIMHMAMYU M300paxeHH §yHKITUN

HanpaBJeHHOCTY, DPACCUUTAHHHE NPU COOTBETCTBYIOUMX KPMBHX y(w),

OcHOBHass OCOGEHHOCTEL CIIEKTPAJFHOI'O OTHOWEHMSA COCTOMT B TOM, YTO KEe3aBUCUMO OT IIpU-
BATHX Y(w) B o0nacT# HM3KUX YacTOT OHO NpeBblaeT 1 (B cpefHeM 1,4) , a B 00JacTH
BHICOKMX 4YacTOT yMeBbmaeTcd ¥ noxomuT Jo 0,1 - 0,2 npu nepuonax 20 — 25 cek. 3T0 yka-—
3HBAET Ha ACCHAMETDMI0 MBJYUYEHHS HUBKO— M BHCOKOYACTOTHHX KOMIIOHEHT. HuM3KouacTOTHHe
xomioHeHTH (T = 80 = 200 cek) dosiee MHTEHCMBHO MB3JIyYalTCA M3 oyara B CEBEpO—BOCTOU-
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ceHmm 6 OKTAGpA 1973 r.;

ImHeHusa o 11 Touxram

Pnc. 5.

6 — CIEKTPH IIocJie OCpe-

a - CIEKTPH JIO OCpEeJHEHmd,
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Puc. 6. OyHxamig HaNpaBAEHHOCTH JIjA 3eMIeTpACEeHMA 6 OKTAGpA 1973 1., IOJMy4YeHHad 10 0T~
HOmLEHVMY cOeKTpoB BoJIH PREIEA. B HumxHell yacTu pHUCyHKa IOKa3aHa 3aBUCHAMOCTH
KoappmmeHTa 3aTyxaHuma y{(w) OT YaCTOTH, UDMHATHUA IpM pacyeTe (yHKIMM Ha-—
ITpaBJIEHHOCTU

HOM HampaBileHu# (a3MMyT TpacCH BOJHH R, C SMMIEHTPA Ha CTAHLIL 36%), a BHCOKOYAC-
ToTHHe (T = 20 = 25 ceK) - B Kro-3anajHoM. MexaHM3M TaKoI'0 M3JYUeHMd TPYIHO OGhLICHIM.

PaccmoTpuM BIMAHNE Ha CIIEKTPAJIbHOE OTHOWEHME pal3/MYHHX (PAKTOPOB, He CBABaHHHX

C MEXaHm3MOM M3Jy4eHusd. BHavaje 0CTAHOBMMCA Ha OGJACTH BHCOKMX 4acCTOT.

B oGmactn nepuomoB 20 - 25 cek mpu pacdeTax Hamm mpuHsATO (Y = 1,2 - 1,5).10 KM~
C ymuebmermem y(w) OTHoweHme R,/R3 pacTeT, HO Iaxe IpU Y = 0,1-10'4'KM'1
cTaHoBUTCA paBHEM 0,7, T.e. ocTaeTcAd MeHBmeM 1. ®aKT aHOMAJIBLHO HUBKKUX Y B TaKOM
IManasoHe IEpHONIOB peJIEeBCKMX BOJH M3BeCTeH. Hampmvep, B [11]moaydeHo vy = 0,2.10~%
mpu T = 17 - 20 cek. OIHako, 5TM HAGJHIEHUA IPOBOMMWIMCH Ha CPaBHUTEJBHO HECOJBUKX
SOANEHTPANBHEX PACCTOAHMAX (CTaHUMM M SNMIIEHTD pacloJioXeHH B npefesax CeBepo-AMepn-
KaHCKOT'O KOHTMHEHTa). TpymHO IPEINIOJIOXATH, YTO TAKOe HMBKOE Y XapaKTepHO WA Ipo=-
TAREHHOT'O IYTH, KOTODHH Ipowsa BoJHa R, = C Ipyroii CTOpPOHH, M3BECTHH JAHHHE 0O
aMIVMTYHOY Bapyallny peJIeeBCKMX BOJIH IIPY paAcOpoCTpaHEeHMM MX 4Yepe3 KOHTMHEHTAJbHHE
TpanyuH [9] ¥ B yCJOBMAX TOPMBOHTAJNBHO! pedpaxiym [10].

/]

B [9] Onao moJsy4eHo, UTO NP pPacCIPOCTPaHEHUN DeJleeBCKMX BOJH C OKeaHa Ha KOHTUHEHT
IOPOMCXOIMT yBeJMIeHMe aMILIMTYX KoJieGaHuii ¢ nepuomamu 20 — 25 cex IpMMEPHO B 2 pa3sa.
B namem ciydae o0e BOJHH Rq M R, mepeceKalnT KOHTMHEHTAJbHHE I'DAHMUN M, €CJi 9TOT
appeKkT mMeeT MeCTO, TO Ha OTHOLIEHUE CIEKTDOB OH, IIO-BUIVWMOMY, He MOT CIWIBHO IOBJIM-
ATh.
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Bosiee BakHHM JJi1 Hac fABJAeTCA 3PHEKT TOPMBOHTAJBLHOT'O NPEJOMIEHM NOBEDXHOCTHHX BOJH,
npuBOIAWME K (QOKYyCUPOBKE SHEPTMM BOJH, DACIPOCTPAHAWWMXCA Yepe3 30HH C QHOMAJBHO
BHCOKMMM CKOpPOCTSIMMA. B [10] OHJIO OCGHapyXeHO, YTO IIp¥ NMOJOGHHX YCJOBHMAX IPOUCXOMIMT
yBeJIMdeHMe aMIyMTyI KojeOaHmil ¢ mepuolamu 20 CeK IDUMMEPHO Ha INOPAJNOK IO CPaBHEHIMIO

C aMIUIMTylaMu Ha OJM3KEX CTQHLMAX, HO PACIOJIOXEHHHX B IpyTuMX asuMyTax. lpmyeM aHo-
MaJIFHO COJIBWME aMIIATYJIH HaOJoolalTCA B CPABHUTEJNBHO y3KOM a3MMyTaJbHOM CTBOpe. Ilo-
IOCHHZ 3PPeKT MOXET CyuWeCTBEHHO M3MEHUTDH HalymlaeMyn Hamy (yHKImO HampaBJIEHHOCTH.
Ecum BOJHa R, DacmpoCTpaHAEeTC B aHAJOTMYHHX YCJOBNAX M HPOXORIEHHE €€ yepe3 30HY
QOKYyCHPOBKM MOXET IPUMBECTH K yBeJWUYEHUW aMIUIATYI Ha IOPAJNOK, TO CIEKTpaJlbHOe OTHO-
meHMe Ipu nepuoiax nopamka 20 cek Bo3pacTeT 10 1 - 2. Takyw BO3MOXHOCTH MCKIIOYUTD
HeJb 34,

B o6nacTn HMBKEX 4YacTOT BJMAHME KOHTMHEHTAJNBHON TI'DAHMIH WM TOPU30HTAJHHOI'O
IPEJIOMIEHNA , TNO-BAIMMOMY, 3HAUMTENHHO MeHblmee. PaccMoTpum Bapuauum y(w). Ha mepu-
omax 90 - 140 cek mpu pacveTe Spe Ham NDUHATO ¥ = (0,3 - 0,5).10'4 k™. YBesn-
gegme y jmo (0,6 - 0,7)-10'4 OPABOJUT K JMEHBINEHMI CIIeKTPaJbHOTO OTHomeHua jJio 4,04.
TosbkO I ¥ > 0,7-'10'4 OTHOMEHME CTAHOBMTCA MEHBUMM 1 M TOTJa McuelaeT yKal3aHHaA
BHIlE acAMMETDMYHOCTDH H3JyYEeHHA HU3KO- M BHCOKOYACTOTHHX KOMIOHEHT. Ho 3HaueHue

y > 0,7-10’4 ABJAEeTCA aHOMAJBHO GoJbmuM., [0ATBepXIEeHMe 3TOT0 yKa3HBaJO OH Ha HaJM—
ume CHWIBHOTO BaTYXaHMA B BepXHelt oCojouke BMONH TPACCH BOJHH R,

TakmM oGpa3oM, MOJy9eHHOE 110 HaoumomeHusaAM B OCHMHCKe OT 3eMIETDACEHMA 6 OKTAGDA

1973 I'. CHeKTpaJbHOE OTHOUEHHUe Rq/Ré B Iuana3oHe neprolioB 20 - 200 cek xapakTepyu-—
3yeTcAd OCOGEHHOCTSIME, CBA3aHHHMH JMGO C QHOMaJIbHEME 30HaMy B cpele, 4epe3 KOTODPYN
OpOXOJAT BoJmHH PENEf, JmO0 CO CIOZHHM MEXaHM3MOM M3JydeRwsa ynpyroil sHepruu M3 ouara.
Bonee omHO3HaUHN]I BHBOJ MOXeT OHThL CIeJaH IOCJe M3YYEeHMA BOJHOBON KapTMHH Ha IpyTiuxX
celicMI9eCKEX CTAHLAAX.
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Funktionentheoretische Gesichtspunkte fiir die Verwirklichung von
Seismometern mit vorgegebener Charakteristik

von

W. BUCHHEIM 1)

Zusammenfassung

Es wird gezeigt, dap ein Ensemble von gekoppelten "konjugierten", d.h. paarweise
aufeinander hinsichtlich der Dampfungsgrdfen ("Ddmpfungsinversion") abgestimmten
linearen Kreisen, von denen zwei den Charakter von konventionellen Seismographen ha-
ben miissen, ein reelles Schwingungsspektrum haben kann. Durch passende Wahl von Kopp-
lungsparametern 1léft sich die Polfolge der Ubertragungsfunktionen in die untere kom-
plexe Halbebene ziehen und Gleichheit und Reellitdt der Residuen erzielen. Das bedeu-
tet um s0 bessere Anndherung an die sowohl amplituden- als auch phasentreue Anzeige
eines seismischen Signals, je ldnger und dichter die Polfolge ist. Das "FestkOrper-
Seismometer" mit Streckenspektrum wird mathematisch als Ideal vorgestellt.

Summarz

It is shown that a system of 1 near coupled circuits, two of them being conven-
tional seismometers, can have a spectrum of real eigenfrequencies only if there exist
pairs of "conjugated" circuits with mutual inversion of damping. Negative damping
coefficients may be realized electronically. With adapted coefficients it is possible
to draw the poles of the response functions in the lower half-plain and to place them
equidistantly on a horizontal line. All residua can be made equal and real. The long-
er the sequence of poles, the better is the approximation to recording without distor-
tion of amplitudes and phases. A "solid-body seismometer" with continuous spectrum
seems to be an ideal realization.

Bis auf den heutigen Tag stellen alle gebrduchlichen Seismometer, abgesehen von
Strain-Seismographen, Systeme von gekoppelten Kreisen dar, von denen mindestens einer
ein massetragender mechanischer "Schwinger'" sein mupB. Eine der mechanischen bzw.,
elektrischen Schwinggrodfen dient dabel als Anzeige. Den - sehr unterschiedlichen -
Anforderungen, die an die Anzeige, d.h. die Wiedergabe der seismisch erzwungenen Ge-
stellverschiebung, gestellt werden [4], wird durch geeignete Abstimmungen der Para-
meter des ganzen Ensembles mehr oder minder gut geniigt [1, 2, 3]. Als Leitstern fiir
die Wiedergabe dlirfte dabei noch immer die Aufzeichnungstreue entweder von Schwingweg

1) Bergakademie Freiberg, Sektion Physik, DDR-92 Freiberg/Sa., Cottastr. 4
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oder Geschwindigkeit oder Beschleunigung des Gestells innerhalb eines vorgegebenen
Frequenzbandes dienen. Ein in diesem Sinne ideales Seismometer wédre dann eines, fir
das die Ubertragung innerhalb eines gewissen Bandes durch eine frequenzunabhéngige,
u.U. komplexe Zahl charakterisiert wiirde.

Einige in dieser Hinsicht bemerkenswerte Eigenschaften haben Seismometer, die aus
einer theoretisch nicht begrenzten Zahl n von Paaren solcher Kreise bestehen, die
beziliglich ihrer Parameter besonders aufeinander abgestimmt sind ("konjugierte Krei-~-
se"), Mindestens eines dieser Paare muf dabei zwei mechanische Schwinger darstellen.
Is trage im folgenden den Index 1, die Schwinggrdfen konjugierter Kreise seien mit
gy und ny bezeichnet (i =1, 2, ..., n). Die spezielle APstimmung konjugierter Krei~-
se aufeinander besteht darin, dap die Koeffizienten von éi und 7; gleich und von
entgegengesetztem Vorzeichen, die von gi und Ny dagegen von gleichem Vorzeichen
sind. Eine solche Abstimmung mit "Démpfungsinversion" liefe sich wahrscheinlich elek-
trohisch realisieren, Damit lautet das System der Bewegungsgleichungen des Seismome-
ters (in dimensionslosen Variablen und Koeffizienten) im einfachsten Falle:

R R R A PR PR
£ 7 89989 + Dg&g My el + Qqqng = aqpls + Dasls = Cqply + dgoly e =
(12)9 82159 * P218q t0aq7q t dpqliq + 885 + ooy ¥ Ol + dpplp v =
T 82959 + Daqdy T C2qfq + daqlq T 8p8p * bpply oy + dpolly + ek =

~

Das Frequenzspektrum Wy ergibt sich aus der charakteristischen Gleichung D(w) =0
mit
~w2+iwa, . +b ~w+iwe,,+d iwa, ,+b iwe, ,+d
117711 Bt bt it 12" 712 12712
~w-iwa ,4b —wP=iwc 1 +d ~iwa, ,+b ~iwe. ,+d
T8990 117%1 12712 THCq%2
iwa,,+by, iw021+d21 iwa22+b22 iwe,ytdy,

(1) Dlw) = -iwa21+b21 —iwc21+d21 —iwa22+b22 —iw022+d22

D(w) hat einige wichtige Eigenschaften, die auch zutreffen, wenn die (quadratische)
Koeffizientenstruktur der ersten beiden Zeilen bzw, Spalten in beliebig vielen wei-
teren - zueinander konjugierten Zeilenpaaren vorliegt:
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I. Aus D(0) = 0 (Zeilen zu konjugierten Kreisen sind dann gleich) folgt, daf
w = 0 stets eine n-fache Wurzel ist.

II. Zeilen zu konjugierten Kreisen sind zueinander konjugiert komplex. Hieraus
folgt D(w*) = (-1)" D(w)*.

III. D(-w) = (-1)° D(w). Mit w ist auch -w Wurzel.

Nach II. ist insbesondere D(w) ein Polynom mit rein imagindren Koeffizienten, wenn
n ungerade, mit reellen Koeffizienten, wenn n gerade ist. In beiden Fdllen sind
die Wurzeln Wy reell oder konjugiert komplex. Es' gibt drei verschiedene Mdglichkei-
ten fiir ihre Verteilung in der komplexen Zahlenebene:

1. Séamtliche Wurzeln sind komplex.
2. Die Wurzeln sind teilweise reell, teilweise konjugiert komplex.
3. Samtliche Wurzeln sind reell.

In den beiden ersten Fidllen ist das Seismometer instabil, da notwendig Wurzeln in
der unteren komplexen Halbebene liegen und dann exponentiell anwachsende Eigenschwin-
gungen zur Folge haben. Im dritten Falle aber ist das Seismometer ungedémpfter
Schwingungen féhig. In allen Fdllen jedoch hat es wegen I. keine definierte Gleich-
gewichtelage.

Der dritte PFall ist von besonderem Interesse. Sdmtliche Wurzeln liegen wegen III.
symmetrisch auf der reellen Achse zum Nullpunkt, der selbst stets Wurzel ist. Wdhlt
man z.B. §2 als Aunzeigegrofe, so rasultiert im.allgemeinsten Falle (sdmtlichg Ko—-
gffizienter quadratisch in w) r.t Y(t) = Yo elwt und gz(t) =Y, Réq)(w) elwt

2 . 2 . 2 2 .
-w +a111w+b1q -w +c,],]1a.’+d,],.I w —w +c,]21w+d12
2 " 2 ; 2 2_ . .
-w -a111w+b11 -w —c1,]1w+d11 w -w 0121w+d12
2+ iw+b 2+c iw+d 0 —w2+c iw+d
N , [ TrBadwtbyq wHogqiutdy, oplwtdy,
(2a) R§ (W) =3 , ,
—w2-a21iw+b21 —w —021iw+d21 0 -w —022iw+d22

Aus den Symmetrien bzw. Antisymmetrien zwischen konjugierten Kreisen folgt fir jedes
beliebige n allgemein

(2b) R§1)<w*> = Rg%). RV (-w) = R{MD @)

J = 2y 3y eeey n, 1 = 1,2,

wie man durch gleichzeitige Vertauschung s@mtlicher konjugierten Zeilen in Zdhler und
Nenner von (2a) verifiziert. Aus (2a) liest man sofort ab, daf jede Resolvente

Rgl (w) eine gebrochen rationale Funktion mit nur reellen Koeffizienten ist. Ihre
Partialbruchzerlegung lautet formal

(1)
4n r

1 k
(2¢) Rgl)("’) = Bg x kﬁ,, w—g-"@

(wk sind die maximal 4 n Eigenfrequenzen,von denen n stets gleich Null sind).
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Im Falle von nur reellen Wurzeln Wy sind auch die Bgl) und s&amtliche r(i) reell,

und zu symmetrisch gelegenen Wurzeln gehdort der gleiche Wert rgi (s.Abb.1§.

® erwinschte
Lage von Polen

O unerwiinschte
Abb, 1. Polverteilung bei scharfer Abstimmung

Da auch im nichtabgestimmten Falle alle Koeffizienten der entsprechenden Partial-
bruchzerlegung stetig von den -Koeffizienten des entsprechenden Gleichungssystems ab-
hédngen, 1Bt sich ein "Vielkreis-—-Seismometer" denken, fiir das die Pole jeder Resol-
venten Rgl)(w) eine dquidistante geradlinige Folge in beliebig geringem Abstand
von der reellen Achse unterhalb und parallel zu dieser bilden (Abb., 2). Ein solches
Seismometer ist dann um so stabiler, je grofer dieser Abstand ist.

i |

Abb., 2. Polstrecke, durch Verstimmung in die
untere Halbebene verlagert

Da im ganzen & n2 Koeffizienten zur Verfligung stehen, lassen sich noch weitere
Nebenbedingungen erfiillen, z.B. die, daf die maximal 3 n + 1 Residuen Tg;) samt-
lich gleich und reell sind (insgesamt 6 n Bedingungen). Die Zahl der freien Para-
meter reicht hierfiir bereits fiir n % 2 Paare konjugierter Kreise aus.

Ist F(w), w reell, die FOURIERsche Spektraldichte des einwirkenden seismischen

Signals, so wird die Anzeige Agl)(t) (1 =1, 2) dieses Signals durch die Anzeige-
grofe gj bzw. 5 dargestellt in der Form
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Ga) APy = T aw pw) RV (w) o2¥F .
-m

Wir erhalten also eine sowohl amplituden- als auch phasentreue Wiedergabe des Signals,
wenn

(3b) qu)(w) ~ Rga) = const

fir dasjenige Frequenzband zutrifft, in welchem F(w) wesentlich von Null verschie-
den ist. Diese Bedingung wird fiir ein zu w = O symmetrisches Frequenzband offenkun-
dig mit einer Polverteilung der oben dargestellten Art um so besser erfiillt,

a) Jje léanger die Polstrecke ist,
b) Jje dichter die Polfolge beziiglich des Abstandes von der reellen Achse ist.

Ein Optimum wiirde schlieflich fiir ein Ensemble von quasi unendlich vielen gekoppelten
Kreisen mit dichter Polfolge, also mit einem Streckenspektrum, erreicht (s. Abb. 3),
das sich von @~ bis @' horizontal in der komplexen w-Ebene ausbreitet und funk-
tionentheoretisch einem Verzweigupgsschnitt der Resolventen qu)(w) entspricht,
Solche Streckenspektren sind in der Festkorperphysik bisher nur fiir Frequenzen

v 2 1oq4 Hz Dbekannt, z.B. von den Bandstrukturen der Halbleiter.1) Fir die Seismo-
meter wdre die Realisierung fir weit niedrigere Frequenzen, némlich von O bis 103 Hz,
notwendig. Wenn es gelingen wiirde, "Festkdrper-Seismometer" dieser Art auflerdem in
den festen Gesteinsverband einzuschliefen, wiirden gleichzeitig mehrere alte und
driickende Probleme der Seismometrie eine Losung finden.

w,'«(

#0|<.?

Abb, 3. Polstrecke nach Abb. 2, dicht

Es wdre also ndtig, einen auf Stress geniigend empfindlichen, zur Anzeige ausnutz-
baren Festkorpereffekt zu finden, der in der unteren komplexen w-Halbebene einen zur
reellen Achse moglichst parallelen Verzweigungsschnitt zwischen -103 und 103 Hz auf-
weist, auf dessen beiden Ufern die Funktionswerte eine mdglichst gleichbleibende Dif-
ferenz haben. Es 1dBt sich natiirlich die Frage diskutieren, ob die Realisierung nicht
besser liber ein vielkreisiges "Computer-Seismometer" erfolgen kdnnte, das damit eine
duferst vielseitig auszuwertende "Ur-Information" liber das Signal bereitstellen wiirde.

2l Diesen Hinweise verdanke ich Herrn Dozent Dr. MONECEE, Sektion Physik der Bergaka-
demie Freiberg.
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Hochverstirkender langperiodischer elektronischer Seismograph
an der Station Moxa

von

E. UNTERREITMEIER )

Zusammenfassung

Systematische Untersuchungen seit 1966 an langperiodischen Seismographen vom Typ C
(30-s-Seismograph / 90-s-Galvanometer) an der Station Moxa iliber den Einfluf dynami-
scher Umweltstorungen (Luftdruckverdnderungen etc.) auf die Registrierungen fihrten
zu einer verbesserten Aufstellung und Abschirmung und zu einem neuen elektronischen
langperiodischen Seismographen. Das gibt die Moglichkeit fiir einen Betrieb mit hohen
Vergroferungen bei langen Perioden. Das Mustergerdt (vertikal) hat eine spitze Cha-
rakteristik mit einer Vergroferung von 22 k bei T = 30 s. Storungen durch Luftdruck-
dnderungen sind aus den Registrierungen verschwunden. Der Seismographenbehdlter hat
bei einer Eckperiode von ’1‘B = 33 h bei T S 100 s eine Unterdriickung von g103.

Fir den Routinebetrieb werden Seismographen vom Typ SSJ-I/L (Ts = 30 8) mit einem
kapazitiven Wandlersystem vom Typ esau und mit dem neuen Seismographenbehédlter
SB-1200 eingesetzt. Das Ausgangssignal des Seismographensatzes erlaubt direkte Di-
gitalisierung fir ereignisselektive Lochbandregistrierung oder fir digitale Speiche-
rung. Das frequenzmodulierte Trégersignal 1aBt sich in jedem Telefoniekanal ubertra-
gen.

Summary

Systematic investigations since 1966 at Moxa station on the influence of dynamic
disturbances and environmental conditions (atmospheric pressure fluctuations etc.)
on the records of long-period instruments of KAPG-type C (30-s seismometer / 90-s
galvanometer) resulted in an improved installation, in a rigid steel cover for the
pendulum, and in a new electronic long-period seismograph system. The improvements’
give the possibility for high-gain records at long periods. A first vertical model
(modified VSJ-I/L) has a peaked response with a magnification of 22 k at 30 s. Dis-
turbances in the records are completely suppressed by the new cover. With a corner
period of about 33 h the cover at periods $100 s gives a suppression ratio of §103
for pressure waves compared with a pendulum without a cover. For routine work the
system consists of a set SSJ-I/L (TS = 30 s) with a new linear capacity tramsducer,
esau, each component covered with the seismograph steel box SB-1200. The direct out-
put enables direct digitization for event-selecting records on punched tape or dig-
ital signal processing. The internal frequency-modulated carrier of esau is avail-
able for transmitting on telephone lines.

) Zentralinstitut fir Physik der Erde der AdW der DDR, Institutsteil Jena, 69-Jena

(DDR), Burgweg 11
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Die Realisierung hochverstédrkender langperiodischer Seismographen in dem fiir den
Nachweis schwacher Ereignisse besonders interessierenden [1, 2] Periodenbereich um
30 s ist nicht so sehr eine Frage besonderer Wandlersysteme als der Beherrschung
simultaner Storeinfliisse nichtseismischen Ursprungs am Aufstellungsort des Seismo-
graphensystems.

Gemeinsam mit der Eingangsgrofe XE greifen die Storungen si(t) am Seismo-
graphen S an (Abb. 1). Es sind dies die zeitlich verdnderlichen Differenzen von
Temperatur ¢, Luftdruck p, Feuchte F gegeniiber den Anfangswerten bei Inbetrieb-
setzung. Sie werden vom Seismographen echt empfangen und verstdrkt und gehen in die
Registrierung XA mit ein [6]. Fir sinusformige kleine Anderungen gilt im einge-
schwungenen Zustand:

Xy

W(T) {Xg - 55 (%;)2 ¥ ¢},
™M

ad s, = 4p, 83 = AF elomel 'y By = t .

%4
In der Registrierung sind die Differenzen nicht von Erdbebenwellen zu unterscheiden,
da sie vielfach deren Perioden besitzen. Sie werden jedoch nach (1) mit einer von
der Signalcharakteristik W(T) verschiedenen {ibertragungscharakteristik wegen des
Zusatzgliedes (‘l}/‘l‘s)2 liibertragen. Dadurch hat jede Breitbandcharakteristik bei
T_  bzw. '1‘g ein Maximum fiir die Storiibertragung. Die maximale Auslenkung am Seis-

]
mographen ist

i Max[T_, T ]
@ off = N (—=2—E)2s xD.
TS

Der Betrag widchst mit dem Quadrat des Periodenverladngerungskoeffizienten N und
kann nur durch einen verminderten Durchgriff D der Storungen auf den Seismographen
herabgesetzt werden.

Seit 1966 wurde in Jena und an der Station Moxa diesen storenden Umwelteinfliissen
bei langperiodischen Seismographen nachgegangen, und es wurden einige MoOglichkeiten
fir die Verbesserung der Storfreiheit der Registrierung gefunden und erprobt [7].
Diese wurden auch bei dem elektronischen vertikalen Mustergerdt angewendet. Abb. 2
zeigt das Schema der Seismographenaufstellung mit den auf das Gerdt einwirkenden
physikalischen Grofen.

1. Zur Verbesserung des Langzeittemperaturverhaltens und &dhnlicher langperiodi-
scher Vorgédnge wurde der Parameter Cos die Empfindlichkeit des Seismographen gegen-
iiber Temperaturdnderungen, durch eine spezielle Wahl und Steuerung des Temperatur-
koeffizienten der Federkonstante der Schraubenfeder im vertikalen Gerdt verringert.
Die neue, verringerte Empfindlichkeit ist

(3) ) ~ 0,01 --- 0,1 cy

und schwankt mit den Exemplaren einer Federserie [4, 7]. Auferdem kann durch eine
elektronische Riickfithrung [2] der Koeffizient N flir sehr langperiodische Vorginge
auch bei diesem Gerdt herabgesetzt werden.
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X, = Wn {X- S (%S)ZN"‘ C,

Sy =4%, S,=dp, ... , S =t
~ 2 Max [ Ts, Tg ] "
§sL N2, 2=) S, XD

| Ts
Abb, 1

2. Zur Erhdhung der StabilitZt gegeniiber kurzzeitigen Temperatureinfliissen wurde
der Seismograph thermisch eng an den Sockel angekoppelt. Die Kopplung erfolgt durch
eine starke Metallplatte, die einen guten thermischen Ubergang zwischen Seismograph
und Sockel gibt. Bei der Sockeltemperatur 65 konnte filir die erforderlichen Beob-
achtungszeitrdume eine sehr gute Konstanz nachgewiesen werden (Abb. 2): Os ist bis
auf 0,01 °C iiber mehrere Stunden konstant.

3. Zur Abschirmung atmosphdrischer Storungen wurde ein stabiles Stahlgehduse ver-
wendet, das sich unter den vorkommenden Druckschwankungen nicht wesentlich deformiert
und eine hohe Zeitkonstante TB dE: Unteﬁdrﬁckung D-1 besitzt. Fir TB = 33 h bei
T = 30 s ist die Unterdriickung D ' > 10". Die Bestimmung von TB wurde mit Hilfe
eines elektronischen Mikrobarographen durchgefiihrt. Die Methodik der Messung und die
speziellen Fragen der Abschirmcharakteristik eines druckdichten Behdlters werden in
[8] diskutiert.

Das Blockbild des vertikalen Seismographensystems zeigt Abb., 3. Es besteht aus
einem 30-s~-Seismographen mit einem kapazitiven linearen Wandlersystem mit interner
Frequenzmodulation [5]. Eine Regelung des Systems ist mdglich. ber einen Tiefpaf im
Rickflihrungszweig lassen sich Driften ausregeln. Im zweistufigen Signalzweig mit Ope-
rationsverstiarkern (OV) erfolgt die Formung der ﬁbertragungscharakberistik, die ihr
Maximum bei T = 30 s hat. Die Flankensteilheit 143t sich in gewissen Grenzen vari-
ieren. Im unteren Teil der Abbildung sind die Einfliisse dargestellt, die von der Kon-
struktion her und vom auftretenden Rauschen den Nachweisbereich einengen. Das Wand-
lerrauschen ist, auf den Eingang bezogen,
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Molekularbewegung Rauschen Nichtlin. < 1% fir X¢= 1imm
Abb. 3

(4) Xgy < 10 nm,

das maximal wandelbare Signal
T <

(5) Xz = 1mm

bei einer Nichtlinearitdt von <1 % beim Maximalausschlag. Der Testbetrieb des Systems
wurde mit Vergrdferungen im Bereich V = 3,3 k ... 22 k ab Herbst 1972 durchgefiihrt.
Eine Erhohung der Vergroferung der Bodenverriickung in der Analogregistrierung bis
auf V= ’IO5 ist nach (4) modglich, jedoch wegen der Ortlichen Gegebenheiten wahr-
scheinlich an der Station Moxa nicht sinnvoll.

Der mechanische Empfédnger mit einem Teil des Wandlersystems ist in der eingangs
angefliihrten Weise (Abb. 2) gekapselt. Die Wirksamkeit der Seismographenabschirmung
ist aus den Antworten von vier verschiedenen Seismographen der Station Moxa auf
einen Luftdruckstof (Klimaanlage) zu erkennen (Abb. 4). Das elektronische Gerdt mit
V =10 k (5') zeigt einen ungestdrten Verlauf, ebenso das 20-s-Gerdt (4), wihrend
die 30/90-s(V = 1,2 k)- und die 25/330-s(V = 50)-Kombinationen eine starke Reaktion
zeigen (15 ... 30 mm). Ohne Kapselung widre rechnerisch auf Spur 5' der doppelte Be-
trag der Reaktion auf Spur 1 zu erwarten. Alle Gerdte benutzen den gleichen verti-
kalen Empfédnger VSJ-I, die Gerdte 1, 3, 4 haben nur Plexiglashauben und dariiber
Glaskidsten.

Abb. 5 zeigt zwei Ausschnitte aus Registrierungen des elektronischen Seismographen

aus den Jahren 1971 (unten) und 1973 (oben). Man erkennt klar die Verbesserung gegen-
iber dem urspriinglichen, ungekapselten Zustand. Die obere Registrierung hat eine ca.
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Abb. 4
104fache Vergroferung gegeniiber ca. 103 in der unteren bei etwa gleichen Storeinfliis-

sen aus der Luftumwdlzung wdhrend des Arbeitens der Klimaanlage. Das untere Gerdt war
im damaligen Zustand nur mit einer Plexiglashaube geschlitzt. In Abhb. 6 sind als Ver-
gleich die simultanen Registrierungen eines 20-s-Gerdtes (V = 103) zwischen 5 s und
20 s und des 30-s-Gerdtes (V = 104) bei 30 s gezeigt. Die Gegeniiberstellung beweist
die weitaus grofere Aufldsung und die Steigerung der Anzahl der Ereignisse gegenliber
der Standardabstimmung.

Ein Dreikomponentensatz langperiodischer Gerdte mit wahlweise Breitband- oder
Schmalbandcharakteristiken ist filir Moxa in Vorbereitung. Als Seismographen werden Ge-
rdte des Typs SSJ-I/L mit Ts = 30 s mit einem miniaturisierten Wandlersystem esau
mit fernlibertragbarem Wandlersignal eingesetzt. Die Kapselung erfolgt mit Seismo-
graphenbehdltern SB-1200, die aus einem Zylinderunterteil mit einer gewdlbten Haube
bestehen. Diese Behdlter werden auch fiir den Typ C (Ts = 30 s, Tg = 90 s) verwendet.
Das ist in Moxa bereits realisiert. Der elektronische Dreikomponentensatz wird einen
digitalen und mehrere analoge Ausgidnge besitzen.

Im Rahmen der Arbeiten zu gemeinsam geplanten Themen im RGW erfolgt auferdem ein
Einsatz der Seismographenbehdlter an der Station KHC (KasSperske Hory) des GU Praha
der CSAV.

Fir freundliche Unterstiitzung und fruchtbare Diskussionen danke ich Herrn Dr. SIMON
von der Gezeitenstation Tiefenort des ZIPE sowie Herrn Dr. habil., TEUPSER und Herrn
Dr. GENSCHEL vom Jenaer Institutsteil des ZIPE. Die Betreuung der Apparaturen erfolg-
te in dankenswerter Weise durch Herrn D. ADLER, den Stationswart der Station Moxa.

Die Fertigung der Behdlter SB-1200 fiir den Seriensatz libernahm der VEB Rohrleitungs-
und Behdlterbau Pdssneck, dessen technischem Leiter, Herrn Ing. GOBEL, hier fiir die
gute und konstruktive Zusammenarbeit gedankt sei.
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BONDOCH MMITYJIECHOH KaJmMOpOBKM CeficMOJIOTUYECKUX TPAKTOB

3.J. APAHOBIY, 5.M. SEDOMAH, A.f. MEIAMYT,
C.A. HETPEBFIIOA1, A.B. PHKOB, H.E. UBLIOBA M

Pesyme

PaccmaTprBamTCAd BONMPOCH MMITYJILCHOR KaymMOpoBKE ceficmojiormdeckoit ammapaTypH. Ha
OCHOBE 3JIEKTDOMEXaHMYECKEX aHAaJOTM! yCTaHOBJIEHA CBA3H MeRNy YaCTOTHHMA XapaKTepHuCTU-
kamm ceficmorpada, BO3CGyRIAeMOTO Yepe3 JOMOJHNTENRHYD KATYUKY B Kopoyc. MeTomamu uu-—
CJIEHHOT'O MOJIeJMPOBEHHMA DPACCMOTPEHH HOT'PEmHOCTYH MMIIYJILCHOH KaJmOpoBKE, OCyCJOBJIECHHHE
npolieypolt MMCKpeTM3aumK peakmuy cefCMOJIOTHYECKOTO TPaKTa HAa BO3CYRIANWIR AMIYJbC
IO BpEMEHH M YPOBHD H OTPaHMYEHVME ee IJMTeJHHOCTH. [I[pEBOmATCA pe3yJbTaTH ompoloBa-—
HRA HEKOTODHX CIOCOGOB HOJABJIEHMA WIyMOB, BO3HUKAKMX B pe3yJibTaTe EMIyJbCHOHI kajm-
OpOBKH.

Summary

Theoretical and experimental problems of the impulse calibration of a seismomet-
rical system are considered. Calculating formulas for the amplitude-—phase response
curves of the seismograph are gj ‘en with respect to the harmonic or impulse func-
tions applied. The connections ci the seismograph response curves obtained by an im-
pulse excitement both through .he calibration coil and the ground are shown. The de-
termination of the response curve is performed by representing it as a spectrum
of the discrete time function recorded in the process of impulse calibration. An
analysis is given of the errors caused by the influence of the background noise on
the accuracy of this determination. The next factors taken into account are the
influence of the microseismic noise, the time and amplitude sampling rate of the
seismograph reaction on the calibration impulse, the chosen duration of the seismo-
graph response., The high-frequency part of the response curve is most disturbed by
these factorsy its low-frequency part is calculated with sufficient accuracy. Some
methods of suppressing the perturbing factors indicated above are suggested for the
increasing of the impulse calibration accuracy: (1) filtering of the discrete time
reactions, of the reaction spectra, and of the seismograph response curves; (2) av-
eraging and interpolation of the same subjects. Accuracy estimations of those meth-
ods are made, It is considered that this paper is the first step only in solving
the problems of seismograph impulse calibration on the way to get correct amplitude—
phase response curves,

MRCTUTYT Tm3mkm 3emm AH CCCE, Mockma N1-242, I'pysmuckas 10
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1. BBezenne

B cBfi3y Cc BHeApEHMEM B cellcMOJIOTMUECKYW NPAKTUKY AJMHHONEPHOZHHX ceficMorpaioB ¥ Ma-
DMHHHX CNoco00B WHTepnpeTauuy 3anuceit semneTpaceHnit nmpuoOpeTaeT BaXHOE 3HAUEHME
UMNYABCHAA KanuOpOBKA TPAKTOB perucTpauuu. Wzeda uunynscHo#f xaauOpoBKy He HoBa. OHa
HEOZHOKPATHO OGCYXAQJIAch M ONMMCHBAaNach B auTeparype (cM.Hanmp. [8 -6 , 11 - 13] ,
OMHAKO MO0 NMOCJEAHEro BPEMEHM 3TOT cnoco0 KOHTPOJA W OCOCGEHHO ONpefelNeHUs YyacTOTHO-
$a30BHX XapaKTEpPUCTHK caeiicMonoruyeckoil annapaTypH B MUPOKOM YACTOTHOM ZuanasoHe He
HameJ NpEMEHeHMA. 3TO, NO-BUAWMMOMY, OGYCJIOBIEHO DAAOM TOYyAHOCTEH ee peamusauuu M,
K8K CIenCcTBHME, OTCYTCTBMEM OTpal0TaHHO# METORMKM TaKoit KalIuGPOBKY.

2 TOOEGTWJGORHG OCHOBH MIIII!JIBCHOﬂ KaJlMCSQOBKld

WUzea uMnyabcHo#f KanMGPOBKM OCHOBAHA HA TOM M3BeCcTHOM gakTe [9], uTo, eciau BO3GY-
INTH JMHelHyn cucTeMy, & B HameMm ciyuae ceficMorpad, y3KUM WMAYABCOM THUNA S-{PYyHKUMH,
UMepnmyUM, KaK M3BECTHO, DABHOMEDHHII CNEeKTp, TO MOAYJIEL CIEKTpa peakuuu ceficuomoruuec—
KOTO TpaKTa Ha Takoit uMnynrsc OymeT ABIAATHCA YACTHO! XapaKTepUCTMKO# OTOTO TpakKTa;
($asoBHit cnexTp peaku¥¥ H8 BTOT UMNYALC ABIAETCA ($a30BOff XapaxTeprCTMKOl dTOro TpakTa.
WunynrecHasa kaluOpOBKa MOXET Deanl30BAThCA Nozaueit S-PyHKuMM JUO0 HA AONOJHUTENBHYH
KaTylmKy, J1¥00 HA DPacouym KaTymKy. FAcCMOTpPUM CBA3H MOXZY YACTOTHHMM XapaKTepHCTUKa-
MU, TIOJIYYEHHHMM B De3yipTATE BO3CyxZeHus ceilcmorpada yepes ZOMOJIHUTENBHY® KATYUKY G
yacTOTHO}#t xapakTepucTukoit ceficmorpada, BO3CYXAZCHHOTO yepe3 Kopmyc ceiicMorpada.

2.1, JIONONHMTENBHAS KATYMKA

llns TOro, YTOGH yCTAHOBUTH CBA3H MEXAY YACTOTHOR XapaKTepucTHKO# ceilcMorpada, BO3GYyR—
ZaeMoro yepe3 ZONMOJHHTENBHYD KAaTYWNKY C YacTOTHOR XxapakTepucTuroit ceitcMorpada, BO3Cy®-
ZaeMoro yepe3 Kopmyc, MOXHO ciesys [1] paccMOTpeTh SMEKTPOMEXaHMUEeCKym cucTeMy ceit-
cuorpada ¢ padoueit ¥ ZOMOJHNTENBHO# KaTymkamu. Taxoe paccMOTpeHue TNPUBOAUT K ciaexny-

DmeMy BHDAXEHMD ZJA KOMMNJEKCHO# YacTOTHO—Pa30BO# XapaKTEPUCTUKN CHCTEMH:
/l

) %; = W) 1,

33

2
€

B (1) npmuATH cirexyomue oG03HAUEBMA: m - Macca NoZBMEHOR cucTemH ceiicMorpaga;
k - JynpyrocTs nozseca NMOLBUXHOH# cucTeMH; h - 3aTyxaHHe cejicMONpUEMHMKA;

%, - KOSPPUUMEHT 3JEeKTPOMEXaHUUECKOH CBA3HW AOMOJHUTENBHOH KATYmKN celicuompueM-—
HuKa; B, - KO3}puuMeHT BiexTpoMeXakuyeckoi cBASH padoueil kKaTYLKM ceiicuonmpuen-—
Huka; I, - TOK, NMpPOTEKawHM/ uepe3 AONOIHATENBHYD KATymKy; e - HampARZeHMe Ha
Harpyske ceficMonpHeMHUKa,

. k
me+jw+h+z
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2.2, UYacToTHAl XapaKTepHCTHKRA

Mozyns OTHONERMA (1) MIM UACTOTHAR XBPAKTEPUCTHKA CHCTEMH OTMCHBAETCA BHDAXCHHEM
l]

1% 5 >
m n

[locKONEKY BHpaxeHue ZIA gacTOTHO# XapaKTepMCTHKN 3JIEETPONMHAMUYECKOTO ceftcMonpm-
eMHEXa KMEeT BEA!

a) Npy TNMOCTOAHHHX CMENEeHUAX

(2) %; =N

n
(3 B, = o°m 2

- L
2 2
n n
2
S e -

6) IpE MOCTOSHHHX CKOPOCTAX

(4) B)-c=wm 2
2 2
m n
2,2 2 2 042
1///(h + z; + w" m” (1 - ;5)

B) TpM NOCTOSTHHHX YCKODOHHAX

55

: L
2 2
i 2 n
\/(h + 2-2-)2 + w2 1 1 - %)2
€ w

MOXHO 3aNACATH clenyom¥e BHP&AEHYA, CBA3NBANMUE YACTOTHHE X8pPAKTEPHCTHKN CHCTEeMH,

BOROYERaeMOil yepes MOMOJBUTEHIHHYN KOTYHEKY C 4YACTOTHOH XapaxTepucTuKroil celicMorpada,
BO30YXTAEMOTI'0 uepes Kopuyc:

(=) Bi& = m

2 m . _ m w — D
(6) Bx t (7] W’]‘B/] 9 BJ.{ = Wﬁ?Bq H B = EB,] .

2.3. ®a3oBafd XapaKTepUCTUKA

®a30Bafd XxapaKTepRMCTHKA paccMaTpMBaEeMOil CHCTEMH ONpBZENAETCA BHPAXEHHEM

2
n
wm (1 ~-3)
(7) 9 = arctan [— -————z——w ]
2
h+z—
€
KOTOpOe OTIMYAETCH OT (ha30fi XapaKTepUCTHKM celficMorpada,BO3GYXZAEMOT0 uepe3 KOpPNyC,

Ha 180° zun cMemenuil, Ha 90° Iasa ckopocTell, a piA yCKOpeHuH BTH PHas0BOil XapakTepu-
CTUKK COBIAZANT.
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2.4. JacToTHaA xapakTepucTuka ceilcMorpafa, BOSCYyRZAEMOT'0 yepes NONOJHHUTENBHYD KaTyl-
Ky, C yueToM TpaHcdopmaTopHOrOo spdexTa

B pagme ceficuorpados nomonHUTENBHAs ¥ padoyas OOMOTKA 00pasywT TpaRcopuMaTop. B cBASHK
C 9TMM BO BTOpPHMYHOH paGoueil oOMOTKe BO3HMKAeT xonojHuTensHasa JJIC, 00yciOBlIEHHAA TpaHC—
dopmaTopHEM  afPexToM. 3Ta SMIC ABAAETCA MCTOYHMKOM ONMOOK NpM KBAMCpOBKEe cefcMonoru-
YeCKOr'o TpaKTa JNOHM CnocoOOM, B TOM YKMCJE€ ¥ NpPYM HMMIOYyIBCHO! KanuOpoBke. B cBASH C

STHM BAEHO BHYMCIMTH YACTOTHYD XAPAKTEDHCTHKY CEACMOIOTHYECKOTO TpPaKTa C yueTOM TpaHC—
$opMaTOpHOTO  3pPexTa. LIA BHYMCIEHH TAKO# XapaxTepPUCTHrW HEOOXOZMMO MPOCYMMMDPOBATDH

KOMIJIEKCHNE YacTOTHHE XapaxTepHCTHEM ceilcMorpapa 6es yueia TpaHCHopMaTOpHOTO BPpexTa
C KOMNIeKCHO# yacTOTHOW XapaKTepHCTHKOH TpaHcOopMATOpa.

PacyeTH NpUBOAAT K CJEAYDEEMYy BHDAXEHMN IJA YaCTOTHON XapaKkTepPUCTEKM celicMorpaga
C yyeToM TpaHCcHopMaTopa, 0CGpA30BAHHOT0 OCMOTKAMES

-

A .
21’4_9 = Kw) = /; 3
2 22 5
n
A= {mymy b+ 22 a4 0P 1P 4 1P 7, n? W2[(n + 52 + oP(m = ©)%) +
g ® €
(8)% 12 2
+ {w[n, By(0 - k)(zﬁ ot ¢ 0 12)] + 1L Zg ot (h + 23)2 + w2 (m—k)]} ,
02 _
L B = {(h+ Z—Z)2 + we(m - 1:)2}{212‘I ot + w2 L2} .
&

2.5. PaGoyad kaTymka

B cnyuae BO3CYXAEHMA CHCTEMH uyeped pacoyyD KATYymKY MOXHO TMOJNYYHTH AHANOTAYHNE BHBE-
ZeHHHM BHIE COOTHONeHWA. Ml B 8TOM Clyuae CBASH MEXZy YACTOTHOH! XapakTepHCTHKO# crcTe-
¥H, BO3GyXEzaeMoifl yepe3 Kopmyc ceficMorpada ® paGoyyn KaTymKy, onpenenseTcda COOTHOEE-
HUAMY 8HAJOTRYHEMM (6). CiezyeT OZHAKO MOAYEPKHYTH, YTO KANHODOBKA yepes pasouyn Ka-
TYIKy MMEeeT TOT CyMEecTBeHHH! HeZOoCTaTOK, YyTo BOSCyXAanmmii TOK MonagaeT HENnoCpPEeACTBEH-
HO B IeNnb PerHCTpanny, co3zaBaf AOMOJHATENBHHE MCTOYHMKA OmMOOK. I09TOMy peanmsanus
KaNMOPOBKY yepes paGoyym KATymKy CBASAHA C HEOGXOZMHOCTHED NPMMEHEHWA CNenuaJbENX pas-
BASHBAMOMX nenefl, WCKINYADIIMX BOSMOXRHOCTH NONAKEHWA BOSCYXAAMLET0 TOKA B PETUCTPUDY-
PLYD YaCTh CHCTEMH.
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2.6, lunynscHOE BO3OYyXZEHHE

CooTHomeHua (6), CBA3NBANMUE YACTOTHHE XapaKTEPUCTHMKM ceficuorpada, BO3CGYERaEeMOTO ye-
pe3 AOMOJHUTENbHYl KATYNKy 1 yepe3 KOpnyc, TNOJIYyuYeHH ziA IapMOHMYECKOTO CuUTHalad. MNif
TOT'0, YTOOH NMOJYyUYMTh COOTBETCTBYDNmME COOTHOMEHMA NpM BOBOYyRAEHMM ceilcMorpada &--HyHK-
Ovelt maIM CTYNEHuYaTHM HanpAZXeRMeM, HeoGX0A¥MO B BHpaxeHuM (1) B3aMEHWTH BHAYEHMA ANA
e - HanpAkeHMA Ha HarpysKke M I, - ToKa BO3CYRAeHEA WY cnekTpamu. Torja B ciyuae
Bo3Oyxnenmi S-fymaunedl, T.e. xorja I, ABIdercd S-dymxuuedl, COEKTp KOTOpOi
I,(w) = I, T MOXHO 3ammcars

T, M

e(w - 172
0 §83 - § - .
Bo o o n? 2
(h+Z—) + w m('l-—z)
£ w

B cnyyae BOSCYmeHMA CTYMEHYATHM HANPAXEHWEM, CNEKTP KOTOPOro paseH I_ = I /jw ,
MOXHO 3aNBCcaTh:

e(w _ owel(w) _ 172

2 2
il n

1/(:1 + 52—)2 + 0° 021 - —%)2
w

€

W3 3anucaHHHX fopuMyn clezyeT, YTO CBA3h MEXAY YACTOTHHMY XapaKTepUCTHKamm ceficMorpa-

Pa, BOSOyEmaeMOro yepe3 ZAONOJHKTENBHYN KATYNKY M uyepes Kopilyc, B ClIydae NMIOYJIBCHOTO
BO30YXNEGHUA ONMUCHBAETCA CIEZYWMUMY BHPAXCHHAMUS
B cilygae BO8OyEAaeHusa S—(QyHKnuei

w2

m - wn ; o = L
(1) By = Ty Bpv By = TE-Bis B o= gmy B

B CIyyae BO3CYXAEHNA CTYNEHYATHM HANDAREHUEM

_ 3m : _ 2 m o m .
(12) Bx‘wﬁ,,-B’l' B}E_wﬂ;B,]; Bx~wm?B,].

3. 0_TOYyHOCTM WMMMYJABCHON KANINODPOBEM

TOYHOCTH WMNYJIBCHO! KAMMODPOBKY CEHCMONOTMYECKOTO TPAKTa OTDAHMUMBAGTCA ABYMA THIIAMM
TIoMeX.

3.1. MukpoceficMu

llepsuil TvN moMeX CBA3AH C TeM, YTO UCTETYEMHA TPAKT HAXOAMTCA B paGoueM BSKCIIyaTa-
UWOHHOM COCTOSIHUM W B TIDOLECCE DETMCTPALAM DEAKUWM CHUCTEMH HA S—QYHKUMO MIM CTy-
NEeHYyaToe HanpAXeHWe OJHOBPEMEHHO DErMCTpUpynTcA Mukpoceiicuu. Hpu cnexTpansHoM aHamu-
8€ UMNYJIBCHOM peaknuu ¢ 1neisbd NMONYYEHAR YaCTOTHOH# XapaKTEPUCTHKM CHCTEMH CNEKTD INo-
MEX MMKDPOCEHCMMYECKOT'0 XapaKTepa HAKISAWBAETCA HA CNEKTD WMOYJABCHO# pearnuu, 3aTpya-
HAA OmpezieleHHe TOYROH HOPMH XApAKTEPUCTHKH.
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Bopr6a c noMexaMy MUKpocelcMUYECKOT'0 THUMA CBOXZUTCA K yacTOTHOH cenekuuwu. Taxad cene-

KIMA MOXET OHTH BHMOJHEHA DAa3JMUYHNMU CIocO0aMm: 1. METOZOM CBEPTHM BDEMEHHO!# Xapak-
TEDUCTAKYA CHCTEMH C HANOXEHHHMM MMKpOCEiicMMUECKMMM TIOMEX8uM C BPEMEHHO{ XapaKTepuc-—
THKO# @UABTPA C COOTBETCTBYMMMM OGPABOM NMOZOCDAHHHMM NMapaMeTpaMu; 2. METOZOM OCpef-
HEHMA pAZa HE3aBMCHMHX MMNYJIBCHHX KaJIMGpPOBOK; 3. NyTeM pas3pAfKM YyacTOTH OTCUETOB C
TAKMM PacueTOM, UTOOH Ha BPEMEHHOHi XapaKTEepUCTHKE WCKIOWYMTH MUKpOceficMMyeckue NOMeXH
¥ Telle

3.2. Illomexu, o6GycnoBlEeHHHE METOAMKON KaNIUOPOBKU

BTopoil TN noMex cBA3aH C METOAMKOW ¥ TEeXHUKO}l MMNYJNBCHO{ KanuOpOBKU. Jleno B TOM,
YTO BHUMNCJIEHWE CINEKTPOB BPEMEHHO{f XapaKTEPUCTHMKM CUCTEMH OOHYHO NPOM3BOAUTCA INpU MO-
momy OUBM. Ina BBoma uHPopmauuu B SBM c unensp cueTa CNEKTPOB, BPEMEHHHE XapaKTepuc-
TUKM CUCTEMH MOABEPranTCA aHAJOT0-IUCKPETHOMY NpeoO0pa30BaHUi. AHAIOTO0-ZUCKDPETHOE Npe-
o0pa3oBaHue BKJIMYAET ABe MpOUEAYpPH. [lepBag COCTOUT B TOM, YTO NMPOM3BOAUTCA Npeolpa-
30BaHWE BpEMEHHO! XapakTepucTUky cucTeMd £(t) HenpepHBHOTO aprymeHTa +t B QYHKIMK
f(tk) IVCKDPETHOT'0 apryMeHTa - t,, NMPUHMMANNEro BHAYEHUA b , b4, boy «ee BTopaa mpo-
LeAypa aHaNoro-gUCKPEeTHOr'0 NpeoOpa30BaHWA CBA3aHA C KBAHTOBAHUWEM OpJMHATHHX 3HAUEHUi
QyHrkumit - £(ty,) B (MKCMDOBAHHHX 110 BpeMeHM TOukax by, 10 ypoBmb. - Kax mepsasg, Tak
W BTOpas npolenypa IPUBOIAT K MOIDEWHOCTHM,

Bonpocy 0 MOTPEmHOCTAX, OGYCIOBIEHHWX IUCKpeTW3auueit HeMpepHBHHX QYHKUMH MoCBAmEHA
oOmvpHas nuTepaTypa (cM. Hamp. [2, “10]. OCHOBHOE BHMMAHWEe B STUX padoTax ynelfeTcs
TOYHOCTH (GOPMUPOBAHUA MCXONHOT'O CUTHAJA MO €ro AUCKPETEHWM OPAMHATHHM 3HAaueHUAM. B Ha-

meM ciyyae TpUXOZUTCA pelaTh 3a7auyy He O NMOTrPEeliHOCTAX B CUTHANAX, a O NMOI'PEmHOCTAX B
CIIEKTDax. HeoOxommMMOCTE MMEHHO B TaKoil II0OCTaHOBKE 3allauM IMKTyeTcA Tekl, 9TO KOHeY—

HO# 11eJIBI0 MMIYJIBCHOM KAJMOPOBKM SBIAETCA HE BpeMeHHad (YHKUKA, a CHeKTp. I[losTomy
pacCMOTpKM BIMAHUE KAXTOT'O M3 HA3BAHHWX MCTOYHMKOB MNOTPENHOCTEH HA CIEKTpH.

3.3. [uckpeTusanus Mo BPEMEHM

B camoM oGmemM ciyyae NpOLECC AUCKPETH3AUWM HenmpepuBHOH QyHKuuu U(t) N0 BPEMEHM
3aNNUCHBAETCA CJET/0IUM 06pa30M:

o0
(12) U, = £ U)S(t-kt),
= k=-00 g

r4e t, - muTeppal [IcKperusaiy; ¢ - S-dyHkuma IMPAKA. Caenys [?7] mouyumv Bpaxe-
HUe M)l ClIEKTpa IMCKPETHIWPOBAHHON 10 BpemeHm @yHKuuM (13).

Bupsxenue (113) MOXHO NEpeNMCaTh B BUAE HPOU3BEIEHUA ABYX BDPEMEHHHX (QYHKIWA:

00
(1) uwle) = W) I st -kt ),
& k—_—_oo g

Tal Kax yMHOAREHWH 50 BpPeMEHHOM OGHGCTK COOTBETCTBYET CBEDPTKA B YACTOTHON o6GracTw,
CTISKTD MOXHA RNYUCIUTL YEpPEe3 WHTeTDpaH CHCPTHU
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(o]
(15) U (w) = J U(w-28) s(g) dg ,
8 0

rae Us(w) = CNeKTp @yHxuum U(L) , &

00 00 0 © e
(16) 8w) = [ £ 6(t-kt)e g = £ [ob-kt)edPat,
<00 K=—00 ) K=—00 00 &
HO T3K KaK
00 _ -jwkt
(17 Jot-xt) e ar = 0" 6,
-0
TO
o0 =jwkt 00 00
(18) S(w) = r e g8 - 2 coswkt - 2n £ 6(w-mw),
k=00 k=00 8 m=-00 g

rie w_ = 2m/t_ = Kpyrosasa YacToTa AUCKpeTH3auuu. - llocie mozcraHosku B (15) 3Haue-
HAA (18) momyumM

X @ 2T on % 2
(19) U (w) = 2= JUw=-8) Z 6(g-mg™)dg = = I Uw-mih),
=00 m=-00 8 g m=- g

Ws (19) camexyeT, UWTO B pesyibTaTe AMCKPETM3aLMM CHUTHaja, & B HAlEM CIyyae - BPEMEH-
HOff XapaKTepUCTHKM cHUCTeMH, ofpasyeTcA NEepMOZWYECKM TNOBTOpAbmMiicA cnexkTp. YacToTa
NOBTODEHHA CNEKTPa paBHA 1/t8, T.€. 00paTHOil BeXWuyyHe WHTEepBaia AUCKpeTu3amuu. Ha
Puc. 1 npEBOAATCA NEpROAMYECKU NMOBTODALMUECA, TEOPETHUECKN PACCUMTAHHHE CNEKTPH UM-—
nyasca BEPNATE gmxa paza sHaueHuit mepuoza moBTOpEHMA (NPUBOAATCA TONBKO MO OLHOMY MNO-
BTODHOMY CNEKTPY), T.€. AJf PA3AMUYHOT'O0 MHTEpBAjla AUCKPETH3alUW UCXOAHOTO CHUTHAJA.
PaccuMoTpenne 8TOIG pMCyHKa, a Tarke aHaau3 (19) no3BoJAAET 3aKINUUTH, YTO COCTABIA-
DOUe pesyNsTUPYRMEr0 CNEKTpa AONEHH ABIATHCA MTOTOM CYMMUDOBAHMA COCTaBIANNUX NEPU-—
onuMuecky NMOBTOPAPHAXCA CNEKTPOB. XapaKTep Pe3yAbTUDPYDMETO CNEKTPa CYmMECTBEHHHM 06-
pasoM 3aBHMCHT, C OAHOHR CTOpPOHW, OT ts - WHTepBaNa JUCKpPeTH3auuM, a C APyrof#f cro-
POHH, OT NUDMEH CINEKTPa UCXOZHOTO curHana. OueBUAHO, YTO ueM OOJbINE MHTEDPBAJN AUC-
KPETHBAIME ¥ mWpe CHEKTD CHTHana, TeM Coiabme NepeKpHTHe (HAJOXEHME) TNeEePUOAUYECKH
TMOBTOPADEMXCA CINEKTPOB WM TeM GONbHE NOTPENHOCT: B PEe3yJAbTHPYRmEM CNEKTpe N0 Cpas-
HEHD C MCTWHHHM. OUeBHZHO T&XEe, uyTO B CIyyae, €CI¥ CNeKTD BPEMEHHOJ XapaKkTepucTH-
ku ofpamaeTcd B Hyas mpw |f| 2 41/2t_ , TO NMEPEKPHTHA CNEKTPOB He NPOMCXOAUT M Kak
CNeNCTBME HE MPOMCXOAMT HAJNOEEHHA YacTOT. B STOM ciyyae MMEeeT MECTO NpoCcToe Nepuo-
IWuecKoe NMOBTODEHME CNEKTPOB M HE BO3HMKAET NOTPEWHOCTE)i 3a CueT HAJOXEHUA 4acToT.
STHM DHDPOKO TMONBBYDTCA B CMEXHHX 0GNIaCTAX TEXHMKM. JIA yCTPaHEHMR morpemHocTell Auc-
KpPEeTHBalUMM MCXONHHE CHYTHAaJH NOABEpPrawTCA HU3KOYACTOTHOH (UABTpauMy A0 AUCKPETHIaUUH
¢ T8EMM pacueToM, UYTOOH WCKIDYMTH HANOXEHWE yacToT. Takue QuinTpH HOCAT Ha3BaHME
SHEMANARCUHTOBHX .
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Puc. 1. Iepromrdeckr mOBTOpADMVECH COEKTpR mMiaysbca BEPIATE ¢ 4acToToift 110BTOpeHMA 1
rm (t; =1 cex); 0,5 rm (b =2 cer); 0,3 rm ( tg = 3 cex)

TaxuM oGpa3oM IEepPeKpHTHE CIEKTPOB, OCYCJOBIEHHOE MINCKpeTH3almell BpeMeHHHX
QyHKIMAA, ABJAETCA MCTOYHMKOM IOTDEWHOCTEl Ipyu ONpeliesieHM YacTOTHON XapaKTepUCTURU
METOIOM FMMIYJLCHOI KasuOpoBky, 1A TOTO, YTOGH YCTAHOBUTL XApaKTEp M CTENEHb 9TUX
norpelHocTeit, Ha Puc, 2 NpUBOJATCA CIEKTDH, BHYMCIEHHHe Ha JBM mo ImMCKpeTH3MpOBaH-
HHM 3HQUEHUAM TeopeTMYEeCKM pacCcuuTaHHoro mmirysbca BEPIAITL, PacueThH nmpoBelleHH LA
TeX Xe 3HavYeHWl MHTepBaJsa IVUCKpeTH3allud, Iiad KOTOPHX NMOCTpoeH Puc, 1. Ha sTom ®e
PUCYHKe NpUBEIEeH TeOPEeTHMYECKM pacCUMTaHHHI crnekTp umvirysabca BEPJIATE, PaccmoTpeHue
9TOr'0 PUCYHKa M CIelMasbHHE pacYeTH IO3BOJAKNT 3aKJYMTEH: 1. B o6racTy HMBKMX 9acTOT
Io yacToTH HAVKBUCTA 1/(2tg) CIIEKTPH JIMCKPETM3UPOBAHHON (iyHKIIMM HMPaKTHYECKM He OTJM—
YapTCAa OT MCTHMHHEX CIEKTPOB; B 00JacTd YacToT Bhue 4YacToTH HAMKBUCTA 3Ty CHeKTpH
pasjuaanTea CyuleCTBEHHHEM 00pa3oM; B 9TOil o0JacTy CIEKTPH JIMCKPETHU3MPOBAHHRX GyHKIMit
HOCAT KoJieGaTeJIbHHII XapaKTep, B TO BpeMd Kak MCTMHHHIA CIEKTp He MMeeT STUX KoJeba-—
Huit, 2. YacTora KojieGaHVil CIIEKTPOB JMCKPETMSMPOBAHHHX (yHKIIA B OGJACTM BHCOKMX dac-—
TOT coBmajaeT ¢ dacToToii HANKBUCTA. 3. Ilepnommdeckoe NOBTOPEHWE CIEKTPOB HENPEPHBHHX
o BpeMeHr (JyHwuvii, BHTeKawilee K3 IpYBEJEHHO! BHUle TeopuM, He oTMevaeTcA. Crelmajb—
HHe pacCyeTH II0Ka3HBalT, YTO OTCYTCTBME NEPMOIMYHOCTM B CIEKTpax IMCKDPeTH3UPOBAHHHX
II0 BpeMeHM BpeMeHHHX (yHiuyi oGycJjioBJIE€HO TEM, YTO cueT cIeKTpoB Ha JlIBM mpousBoIuTcsa
[0 IporpaMmaM, OCHOBAHHHM Ha mapadosurdeckoit (PVIOHA) anmpoKCHMMAlMyM OTCUETHHX 3HaUeHMUii.
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£o40cex ,Ai- lcex
—=— .at=2cex
——— 8t 3cex
fesTsace
‘T—-—Af = Qlcex

———

IHTepBaJle JuckpeTusaumy 1cex (A),

2 cex (B), 3 cex (C), 0,1 cex (E); TeopeTH9IeCKA pacCUATAHHMI CIEKTP FMMIYJLCA

BEPJIATE (D)

Ha Puc. 3 UpMBOIATCA CIIEKTDH BpPEMEHHHX XapaKTepucTuk (A) ¥ 4acTOTHHe XapaKTepy-
ctiky kanasa CKI (B), MoJiyyeHHHe MeTOIOM WMIIYJbCHOH KaJMGPOBKM IIpM HECKOJIBKMX 3Haue-
HUAX MHTEepBaJa OMCKPEeTH3amyy ¥ aMIUIMTYIH BO3CyxJalllero mmyribca. CoNocTaBieHMe IpyiBe-
IeHHHX Ha 3TOM DUCYHKe XapaKTepUCTHMK II03BoJIIeT OTMETUTL Te Xe BaKOHOMEPHOCTM, KOTODHE
Ot cHopMyJIMPOBAHH IIPM PACCMOTPEHMM CIEeKTpoB Imvmysanca BEPIATE, Y B manHOM ciyiae
MEeT MeCTO Xopollee COBIalieHyMe HMBKOYACTOTHOW (MIMHHOTEPMONHOR) YacTH SKCIepUMEHTAa b-
HO#t xapakTepucTMKM C JJIMHHONEDPMOJHON YacThl XapaKTepUCTHK, IIOMYYEHHHX MeTOMOM MMITYJEHC—
HOJi KaJMOpOBKM. B BHCOKOUACTOTHOH Xe (KOpOTKOIEpMOMHOMA) dacTM MMeeT MeCTO KoJieGaTesb—
HHif XapakTep XapaKTepHUCTHK, IOJYyUEeHHHX MEeTOIOM MMIIYJIECHOI KaJMGpOBKM,., U3 chopmyJmpo-
BaHHHX 3aKOHOMEDHOCTe#l cJelyeT, YTO IpPM COOTBETCTBYWHEM BHOODE YaCTOTH KBaHTOBAHMA
caenyeT, 4TO IIpYM MOTPEWHOCTM STOTO poJia MOTYT GHTH OTHECEHH B 006JiacTh 4acTOT 3a Ipe-

JeJJaMK TIOJIOCH ITPOITYCKaHMf.
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Prc. 3. CHeRTpH BpeMeHHHX XapakTepECTEK (A) B JacTOTHHe XapakTeprcTExE (B) RaHala
CKI, mosy4ueRHHe METOJAME MMITyJBCHOE KAMMGPOBKE IOPH HECKOJBKKX HHTEpBaNaX
INCKpeTH3amu® ¥ pa3virdHol aMIUMTyLe BO3CYRIADMEIO AMIyJbCAa
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3.4. llorpemHOCT® KBBHTOBAHHA MO JDOBHD

llorpemeoc?s, 06YCNOBNIEHHAaA omMOKAMM B OTCUETAX OPAMHAT, MOEET GHTH OHEHEHA N0 PA3HOC-
TH MEXZy TOYHHM CNEKTPOM M CNEKTDPOM, BHYMCIEHHHM N0 Pe3yJbTAaTy AMCKDPETH3AUMM C OmH-
GOYHHMM OTCUETAMHM ODAMHAT.

HycTs BpeMeHKas xapaKTepucTHKa cucreMs f(t). E€ cneKkTp uiIM yacTOTHAA XapaKTepu-
CTHKA CHCTEMH omnpezenseTcA MHTerpamoM ®YPBE:

o0 5
(2 0) K(w) = g £(6) e79Y ap |
B cayyae AMCKPETHOT'O TNpEACTABIEHUA (20) nepenumeTcs B ciezyomeM Buze:
w jukAt
(21) K(w) = 4ot £ f£(k 4t) e7Y ;
k=0
PasHoCTh Mex7y TOUHHM ¥ JaKTHuUECKN TNOJYyEHHHM CNEKTPaMy BaNHEeTCHA CIeAynmuM o0pasoM:

N .

(22) K(w) - K'(w) = 4t & [f(k 4t) = £'(k At)]e‘J“’kAt 5
k=n y

B BupakeHuu (22) f£(k At) m £'(k At) TOYHWE M ONMOOUHHE KSMEDEHHHE 3HAUEHMA OpAU-

HaT BpeMeHHO# xapaxkTepucTMKM OepyTcA B TOuKax k At,

B coorseTcTBu¥ c HepaseHcTBOM MBAPIA-BYHABCKOT'O ( cm.[13]) MoXHO sanucats

|2

N
< '
2 MAK(w) = Mat & |f - £
(23) (w) on kT Tk

YuHORaA ¥ neaA npaByo wacTh (23) .a M - ymeno oTcyeToB, BHpaxeHue (23) MOXHO samnu-
caTh clezyomMM 00pasoM:

0K(w) S 4t M@ 6°.
OTHOCHTENbHAA nOI‘peﬂHOC’B onpezneynficeTCA BHDAXBHHEM

2
. 4dKw) < Moo
(24) & = 'K%'%w = 5.

[lonyueHHOe BHpaxeHMe NO3BOJAET OLEHMBATH NOTPENHOCTH, OOCYCIOBJIEHHYW OWMOKaMy B
0TCcyeTax OPAMHAT ANCKPETM3MPOBAHHO{ BpPEMEHHO!l XapaKTepuCTHKM. ITa NOTDPEWHOCTDH NpO-
nopuyoHanrsHa M - umciy oTcueToB, O - AUCNEPCUM OTCUETOB ¥ 0OpPATHO NPONOPUMOHAIB-
Ha P-sHeprum guckpeTu3upyemoit BpEMEHHO# XapakTepUCTUKM. PacueTH No MMOYJALCHON Kaiu-
OGpPOBKE HOKA3HBAWT, YTO MOTPENHOCTH 3TOI'0 POAA MOXKET AOCTMIaThH OOJNBUIMX 3HAUEHWi. A
WnocTpanuy 3TOoro Ha Puc. 4 npuBozAaTcaA cneKTpw uMnyiabca BEPJIATE ¢ HaJOKEHHHM IO HOD-
MAJIPHOMY 3aKOHY CiayualfHbM WyMOM. DBbsid pacCMOTpDEHH YETHDE clyvyad, NpY KOTODPHX TOu-
HOCTH OTCueTOB OhJya 1 %, 5 %, 40 % u 100 %. Ha 3TOM %e DUCYHKE TNDUBOZUTCHA TEODPETU~
yeckuii cnexkTp uMnyibca BEPJAT'E, KOTOpHI 1103BOJAET OLEHMBATEH TOYHOCTEH CNEKTPOB, IO~
JIyUEHHHX M0 VICKaXKEHHHM ClyyailHHMM WyMamm oTcyeTaM. PacCMOTpEHME 3TO0ro PUCYHKA HO3-
BOJIAET 3AKJIWYUTH, YyTO:1. [lOTpElHOCTE B CNEKTpaX (QYHKUMi, OCIORHEHHHX CJIyYaiHHMU Wy-
MaMy, HOCUT KoJeOaTelbHHii XapaKTep.Z. C yBeanyeHuel NOrPEewHocTel B OTCueTax OpAMHAT
pacTeT MOTPEWHOCTHh B CNEKTPaX.3. 3HAUEHNE YacTOTh, HAYKHAA C KODOPOH CHEKTDH, paccyu-—
TaHHHE TI0 OWMOOYHHM ¢ pPLHAATHHM OTCYeTaM, HauiHawnT 3aMETHO OTKJIOHATHCA OT WCTMHHOTO
CHEeKTpa, 00paTHO NpuIOPIiNOHAKBHO BEAMYUHE omwmcku, TakuM oGpasor OO0WMit XapakTep No-
rpeltHocTel B CNEKTE Y UN0TG PoAa ONM30K K MUi' 3MHOCYRE, o0yci0BicHHNNM AXCKDPETU3anneil.
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Puc. 4. CnexTpH, BHUMCJEHHHE IO MMOyJbcaM BEPIATE ¢ TOYHOCTBH OPIVHATHEX OTCYETOB:

1% (A); 5% (B); 10 % (C); 100 % (D)3 E — TeopeTvueckisi CIEKTD MMIYJHCA
BEPJIATE
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3.5. HorpemnocTn, 00yCJOBIGHHHE OI'DAHHUGHMEM IJIWUTEIBHOCTH BPEMEHHO} XapaKTepUCTHUKU
CHCTOMH

lpn ZXCKPETHBA8UMH BPEMEHHOM XapaKkTepUCTMKN NPHXOAWTCHA OI'DAHMYMBATH €€ IINTENBHOCTB.

Taroe orpaERyeHMe B 00mEM Clyyae MOXET NMPOMCXOAUTH KaK 38 CYeT HeyvyeTa pAna Opaun-

HAaTHHX 3HA4YeRM§l B 00MaCTH NepBHX BCTYMIEHWH, TAK M 3a CYET HEyyeTa OPIZMHATHHX 3Ha-
9eHU#t B KOHLE BPEMEHHO! XapaKTepUCTHKU.

CnexkTp AMCKPETH3WPOBAHHO! BPEMEHHO! XapakTepUCTHKM ONMUCHBAETCHA BUDAXEHUEM:
© - jwkAt
(25) K(w) = a4t Z f£(k At) e~ .
k=0

3-3a orpanmyenmit JyHkumu f£(t) B cBABM ¢ €€ puCKpeTuaauuel, BMecTo (25) IUPUXOAMUTCA
MMEeTh ZeJ0 C BHDBREHMEM AJIA CNEeKTpa:

N .
(26) K(w) = 4t £ f(k At) e~JWlkdt
k=n

HorpeuHocTs Takoit anmporcnmaluy MORET CHTH BHYMCJEHa MO pasHocTu Mexny (25) u (26),
KOTOpaf 3annueTCA CAeayomuM 00pasoM:

- n . 00 X
(27) 4AK(w) = K(w) - K(w) = 4t £ £(k at) o798 4 g 2 r(k ap) e~IWAT
Taxum oGpasom, u3 (27) crenyeT, yTO MOTPEMHOCTH: COCTOMT M3 ABYX uacTeii: &, = nep-
BOT'O YJEHAa, OCYCIOBJEHHOT'O HEyyeTOM HAYANBHO{l yacTH BPEMEHHO{ XapaKTEPUCTHKM, M &
- BTOPOT'0 ujieHa, OOGYCJOBJEHHOT'0O HeyueToM "xBocTa" BpeMeHHO#i XapaKTEepUCTHKM:

AK(w) = 684+ 65 .

OuenuM Kaxgpym M3 norpewHocTeil. lpumeHas HepaseHcTso UBAPIA-BYHAKOBCKOI'O k nep-
BOMY YJIEHY, TMOJNYuuM:

k=0 k=0

n ) »
= ndt I f£°(k at) .
k=0

n = n n e 2
(28) 6, = 4t % f(k 4t) e WKL <t £ Pk at) £ e Jwkat

3aMeHAf AJA NMPOCTOTH OECKOHEYHHH# NpexesN KOHEYHHM, MOXHO NMOJIyYUTh aHajorvnyHoe BHpa-
XEHNe M i BTODOI'0 yJeHa:

0 . M M . 2
(29) 6, = 4t F £(k at) e I S ap 5 £20c at) £ |emIWKAE)
k=N k=l k=N
N
= At L £ f(kat), T1Im6 M-N = L,
k=N

Bupamenua aua cymb B (28) ¥ (29) ecTs BHpameHMe AJA 3HEPTMM OTOPONEHHHX wacTeil Bpe-
MeHNOfl XxapaKTepucT¥KN. B CBA3M C 3TUM MOXHO CASIATH OYEBUAHHI BHBOZ O TOM, YTO NO-

TPBINHOCTD OTPAHNYEHMA BPEMEHHO} XapaKTepUCTUKM NPONOPLUOHAJIBHA 3BHEPI'MY OTOPOmEHHHX
yacTell MMmyznnca.
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flonycxan ana ganbHelfwero ympomenws, uto &, = 6,y TOTAAS

<
(30) 6ogm = 2 L At 4P,

OTHOCHTENEHAA MOT'PENHOCTh, OGYCIOBJIEHHAA OTPAHWYEHHMEM NIKTEJIBHOCTM BpEMEHHOlt Xapak -
TepUCTHKY, MOXeT OHTH ToJyueHa B peayiabTare neieHus (30) Ha OLEHKY MCTHHHOTO CHEK-
tpa (21) mo HepaBeHcTBy UBAPLIA-BEYHAKOBCKOI'O. B 3ToM ciyuae NMONIyuuM

AK(w) < , 4P L
(31 6OTH= @) - °PHMcC

Taxkuu 00pa30M, OTHOCHTENHHAA NMOTPEEHOCTH B CNEKTPE BPEMEHHOH XapAKTEPHUCTHKN CHCTEM
B8BMCHT OT OTHONEHWA BHEPI'MM OTGPONEHHO}# YyacTH CNEeKTpa K TMOJHO# SHEpTHM CIEKTpa.

Ha Puc.5 npusoaaTca cnekTpH uMnynsca BEPIATE, orpaH¥YeHHOro ¢ KOHud. O6mas AnMTeNb-

HOCTP MCXOZHOTO WMIynbca Ohna BHOpaHa paBHO#t 40 cek. PacueTH MpoM3BOZMIMCE AJA iy 47 28
TeasHocredt wumynsca B 30, 26 ¥ 20 cex. U3 paccMOTpeHMS DHCYHKA BMIHO, YTO ¥ B A8H-
HOM CJyJa8e MCKAXEeHHA B CIeKTpax, O0OYyCIOBIEHHHE OI'paHMYEHMEM NIUTEIHFHOCTH MCXOZHOiH
@yHKUMM, HOCAT TaKoft Xe XapakTep, K&K ¥ B CIydYaAX HAJOXEHHWA YacTOT, NMOTPENHOCTH B
O0TcueTax mo ypoBHo: IlorpemHOCTH pacTeT C POCTOM ZJIMTEIBHOCTHM OTOpOmEeHHoro “xsocra",
YyacToTa, HAuMHAA C KOTOpO# BOSHMKANT HAWGOJBEME NOIPENHOCTH, O0GDPATHO NPONOPLUOHANBHA
INUTENBHOCTH OTOpOmEHHO} uyacT¥ BpeMEeHHOft XapaKTepHCTHKHM, NMOTPEMHOCTH HOCAT Kojaeba-
TeJBHHIl XapakTep ¥ pacTyT C 4acToTOll.

Puc. 5. CnexTpn mvmysbca BEPIATE pasjpradoft mmressHocTm: 30 cek (4),
26 cex (B), <20 cex (C); D -~ TeOpeTHYECKM DPACCIMTAHHHA CIEKTP
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4. MeToiH OLIEHOK YaCTOTHO—PABOBHX X8pAKTEpPUCTUK CEHCMOAOTHYECKWX TDAKTOB

Bume OHJIO NMOKA&S8HO, YTO B Npomecce WMIYAbCHOM KANMGDPOBKK ceiicMOIOTNUECKOTO
TpaKTa BOSHMKADT TIOMEXH, 0GYCIOBJEHNHE HAJOEEHHEM yacToT, OmMOKAMH KBBHTOBAHWA,
OTpaHMYEHMEM TO INWTENBHOCTH BPEMEHHOK XapaKTepPUCTHRM CUCTeMH. B GONBEEHCTBE Onyya-
€B STM NMOMEeXM TDYAHO YCTPaHWMH, & WX XapakTep TAKOB, YTO 3aTPyAHAET HCINGIH30BAHHE
NOJyYeHHHX XapaKTEePUCTHK Kag AJNA KOHTDOJA NapaMeTpoB annapaTypH, TaK ¥ Al cYeTa Ha
SIIBM npu pemeHMM pABIMUHHX celicMonorxdeckux 8azavy. C neabn yCTAHOBMTH BOBMOXHOCTS
CHWXGHNR YDPOBHf OTUX TOMEX M TOJYYEHHMA JOCTATOYHO TOUHHX OLEHOK BTUX X8PAKTEPRCTHK
OuaM onpoGoBaHH: 1. QUABLTPanuA IMCKPETMSMPOBEHHHX BPEMEHHHX X8pAKTEPUCTHR; 2. GHmAb-
TpaUMA CNEKTPOB BPEMEHHHX XapaKTePMOTHK M YacTOTHHX XapakTepPHCTMK cHCTeMj 3. ocpea—
HeHHWe INCKPETHBMPOBAHHNX BPEMEHHHX XapaKTEPHCTMK M YACTOTHHX X8DBRTEDUCTHK CHCTEM;
4, VHTEpNOJALMWA AMCKPETHSMPOBAHHON BPEMEHHO}! XapaKTepUCTHRM ¥ Ap. OCTAHOBHMCA HAE
ONMCaHMN HEKOTODHX DE3yJAhTaTOB ONPOCOBANMA NEPEUMCIEHHHX NPONEeznyp.

441, QuaABTpPAUMS MCXOZHOTO AMCKPETU3HPOBAHHOTO MMOYIECA

B npexnosoxeHMu, YTO TIOUPEWHOCTH B CNEKTPaX ¥ Y4CTOTHHX XapaKTepMCTHRAX 00YCIOBJIEHH
omyOKaMy KBaQHTOBA&HMA NO YPOBHD, NPUBOAAMNEMYy K HAJOEEHMD COCTABIANERX, CIMSEEX K dua-
CTOTe KBAHTOBAHMA 1O BpeMeHM (B HameM ciyyae nopazka 10 ru), MCXoZHHH MMAYIHC Bpe-
MeHHO#l xapakrepucTuky cucreMu CKI Own mopseprayT uudposoil duasrpauuu dHY £* - 3 ro.

llonyueHHH}t mocie QWABTPALMM MMNYyIBC OHN NOABEPTHYT YacTOTHOMY aHanmdy. Ha Pic.
6 TPUBOZATCA CNEKTPH MCXOZHOTO M 0TQUILTPOBARHOTO MMIYIHCOB. PacCMOTDEHHe BTHX pH-
CYHKOB NMO3BOJAET 38KINYATH, YTO NPOUEZYPa PHABTPANMYM MCXOZHOTO CUT'HANA B X8HHOM cIy-
Yyae He Jlaja NOJORNTEJBHHX Pe3yJabTaToB. JMCXOIHHE M OTHWILTPOBAHHHE CIIEKTPH IpaKTHIec-

K He OTJMYanTCs IpyI' OT Ipyra B moJoce YacTOT IO 1 Il U MMEOT NpaKTUYECKH OJMHAKO-
BHE IIOT'DEIHOCTH,

4.2. GuipTpanyud YacTOTHHX XapaKTepUCTUK

C nmespo moJaBJeHMA IOMeX, OGYCJOBJEHHHX mpolieccamy MMCKpeTu3aluy BpDeMeHHolt xapaKTepn-
CTuKU, OHJa ONpodoBaHa Ipolielypa YacTOTHON ¢uAbTpauyy Ha MOJIEJBbHOI YacTOTHO! Xapak=—
TepucTrke, A TOro, UTOOH M30eXaTh CIVIAaRMBAHNE Cpe3a XapaKTepuCTHKM, ORI NpoBeXeH
CUeT, IpY KOTOPOM UCXOIHHE IaHHHe A (QUIbTpa BHOMDAJMCH IO YaCTOTHOH! XapakTepucTi-
Ke, NOCTPOEHHO# B OwiorapudMdecKoM MmacuiTade B IpeHIOJIoXeHMM, UTO OHA IIOCTpoeHa B
JrHejiHoM MacuTade. Takoil npumem odeclieyuBaJl YeTKOe pasfiesieHNe IO YaCTOTHOMYy COCTaBy
cpesa ¥ momexu. Ha Puc. 7 A npuBOJMTCA YaCcTOTHAA XapaKTepuUCTHKa, NOCTpPOEHHad YKasaH-
HHM o6pa3oM, ¥ pe3yabTar e€ guwibTpauuu (7 B). PaccMOoTpeHMe pUCYHKa IOKa3HBAaeT, 4YTO
B IQHHOM cJiyyae NOCTUI'HYTO 3HAUUTENbHOE CIVIakWBaHue MCXOINHON XapaKTepuCTUKM, IIpH
9TOM Cpe3 XapaKTepUCTHMKYM NpaKTHYecK! OCTasCA Heu3MeHHuM. IIoJyueHHHt pe3yJsbpTaT NOKa-
3wBaeT, YTO B psAlle CAy4YaeB JUIA OLIEHOK YACTOTHHX XapaKTepUCTUK 11eJecOO0pas’HO IMpUMeH-
ATH QUIBTPALMPD [0 OMICAHHOII MeTOoIMKe.
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4.3, OcpemHeHne BpPeMEHHHX XapaKTepUCTMK

Kax u B cuyvae WIbTpall¥ BPEMEHHHX XapaKTepUCTHK IeJasoCh NMPEeNNoJIOXKeH!e O HaJIoXEeHUN
cayvailHux momex, KOTOpHE M SBIAKNTCA NPUYMHON MCKakeHult B CIEKTpaX BpPEMEHHHX Xapak-
TEPUCTVUK U YACTOTHHX XapaKTEpUCTMK MCIHTYeMHX cucTeM. JUII NMoJaB/eHus Takux NoMex OH—
Ja onpodoBaHa Npoliefypa OCPeJHEHUA BPEMEHHHX XapaKTEepUCTUK IO pANy MX peam3alivii.
PesyimTaT ocpellHeHusa NoIBeprajica 4YacTOTHOMy aHaM3y. Ha Puc. 8 A mpuBOIMTCA CHEKTP
OCpeIHEHHOT'O MaccmBa, a Ha Puc. 9 A yacTOTHasg XapaKTepuCTMKa CUCTEMH JJIT ITOCTOSHHHX
CcMemeHul , IOJNyUYeHHasd B pe3yJbTaTe YMHOXEHIsI OCDeIHEHHOTO CIeKTpa Ha w2, PaccmoTpenne
PMCYHKOB NO3BOJIAET OTMETUTH, UTO XOTA OCpeIHEHMEe ¥ NPUBEJO K HEKOTOPOMy CIVIAXMBAHMIO
CIIeKTpa ¥ 4YaCcTOTHO! XxapaKTepUCTMKM, OINHAKO MaKCUMyM CIEKTpa BpPEeMeHHO#l XapaKTepUCTIKA
CMeCTWICA B 00JacTh Gojilee BHCOKMX YaCcTOT, a JUDIHHONEDUOIHHK Cpe3 YacTOTHOH XapaKTep—
UCTUKM CMECTWICA B 00JAcTh Gojiee KODOTKMX NEPUONIOB IO CPaBHEHNMO C 3KCIlePUMMEHTaJbHOR
yacToTHol#t xapakTepucTukoit. Kpome aToro cielnyeT OTMETUTL MCKaxeHue PODMH CIIEKTpa I
YacTOTHO!I xapakTepucTyku: II0 CpaBHEHUN C BKCIEPMMEHTAJbHO CHATEM CIIEKTDOMHA 4acTOT-
HOlt XapaKTepUCTMKE B OCpeIHeHHHX cmnekTpax (Puc. 8 A) M yacTOTHOIl XapaKTepUCTHKe
(Puc. 9 A) umeeTcsa mporud Ha nepmomax 1 — 9 Ccek.

/ \.\A M%Ey Vas
r
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A\
\
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\
Y
\
\
\

1 +- ——
1002 1 2 5 10 ? 5 10% T(cek]
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10-2 10™ Flry)] 4

Prc. 8. Cl’IeKTp ocpem{ennoﬁ BpemeH— Prc. 9. YacToTHHe XapaXTepucTuKl, IIOCTPOEHHBE

Hoft xapakTepucTyvxm (1), no cnexktpy Ha Puc. 8 (A), B pesyup-
pe3yJabTaT OCPEUIHEHUA CIIEK— TaTe OCpEeJHEHWA 8-MH XapakTepucTuk (B):
TPOB BPEMEHHHX XapaKTepu- sxcrnepumeHTabHas (C)

ctnk (B), sxcmepmMeHTIDm—
Hasg XapakTepucTika (D) u
CHEKTD HENoCpeICTBEHHOM
OIMHOYHOR BpeMeHHOi Xxa-
pakTepucTrEM (C)
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CmelleHNe CIeKTpa ! XapaKTEepUCTMKM MOXHO, INO~BHUIPMOMY, OCBACHUTEH TeM, YTO Op-
IMHATHHE OTCYETH OCPEJHABIIMXCS MCXOJHHX MAacCMBOB He TOYHO COBINAJAJM IO BpeMeHM (Ha-
IOMHUM, YTO ouudpoBka mpoumsBoimiaack Ha JIC). UYTo &Ke kacaeTcs mporuda XapaKTEpUCTHK,
TO MX CyWeCTBOBaHWE CBA3aHO C IOTI'DEWHOCTAMU, OCYCJOBIEHHHMM OIDaHMYEHNEeM MMIyJbca
[I0 BPEMeHM ¥ HeJocTaTOYHO# YacToToff mICKpeTHU3alldi,

4.4, OcpelHeHNe CIEKTPOB ¥ YaCTOTHHX XapaKTepUCTHK

B cBA3M C TeMm, UTO OCpeIHEeHWe BDPEMEHHHX XapaKTePHUCTMK He O0GeCHeumso IOJOXUTEJHHOT'O
affeKTa M3-3a HECOBMAJEHNA [0 BpeMeHM FX OPIMHATHHX 3HauyeHiit, GHJIO MpPOBEIEHO OCpeli-
HEeHMEe CIIEKTPOB M YaCTOTHHX XapaKTEPUCTHK.

OcpeliHeHMe CIHEKTPOB ¥ YaCTOTHHX XapaKTepUCTHK KMeeT TO OpeMMymecTBO Iepel ocpejli-
HEH/EeM BDEMEHHHX XapaKTepUCTHK, YTO B JaHHHX CJydaax odecneuyrBaeT TOYHOE COBHaNEHUE
0 9aCTOTE OCPEIHSIEMHX COCTaBJAMIMX. A 3TOro JOCTATOYHO BHUNCJ/MTE UX VI OJHUX U
Tex ke 3HaueHui#! yacToT. Ha Puc. 8 B u 9 B mpnBoIATCA OCpelHEHHH) o 8-Mu XapaKTepu-
CTMKaM CIIEKTD BpPEMEHHO# XapaKTEpMCTMKU 1 YaCTOTHas xapakKTepucTyka cucTemn CKI cooT-
BETCTBEHHO.,

PaccMoTpeHne pUCYHKA IIOKASHBAEeT, YTO B JAHHOM CJydae He OPOM3OUJIO CMEleHm! xa—
PaKTEpPUCTUK; OCpellHeHWe CIIEKTPOB ¥ XapaKTepMCTMK NPUBEJIO K MX CIJIaXuBaHmp (cpaBHM-
Te, HaNpuMep, CIEKTPH Ha Puc. 9 B - ocpemHeHHuit 1 9 C ~ OIMH M3 HEOCPEUHEHHHX MWC—
XOIHHX; BMeCTe C TeM ¥ B JAHHOM Ciydae B CIIEKTDaX M XapaKkTepUCTMKaX MMeeTcA IpoTus,
CYyWeCTBOBAHME KOTODPOTO KAK M B IPEJHIYUEM CIydae MOXeT OHTh OCBICHEHO NpOLEeXypoit Iu-
CKpeTHzaLni .,

4.5, HHTepnoJsauus

[lpn pacCMOTpEHUM ClleKpTa IVMCKPEeTH3MPOBAHHOTO CUTHasla OHJIO yCTaHOBJIEHO, YTO YDPOBEHb
IoMex B CIEeKTpax ¥ YacTOTHHX XapaKTepucTUKaxX olpeliesieTCAd YacTOTO# OINpPOCOB MCXOIHHX
BPEMEHHHX XapaKTepucTUK. IIpefiesbHHE MHTEDBAJH OINPOCOB BPEMEHHHX XapaKTEepPUCTHK ceil-
CMOMETPOB, KOTOpHE MOTYT NpaKTMUeCkK! OHTH peajr30BaHW BpyuHyl wm Ha YLC, Cuusku
k 0,1 cex (10 ru). IloSTOMy C LleJBb0 IIOHIXEHWs YPOBHA IoMeX OHJA IpOBelleHa MHTEepIOoJi—
AIVA UCXOIHOTO MaccuBa OTCUETHWX 3HaueHuii BpemeHHo# xapakTepucTuku CKA. B pesyibpTa-
Te TaKoil MHTepHOJIALMK MHTepBal IuMCcKpeTu3aluy Oua IoHmxkeH ¢ 0,08 cek 1o 0,016 cex.
WHTeprnosALysa npoBOIMIAach 10 CIelVatbHOil Iporpamve IpK IapadoJuyeckoil annpoKcumauun
MeXIy COCEeINHMMM OTCUETHHMM 3HAueHMsAMH. B pe3yJsbTaTe TaKoil MHTepHOoJAUMH BMECTO Mac—
cuBa B 605 oTcueTHHX 3HaueHMit OwJ moJydeH maccymB ¢ 3025 OTCUETHHX 3HAUeHMi.

Ha Puc. 10 npuBomMTCS CHEKTDP BpEMEHHO} XapaKTepUCTMKM CUCTEMH, BHUWCJIEHHHI IIO
[IOJ[yYeHHOMY B pe3yJbTaTe MHTEePIOJALMKA MacCUBy OTCYETOB. Ha 3TOM Xe DUCYHKE [IPUBO-—
IUTCA CIEKTD BPEMEHHO#l XapaKTepHUCTUKM CUCTEMH, BHUMICJEHHHH 110 MCXONHOMY HEMHTEPIO-
JMPOBAHHOMY MacCUBYy OpIMHATHHX 3HaueHuii. ColocTaBiieHNe CIEeKTPOB lIOKa3HBaeT UX IIpak-—
TUYeckoe coBlafeHue. llosydyeHHwil pe3yibTaT CBUAETEJNBLCTBYEeT O TOM, UTO yBeJUUEHNE Y-
cJa OTCYETOB IyTeM UHTEPIIOJAINM MCXOUHHX MACCUBOB He NPUBOIMUT K IIOHWKEHMH YPOBHA
momex. IlpyumHOfi Takoro pesyJabTaTa sABJAAETCA TOT akT, YTO B OCHOBE MCIOJb30BaHHHX
nporpamM NpUMeHeHa NapadoJnueckad allpoKCUMAalliA MeXJy Touykamu oTcueTa. lloaTomy yBe-
JUYeHre 4YucJia OTCYETOB MeTOIOM MHTEpPIOJANUM He NPUBEJIO K I[OBHIIEHMI0 TOYHOCTH cyeTa
CIIEKTDOB.
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[Tory9eHH COOTHOIEHNS , CBA3HBAKIME YACTOTHHE XaQPaKTEPUCTUKM CHUCTEMH , Bosdym{aemoﬁ

Yepe3 JOMNOJHETEJHHYD KaTYUKy M KOpmyc ceficMomeTpa.

Ha MozeJBHOM H 9KCIEpMMEHTAJBLHOM MaTepualse NpOBENeHO pPacCMOTpEeHMe HEKOTOPHX UCTO-

YHFKOB MOMEX M MOoT'pemHocTell, XapaKTepHHX Jd MMNYJbCHOH KasmGpOBKM ceficMoMeTpH-
YeCKEX KaHaJOB.

OnpoGoBaHH HEKOTOPHE IPUEMH 1IOTABJIEHKA TMOMEX M OLIEHKM YaCTOTHHX XapaKTepUCTHK,

IIOJIy9eHHHX MeToIamy JMilyJIbCHO! kajmOpoBku. HauGosiee SHHeKTMBHHMM M3 HUX ABIAKT-

cA PRIBTpAUMA M OCPeTHEHAE CIIEKTPOB M YaCTOTHHX XapaKTepucTuk. OMHaKo, 13-3a

HEYCTPAHHMHX MCKaXeHuii (OPMH CIEKTPOB M YaCTOTHHX XapPAKTEDUCTHMK, BH3BAHHHX JIMC-

KpeTuaaluuefi BpEMEHHHX XapaKTEDPUCTMK, KX IpPMMEHEHNe OI'DaHWYEHO.

ABTODH BHDAXAmMT OJar'oJApHOCTH HAyYHOMY COTDYIHMKY odGcepBaTopmu "OGHWHCK"
B.f. KBPHKYHOBY 3a IoMoup B NOJYYEeHM) SKCIEPUMEHTAJIBHOT'O MaTepuaja.
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Digital Long-Period Seismograph

by

A.L. ALEXANDROV, Z.I. ARANOVICH, E.I. ZELIKMAN, A.Y. MELAMUD,
S.A. NEGREBETSKIY, A.V. RYKOV 0 and O.E. STAROVOYT 2)

Summary

A long-period vertical seismograph having a band width of 1 - 150 s and digital
recording on punched tape is presented. The seismograph is operating under start-
stop conditions. The seismometer is feedback controlled in order to obtain periods
up to 150 s and a damping ratio of 0.6. The parametric displacement transducer pro-
vides a flat response curve in the range from 1 to 150 s. The registration is real-
ized by a commercial digital equipment having a dynamic range of 84 db. Some results
of the operation of the seismograph and of digital data processing are given.

Pe3swome

JTMHHONIEPMOAHBH WUPOKONOJIOCHHH ceficMorpad ¢ auana3oHoMm nepuomoB 10 - 100 cex u
yCTaHOBKa L1 perucTpaluy Ha nepdoJseHTy B uudpoBoit dopme npencrasiieHH. Celicmorpad
padoTaeT B pexume cTapT - cTom. CelicmomeTp KoHTpoJsmpyeTca oOpaTHO# CBA3BI0 YTOOH -
noJryyaTh neproln no 150 cex ¥ coOoTHoueHMe 3aTyxaHusa paBHO 0.6. [lapameTpuyecKkuit npe-
o6pas3oBaTeJb NPOBOILUT HOJOTYI0 KPUBYI OTKAMKY LI IepHOJOB CeficMMYECKMX BOJH OT
1 10 100 cex. PerucTpaima ocyuecTBAeTCA TeXHNYeCKo#d LuPpoBo#t yCcTaHOBKOH € IMHAMUIUEC—
KuM Jwana3oHoM paBeH 80db . HekoTopwe pesyibTaTan LM{POBOA 0OpaCOTKM IOKA3aHH.

During the past ten years digital recording and processing of seismological data
have been developed intensively [1, 5, 6, 11]. They provide the possibility to handle
a great amount of information in a short time and to increase the accuracy, so open-
ing new horizons for interpretation in seismology. In designing a digital seismograph
the basic considerations resulted in the cognition that for profiting by the advan-
tages of digital computers it is necessary to have a seismograph with a broad pass-
band and a large dynamic range [3, 4]. The package units of the seismograph system
should allow to install a lot of digital seismic stations at different sites; that
means a maximum application of commercially available and reliable units. The latter
as well as the devices especially designed should not be too sophisticated in
handling. The format of the digital output of the seismograph has to be compatible
with existing computers.

1) Institute of Physics of the Earth, Acad. of Sciences of the USSR, Moscow D-242,
B. Gruzinskaya 10

) Central Seismological Observatory of the IFZ Obninsk, Obninsk (USSR),
Ul. Jolio Curie 20
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At the first stage, the long-period digital seismograph, having a period passband
of 1 — 150 s and a dynamic range of 84 db, was constructed and set going on trial.
The block diagram of the seismograph is shown in Fig. 1. Analog electric signals from
three seismic components are sampled by an analog multiplexer to the input of a dig-
ital voltmeter F-30, which converts the analog signals into the binary-decimal code.
Impulses of the converter are led through a pulse shaper to the paper tape punch
PL-20; they are used in a digital—analog converter as well. The analog seismic signal,
of the latter is visualized by a monitor recorder, which is convenient for choosing
parts of the record for further processing, too. The operation of the sampling and
digitizing units is controlled by a crystal oscillator F-590 and a control impulse
generator, Impulses for the time code punched on the tape are obtained from a timing
block,

Control
Crystal impulse
Oscillator generator
VS ol | Analog Digital Timing
multiplexer [| Voltmeter block
(converter)
I
| H s._'l_.—"_I ]
1
[ | Pulse
r—i shaper -
=1
| 1,8 3 |
L‘Z“‘:' Paper tape
punch —e==—gn Output
Digital
| analog Recorder
converter

Fig. 1. Block diagram of the digital long-period seismograph

The seismometer scheme is presented in Fig. 2. At the
reported stage only the vertical seismometer has been used. It is portable and has
the dimensions of 350 x 200 x 250 mm3. The reduced pendulum length is 0,25 m, its
moment of inertia is 0.2 kg m2. The suspension of the pendulum is of the LA COSTE
type. The movement x of the inertial mass M 1is converted by a displacement
transducer [9] into an electrical signal E, which is used for recording, for sta-
bilization of the pendulum position, and for adjustment of the seismometer parameters
by feedback [2, 7, 8]. The output signal V passes through the passive high-pass
filter consisting of the capacitor Cf and the input resistor of the digital volt-
meter., This filter is needed for the rejection of the long-term variation of the
seismometer boom position. More effectively the stability of the seismometer has been
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achieved by the feedback circuit RCR [10]. For instance, the application of the sta-
bilizing feedback reduces the temperature coefficient of the seismometer by about
100 times. At a mechanical period of 20 s the coefficient becomes equal to 0.05 mm/°C.

Displacement
Suspension transducer
Signal V
1 E it
| x
| .
| Damping .
1 period > Adjustment
|
N
N N
Beam
L4
E Stabilization

Electromagnetic IC
transducer

Fig. 2. Vertical seismometer with a flat
response within 1 - 150 s, +1.5 db

Fhe feedback circuit C_ R_C increases the seismometer period 6 - 7 times, and
the resistor Rd adjusts the desired seismometer damping (D = 0.6). The electromag-
netic transducer x/E closes all feedback circuits mentioned above. The mechanical
period can be tuned in a range from 7 to 30 s. In order to obtain a flat response
curve of the seismograph up to 150 s the seismometer period has to be tuned at 22 s
(Fig. 3).

vmv/mc
1.0

0.7

0.3
0.2

0.1
\

1 2 3 57 10 20 50 100 200 500 T[s]

Fig. 3. Response curve of the digital long-period seismograph
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The dynamic range of the displacement transducer is approximately +100 db and is
defined as the ratio between the maximum and minimum linear displacements, +1.5 mm
and +1.5 x 10—5 mm, respectively, corresponding to the electrical output noise.

The seismometer with its electric circuits is tightly encased in a rigid container
capable to shield it from microvariations of the atmospheric pressure.

The digital voltmeter F-30 is of high accuracy and allows to
convert an analog signal in to a digital one in the dynamic range of +84 db. This
commercially produced-unit has the 5 measuring ranges of 10 mV, 100 mV, 1.0 V, 10.0 V,
and 100 V, respectively. In the seismograph the measuring range of 10 V has been
used. The readings can be seen on the display and are available as parallel binary-
decimal impulses, too.

The analog mul tiplexer is especially designed. It switches
three independent channels successively to the voltmeter input. The time of switching
is 0.6 s. Thus the sampling rate is 1.8 s for every channel.

The pulse shaper amplifies the impulses obtained from the volt-
meter and the timing block. It also forms suitable impulses for the paper tape punch
PL-20. The format of the tape is presented in Fig. 4.

Channels
= = -
+= '= H A Over
load
—_—— — —

26 1ine O O O O OO © @

/—-__A'_"-_‘\
2" 9ine O O O O 00 O O
Digital code

3rdline O O O O O«0O0 O O

-~ —

B —\ N

15% 1ine e ©e 060 -0 0 O

hours 12 minutes

" 1me 0 0 0 O 0e0 O O

Time code

74 1ine O O O O 0OesO O O
tape No. tens of hours

Fig. 4. Format of the tape
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The timing block delivers the mark impulses for the 12 minutes time
subfiles; each subfile includes 1200 measurements. The time mark impulses are punched
on the tape in the binary code. The input routine of the computer takes the time code
into account,

The crystal oscillator F-590 is commercially available and
has a stability of 5 x 107/ s.

The control impulse generator is synchronized by the
crystal oscillator and generates command pulses for the analog multiplexer, the
digital voltmeter and the timing block.

The digital-analog converter and t he re-
corder are used for visual checking of the seismograph operation and mainly
for viewing the record in case of choosing the necessary parts or phases for analysis
and interpretation. It is especially designed to visualize the analog seismic signal
in a wide dynamic range and has three successive subranges of conversion outlined in
the analog form as 1 - 100, 10 - 1000, 100 - 10 000. The operation of the punched
tape unit can be started manually or automatically at the moment of seismic waves
arrivals from a distant earthquake.

The digital seismograph has been in experimental operation for 1972/73 at Obninsk
Seismological Observatory. The seismometer was installed in a gallery in a depth of
5 meters under the daylight surface. The power supply and seismometer output signal
were transmitted by a cable connectiang the gallery with the observatory room where
the digital recording part of the ieismograph has been installed. The long-term drift
of the seismometer position did ro& exceed a few microns. The background noise having
periods above 150 s allowed to us a magnification of 250 on the monitoring record.

The seismograph's response curve was determined theoretically and experimentally
(Fig. 3). For the latter procedure a combined method was used. The circle points on
the graph were obtained by the calibration performed with the aid of a sine wave
generator. The calibration formula is

2

(1) v = 4m" KRy

1GET

where V - sensitivity of the seismograph [volt/meter], K - seismometer moment of
inertia, R - resistance in the circuit of the calibration coil, y - voltage ampli-
tude of the output, 1 - reduced pendulum length, G - magnetoelectrical coefficient
of the seismometer calibration coil, E and T - voltage and period, respectively, of
the sine wave signal.

The triangles in Fig. 3 were obtained by the impulse calibration method, the re-
sponse curve being calculated by applying an electrical step impulse to the calibra-
tion coil of the seismometer. The following formula for the step response of the
seismograph (Fig. 5) was used:

N N .
(2) VvV = B ﬁ% [¢ 80 R sin ETE n at)2 + ( zo R, cos ETE n At)z]q/2 ,
n= n=
B = & 7.!3__.K R
- "6TE ¢
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where At - sampling rate of the seismometer reaction, T - period of the spectrum
component, Rn — amplitude of the seismometer reaction at the time n At., The other
parameters are the same as in the first formula. The combined method was used because
of the incorrectness of the impulse calibration at high frequencies and for lack of
a reliable low-period sine wave generator.

1 — ] —
100 200 t[s]

Fig. 5. Step response of the seismograph

During seismograph operation a few strong distant earthquakes were recorded and
the digital records were filtered digitally. Examples of filtering for an earthquake
occurring at Kuril Islands on June 17, 1973 (M = 7.8, A = 7150 km) are demonstrated
in Figs. 6 = 13, Fig. 6 represents the analog record of the earthquake converted from
the punched tape after playback procedure. The graphs of the passband of the digital
filters are given in the following figures showing the results of filtering. One can
observe the crust and upper mantle RAYLEIGH waves R1 travelling to the station by
the shortest way. It is well known that the interference of these waves is due to the
dispersion of the group velocities. The initial part of the Rq record exhibits
intensive long-period oscillations with high«frequency background. Then the long-pe-
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riod oscillations are decreasing and the short-period variations more and more pre-
vail. Thus the digital processing of seismic data helps to separate the crust and
mantle surface waves.

The mantle RAYLEIGH wave is represented here in an impulse-like form because the
epicentral distance is not large enough for a good dispersion. The mantle waves R2
travelling to the station by the opposite way are shown in Fig. 13. They indicate
the necessity to expand the response curve to even longer periods. This expansion
belongs to the second stage of the experiment with the long-period digital seis-
mograph., Since January of 1974 the response of the seismograph has been expanded to
300 s.
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Event-Selecting Digital Acquisition of Short-Period Seismic Waves

by

CHRISTIAN TEUPSER'), HELMUT BUDERZ), MANFRED BRUNNER') and
RUDOLF WENK '

Summar

Signals of a short-period seismograph are amplified by a three-stage amplifier
with second-order active RC networks, The amplifier is equipped with two channels,
The frequency response of the first one corresponds to the standard class A of
short-period seismographs and the signals passing this channel are converted into
digital form. These data are continuously read into a core storage and can be re-
carded on punched tape with a time delay of 1.7 minutes, The punching will be trig-
gered if the signals passing the second narrow-band channel of the amplifier exceed
a certain threshold value.

Zusammenfassung

Die Ausgangssignale eines kurzp- riodischen Vertikalseismographen werden von einem
aktiven RC-Filter verstdrkt. Diese.: Verstdrker besitzt zwei Kandle. Die Gesamtcha-
rakteristik des ersten Kanals ent.-pricht dem Typ A der in der KAPG standardisier-
ten Gerdte. Diese Signale werden «.gitalisiert, in einen Kernspeicher eingelesen und
mit einer Zeitverzodgerung von 1.7 min auf Lochstreifen ausgegeben. Die Datenausgabe
wird von einem Ereignisselektor ausgeldst, der von dem zweiten Kanal mit einer
Schmalbandcharakteristik angesteuert wird.

The event-selecting seismograph system presented in a former paper [1] can record
the surface and S-waves of an earthquake only. The acquisition begins some seconds
after the first onset and the sampling rate is 1 second. Therefore, this system can-
not be applied to the recording of P-waves. Such a system has to store or delay the
information, because the triggering event and the ground motion preceding the first
onset is to be recorded. The frequency response of the new system should be fitted
to the spectrum of P~waves. For this reason, the approved frequency response type
A IV has been chosen. This is a flat response from 0.1 to 1.6 seconds. The digital
analysis of short-period waves, moreover, demands a sampling rate of at least 0.1

L) Central Earth Physics Institute of the Acad. of Sciences of the GDR, part Jena,
69-Jena (GDR), Burgweg 11

2) Centre of Scientific Device Construction, 1199 Berlin-Adlershof (GDR),
Rudower Chaussee 6 -
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second. Like the equipment formerly described, the new one is to record earthquakes
with a magnitude greater than 6 on punched paper tape.

At first, the new system is constructed to record the vertical component of short-
period waves and, therefore, one vertical seismograph VSJ-II is sufficient to detect
the ground motion. This instrument is tuned to a period of 1.6 seconds and a damping
constant of 0.5. The output voltage of the transducer coils is fed to an amplifier
designed after the rules given in [1]., The first voltage amplifying stage loads the
seismometer coil with an ohmic resistance to get the decsired damping. The following
stage, a second-order active RC filter with a low-pass transfer function, simulates
the damping DS = 2 and the period ‘1‘8 =1 s of the galvanometer usually applied
to obtain the type IV characteristic. As drift woltages and bias currents are fully
amplified in these two stages, a third one with a band-pass transfer function has
to reject those undesired disturbances. In order to get a suitable signal for trig-
gering the system in addition to the signal which shall be recorded the third stage
consists of two channels; one of them is a broad-band and the other a narrow-band
active filter. The corner frequencies of the broad-band channel are O.4 and 10 cps.
In this interval the frequency response of the whole channel corresponds nearly to
the demanded one and the sensitivity is 50 mV/um. The output noise voltage is smaller
than 30 puV p-p corresponding to a ground motion of 0.6 nmm or 0,06 mm light-boom de-
flection of an electromagnetic seismograph with a magnification of 100,000. The sen-
sitivity can be reduced to 20 and 10 mV/um. The narrow-band channel nearly simulates
the frequency response of the triggering equipment used in our long-period system.
The sensitivity peaks at 1 s with 10 V/um. Takiog into account that an earthquake
with a magnitude greater than 6 causes a ground motion of more than 0,1 um at dis-
tances up to 100° the output voltage exceeds 1 V and can be used to trigger the
system. The output noise voltage is lower than 2.5 mV p-p and cannot cause any disturb-
ances. The frequency responses of the two channels are shown in Fig. 1. The broken
curve represents the type A IV characteristic.

The output voltage of the narrow-band channel is led to the event selector. After
balancing, rectifying and amplification the signal is formed into rectangular pulses
by a SCHMITT trigger, provided that the ground motion exceeds the threshold value of
0.1 um. After one to five pulses controlled by a switch a ring counter delivers a
pulse for starting the recording. If within 10 seconds the preselected number of
pulses has not passed the ring counter, it will be reset. In this way the trigger-
ing of the recording by non-seismic pulses can be prevented. During the punching the
start pulses are inhibited till the final signal of the control unit reaches the
selector, as can be seen in the block diagram of the whole device (Fig. 2).

The output voltage of the broad-band channel is sampled by the digital voltmeter
V-524. The sensitivity is 100 pV per unit corresponding to a ground displacement of
2 nm if the amplifier is tuned to maximum gain. Three figures of the sample and the
sign are read into a core storage with a sampling rate of 0.1 second. The storage
unit has a capacity of 1024 words and, therefore, it contains 1.7 minutes of the in-
Pormation. If no signal appears from the selector, the storage location containing
the data word read-in 1.7 minutes before is cleaned and the new data is written. If
the selector signals an earthquake, the logging system begins to punch a time word.
This consists of the day of the year and time, both delivered by the timer 3524 at the
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moment of start. The time word, moreover, contains the date of the year fixed pro-
grammed and the number of the measuring point. Then the data words delayed in 1.7
minutes are read-out and punched with read-in cycle. In the same cycle the new data
word is written into the cleaned storage location. The sign represents the end of
the data word, which needs 4 characters as mentioned above. This limitation of a dy-
namic range of 60 db is necessary because the maximum speed of the paper tape punch
is 40 characters in start—stop operation. Using the maximum sensibility of the ampli-
fier earthquakes with a magnitude smaller than 7.3 only can be recorded. By reducing
the gain of the amplifier it is possible to record earthquakes with a magnitude of
7.7 and 8.0 respectively. At the beginning of every minute the symbol 'carriage
return and line feed' and the minute delivered by the timer are read into the storage
instead of the data word. Thus the real minute is stored on the punched tape. The
data are recorded as 4-digit BCD words on eight-track punched paper. The code used
and the format of the tape are shown in Fig. 3. The ends of the data word and of the
minutes can be easily discerned because the sign has a hole in the Gth or the ’7th
track and the symbol 'carriage return and line feed' has a hole in the Bth track.
During the punching the minutes are counted in the control unit. After 5 minute-
signals the transfer of the data into the tape is stopped and the word 'end file' is
punched. Then there follows automatically a tape feed of about 1 m without punching
and the final signal unlocks the selector blocked after the start. The punched tape
is ready for computer processing without any additional procedure.

The recording device without punch, seismograph and amplifier is shown in Fig. 4.
The digital voltmeter, the timer, the storage and the data logging system are com-
mercial products. The different signal levels and codes of these units have been
fitted by converters omitted in the block diagram Fig. 2. The system has been de-
veloped in cooperation with the Zentrum fir wissenschaftlichen Gerdtebau in Berlin,
which has especially constructed the control unit including the level and code con-
verters and the mounting arrangement. The acquisition system now only registering
the vertical component will be expanded by two horizontal seismographs in the next
future.

The authors wish to express their thanks to Dr. E. UNTERREITMEIER for valuable
discussions.
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Acquisition of Digital Seismological Data
at the Griéfenberg (GRF) Array

by

H.-P. HARJES 1)

Summary

The installation of a modern seismological station is determined by geophysical
as well as system-theoretical constraints. Especially, seismological data from
broad-band seismometers call for a new approach to data acquisition. The complex
structure of the seismic noise background in the range of 0.1 s to 50 s determines
high resolution and dynamic range of the instrumentation including seismometer,
transmission, and storage of data.

Zusammenfassung

Der Aufbau einer modernen seismologischen Station ist sowohl durch geophysikali-
s8che als auch durch systemtheoretische Randbedingungen bestimmt. Insbesondere ver-
langen seismologische Daten von breitbandigen Aufnehmern nach neuen {fberlegungen bei
der Datenerfassung. Die komplizierse Struktur des seismischen Rauschens im Bereich
von 0.1 8 bis 50 8 erfordert ein~ hohe Aufldsung und einen grofen Dynamikumfang des
Gesamtsystems, zu dem Seismometer, Ubertragung und Speichermedium gehdren.

Digital data acquisition is not only a new technical approach in seismology but
it also requires a careful discussion of the data to be received. This is especially
valid with respect to the signal/noise problem.

Seismic signals are elastic body waves and surface waves of different types. The
spectral content and the magnitude of these signals are strongly dependent on the
epicentral distance and the source mechanism. Altogether teleseismic events cover
a frequency range from 0.01 Hz to 5 Hz and a dynamic range of at least 80 db. These
events which have to be interpreted are masked by noise of various origins. In the
region of high frequency this noise is excited by industry, whereas in the lowest
part of the spectrum the resolution of seismic signals is limited by instrumental
noise. In between these ranges there is the dominant peak of the microseismic noise,
most probably originated from oceanic influences. Within the interesting frequency
band the noise level differs by about 40 db. Therefore, the following constraints
on a seismological data acquisition system with broad-band seismometers have to be
taken into account: For being able to record the true ground motion the system

1 Seismologisches Zentralobservatorium Grédfenberg, 851 Erlangen, Krankenhausstr. 1
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should control a dynamic range of 80 db within a frequency band from 0.01 Hz to 5 Hz,
and it should allow a noise reduction of 40 db.

The first technical conclusion to be drawn from these considerations is the demand
for digital acquisition and transmission of data. Fig. 1 shows a block diagram of the
seismometer site at the station near Haidhof. The central part is a minicomputer,
which controls the A/D conversion and initiates the transmission of data blocks via
telephone cables to the data centre at Erlangen, For future developments we are plan-
ning to control data acquisition by "Programmable Read-0Oaly-Memories (PROM)" instead
of core memories. The main advantage of programmable electronics is flexibility in
A/D conversion, which determines resolution, dynamic range, and quality of seismic
samples.

CPU
ADC 1/0 CONTROL MODEM
MULTIPLE XER CLOCK
AMPLIFIER
1 T
FILTER FILTER

Fig. 1. Data aquisition system

The second technical conclusion from the preceding statements is the format of
A/D conversion. Because of the different levels of seismic signals it seems quite
promising to ask for a gain-ranging system, which allows a recording of seismic
signals with constant resolution in different ranges without saturation. After pass-
ing an anti-aliasing filter the analogue signal is digitized in three different am-
plification ranges (Fig. 1). '
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The control unit selects the appropriate channel and stores the amplification
channels, which differ in gain by a factor of eight. We simulate a binary gain
amplifier by shifting one or two bits to the left if the most significant bits
within the appropriate channel are not reached. This is demonstrated in Fig. 2 with
a synthetic signal. The uppermost line of the picture shows the signal in three
different amplification ranges, whereas in the centre the binary representation of
the signal is marked by dots. At the bottom of the picture'the final value is se-—
lected by the control unit. This value consists of two parts: the mantissa (M) and
the gain (G), which together represent the seismometer output.
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Another advantage in using a programmable control unit at the seismometer site is
to build blocks of optimal length for data transmission, Fig. 3 shows one sample,
which is of 16 bits length, and the whole record, which consists of 16 data samples
and two parity words. These parity words are also transmitted to recognize errors
arising on the transmission lines.

0 SAMPLE 1
1 SAMPLE 2
2 SAMPLE 3
3
MANTISSA 12BIT EXPONENT - A
RECORD
e — -
1BLOCK = 21 RECORDS 14 SAMPLE 15
= 336 SAMPLES+42 PARITY-WORDS 15 SAMPLE 16
16 CROSS-PARITY
TARNSMISSION TIME FOR 1BLOCK (24008D) = 17 LONG.- PARITY
=2,245

Fig. 3. Block structure of seismic records

There are several technical possibilities for digital data transmission, but in
our case it seemed to be the most reliable way to employ telephone cables. As
data are sent from the seismometers to the computing centre only we preferred the
"simplex" method (Fig. 4) with a transmission rate of 2400 bits per second, using
an auxiliary channel in the opposite direction for system calibration. At the
computing centre (Fig. 5) the data from different seismometer sites are received
by '"modems" (modulator demodulators), then they are demultiplexed and stored on
magnetic tapes. Besides, the central computer synchronizes the data acquisition
and monitores the quality of the seismometer outputs.

Finally, one example of a digitally recorded seismogram (Fig. 6) is shown., It
demonstrates the frequency content for three different seismometer outputs, namely,
the Sprengnether S-5100 displacement (SLZD) and velocity (SLZV) pick-up as well as
the Askania seismometer (ALZ). The record reproduced in the figure is still a
preliminary result obtained during the test-phase of the system, where some unwanted
transmission effects are obvious. On the other hand, even at this stage the total
information of the seismogram in the range from short-period phases to surface waves
is clearly demonstrated. There is no difficulty to select special onsets and im-
prove the resolution of interesting wave groups by digital filtering.
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Fig. 5. Processing centre
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CneKTpaJbHHil aHa/m3 1PpoBHX ceficMorpamM

3./. APAHOBMM, K.A. KOJIECHWKOB, A.Jl, JEBIVH,
J.H. MAJVHOBCKAA, JI.M. POSEHKHON 1)

Pesnme

C 1968 r. B Cpemne-a3maTckoM perroHe CCCP padoTanT HECKOJNBKO CEACMOJIOTHMYECKUX CTaH-
mi ¢ umdpoBoit MaTHMTHOI perucTpanmeli. B cTaThe OonmMCKHBAETCA METORMKA MAmEHHOME oCpa-
GoTkM LMPPOBHX ceficMorpamM, IOJYyYEHHHX STMMH CTaHUMAMA, [JIABHAA Leyb 00paCoTKE - IIO-
JIy9eHne CIEeKTPaJbHO# M CIeKTpaJlbHO-BpeMeHHOli MHPopMalME O pasjMiHHX celflcMHIecKmx BoOJ-
HaX. 9TO JOCTMTraeTcs Ipy momonw cucTemu "llosyaBTomaT", BHIOJHAMER cieXypmZe OCHOBHHE
omepaumu: 4TeHue UAJPOBHX 3amucell, cruaxuBanme, paspekeHue, YMHOXEHMEe Ha OKHO, ycTpa-
HeHue HyJeBoil JimHmm, CIIEKTpaJbHOE M CIIeKTpasbHOo-BpeMeHHoe (CBAH) mnpeoGpasoBaHme C
monpaBKoil 3a YaCTOTHYK XapaKTepACTHKY, BHIAYA pe3yJbTaToB B pa3HHX fopMax. IIpEBeJeHH
OpEMepH 06paGoTKyM LuPpoBHX ceilcMOrpaMM OGHEMHHX M IIOBEDPXHOCTHHX BOJIH CHUIBHOTO Kam-
YaTCKOT'0 3eMmieTpaceHnd 24 HoAlpA 1974 T,

Summa ry

Several seismological stations with digital magnetic recording are in operation
in the Central Asian region of the USSR since 1968. The technique of computer pro-
cessing of digital seismograms recorded by these stations is described here., The
main objective of the processing lies in obfaining spectral and spectral-temporal
information about different seismic waves. This is done by means of the software
computer system "Semiautomat", which is able to perform the following operations:
reading of digital records, smoothing, detrending, windowing, decimating, spectral
and spectral-temporal (FTAN) transformations with corrections for the instrumental
response, editing of results in different forms, Examples of processing of real di-
gital seismograms for body and surface waves from the strong Kamchatka earthquake
of November 24, 1971, are given.

L Wucrturyr dusuxu 3emnum AH CCCP, Mockma [1-242, B. T'pysuHckasA 10
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1. BBefieHme

IuppoBas mMarHmTHad perucTpammsa [1,4] OTKpHBAET BOSMORHOCTM JUIA NETAJBHOT'O CIEK-
TPaJIbHOTO ¥ CIIeKTpaJbHO-BPEMEHHOT'O aHauy3a celicmaueckmx koJedanmil Ha IBM. Heodxoim-
MOCTh B TAQKOM QHaJIA3€ BOBHEKAET IpM M3YUYEHMM pachmpeliejieHMsa ckopocTeil, IMIOTHOCTH X
IMCCHNaTMBHHX IapamMeTpoB B 3emile, OmpelleJeHMM MeXaHMYeCKAX XapaKTepUCTHK MCTOYHUKOB
¥ B JIpyTMX 3aliayax. B CRA3E ¢ pa3HOOGpa3yeM peuaeMHX 3ala® MeTORUKA aHaum3a JOJIKHA
OHTBH JOCTaTOYHO I'MOKO#, YTOOH MO3BOJATE WUPOKO BaphMpOBaTh IJIUTENBHOCTH M JEeTaJbHOCTH
OIIMCAHMA aHaJM3MPYEMHX CHUTHAJIOB, YaCTOTHHiIl IMamas3oH, YUMTHBATH YACTOTHHE XapaKTepuc—
THEKA pPa3JiMYHHEX PETMCTDHDYIUNX KaHAIOB, NpeICTaBIAThH pe3yJbTaTH aHaJm3a B yIOOHOH! WA
UHTepnpeTaTopa rpadmueckoit fopme ¥ T.n. Takue TpedoBaHUA TPYHIHO YIOBJIETBODUTE C IIO—
MOWBI OIHOM Kakoii-/uG0o NporpaMMH; BTO NIPMBEJO K pa3paCoTKe DPacCMOTPEHHOT'O HMKE KOM~
mrekca mporpamm "IlosyaBTomaTr", CTaThbsi COIEPEMT KpaTKOE OIMCaHEME KOMILIEKca, MeTOIMKa
er'0 MCIOJNL30BaHMA OpM CIEeKTPaJbHOM aHaM3e UMPPOBHX ceficMOrpaMM M NpPAMEDH CIEKTpaJb—
HOTO aHasm3a LEPpoBHX celficMorpamm KamyaTckoro semieTpacenmss 24/XI-1971 r.

2. Kommiekc "llosyaBTOMAT" M BXOIHHE IAHHHE K HEMY

2.1, lndpoBasa celicmorpamma ¥ €€ BBOI B IBM

CeficMorpaMvu 3emIeTpACeHU#t BBOIATCA B OBM ¢ UEPpOBHX MAUHUTEHX JIERT —Illepenuceit, no-
JydaeMHX BHOODKO ¢ IepBMYHHX 3anmceil ceficMmuecwnx cranuygi cucremu "Tpeyrospumnk" [1],
padoTalwAX B HENPEPHBHOM DeximMe, 3aluch 3emleTpsceruit o6pasyeT Ha IMQpoBoil celicmo-
rpaMmMe OOCJeJOBAaTEJBHOCTE 20H, KaKIAad W3 KOTOPHX COOTBeTcTByeT 30 cel peaslbHOTO Bpe~
MeHUM, 30Ha COIEPKHT KOJH BpPEMEHM, OTCUeTH aMIIMTYJN no S celicMmyecKMM KaHajam C lia~
TOM BHOODKM At = 0,03 cek M ciayxeCHHe KOIH; KaXINi OTCUeT OpeicraBieH 11-pas3pal-
HHEM JBOMYHHM KOIOM. IIOCKOJBKY IJMTEJIBHOCTH CHJIHHX 3emleTphcexufl cocTaBisgeT 49acH U
Iaxe CyTKM, KaRIad 3alich COLEPKUT COJHNOA o0beM MHPODMAIlMK (&6-106 éur/yac). Kampoit
3allACy IpeecTByeT KaJuGpoBoulinii curuait [2], mosyyaemuil DOCHIKOH &-0GPa3HOI'0 MMIIYJb—
ca B JIONOJHHTEJBHHE MHIYKIUOHHHE KaTyuit:: ceficMorpadoB. IJIATEJBHOCTE KaJImGPOBOUYHOT'O
CUTHajia 0 4-X MuHYT.

BBog ceficmorpamm B 9BM B3CM-4 ocymecTBIAeTCA UYepe3 CHEelMaJA3UMpOBaHHOE yCTpOii-
cTBo [1] mpm momouy cremmambHO#l mporpamvu L[B-q (paspadorana B.M. HAMAPKOM, H.A.
TIOJIETAEBOY, B.M. WAPHIVHEM). STa nporpamva No3BoJeT HaliTM Ha ceificMorpamve HyXHhi
BPEeMeHHOI MHTepBaJi, BHOpaTh yHPopMaLMpO L1 3aJaHHOT'O KaHaja M, YyCTPaAHUB BO3MOXHHE
nedexTH, nepenucaTh e€ B dopmaTe O9BM Ha OGHYHYI MATHUTHYH JIEHTY 30HaMM IO 10004,
KOZOB, CHaGIMB KaXIyld 30HY IAcIOpPTOM B BHIe IleYyaTd €€ HoMepa, HayajbHOTO BDEMEHH,
ymcjia yCTpaHeHHHX IedeKTOB, SKCTPEMANbHHX 3HaUYeHM! CUTHaJIOB M Tpaduiom QyHIMM B

yIOGHOM MacuTade. Pe3ynbTupyloilad MamMHHAA JIEHTA M ABIAETCA OCHOBHHM BXOJIOM B KOM-
miekc "losyaBTomat".

2.2. Kovmiexc "IosyaBTomaT"
OTOT KOMIJIEKC H0ecleynMBaeT BHIOJHEHME DAB3JIMUHHX INOCJeNOoBaTeJBHOCTel omepallyii

no o6padoTke LEGPOBOIl mHPopMaumy (BKJIOYAsT CIEKTpaJbHHE IpeoCpa30BaHusd), 3aloMIHA-
HUe ¥ BHIAYY pel3yJmTaToOB Ha Ipauk X IevaTh. 3allaHMe K KOMILIEKCY, COJlepralieecs Ha
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nepfoxapTax, yka3HBaeT IOCJeIOBATEJLHOCTE BHIIOJHEHUA Olepalyil ¥ COLepiMT HeoOXOIy-
MHe A KaxNoil omepaly IaHHHe. KaxJad onepaliid BHIOJHAETCA COOTBETCTByWWe# IOINpo-

Tpammoit (GJoxoMm) ¢

[IacrlopTH OJIOKOB, coIepxale MH(I)OPM&IIPDO O pasmelleHnM OJIOKa B Olle-

paTuBHO#t mamATH, ero BXONHHX M BHXOJIHHX MNAHHHX, 00pas3ywT KaTaJjor', XpaHAuwmica Ha
MaTHUTHO# JieHTe, JOIycKaeTCd MCIOJb3OBAHME BHXOMHHX IAHHHX OIHOT'O OJIOKA B KauecTBe
BXOIHHX HIAHHHX OPYTOT0o. LUIOKM B OCHOBHOM PaOOTaNT C MacCUBaMi, HaAXOIAWVMMICS BO
BHemHeldt nmamaTy 3BM: Ha MarHuTHo#t seHTe (ML) wm Gapacare (MB)., PesyibTaTH Takxe HOJ-
XHH pasmellaTbCAd BO BHeuHe# mamATu. PacmpelieijieHye 3TOi NaMATH JLOJIKHO OCYWeECTBIATHCA
nmoJib3oBaTesieM (OIMH pas LA Kaxnoifl TuIIOBOi 3amauyt, 49TO ¥ OGBACHAET Ha3BaHUE KOMILIEK—

ca -

>
.

w 3 O O b W D

O

10.
IS
12.
13.
14,

15.
16.

"llosryaBTomatr").

K HacTosueMy MOMEHTY B KOMILIEKC BXOJAT CJEIymUEE OJIOKM:

-

BBop, —>
MO3Y —>

MO3Y —>
Mb

TPAGIK
[IE9ATD
OWICTKA /

HajoxeHnme "oxHa"

T
EEES

CrulaxwBanme M DeadpeRECHUE

JrHeNHaa KoMORHAIEA MefiCTBUTEMBHAY MACCHBOB
JimnefiHad KOMOMHAIMA KOMIJIEKCHHY MaCCIBOB
Criueunanue

llenenue

ButorapndMMpoBaHKe

CIIEKTP

CBAH

Biox® BBOZA, OOMEHa, BHBOZA

> I cTEpaHmAa yRopmauun

BiIoKy 06paGoTKM BXOIHHX

N IIPOMEXYTOUYHHX MacCHUBOB

OCHOBHHE oOlepanuy aHaamsa

Cnucox GJIOKOB OTKPHT 1 pacmmpenms. OcTaHOBMMCA KpaTKO Ha 3ajla¥aXx OTJEJIBHHX OJIOKOB.

Brokn 1 - 7 ocyuwecTBiaANT OOMEH MeXITy Pa3JIMYHHMM HOCUTENAMM MHPOpMALMM: 1 — BBO-
JUT DaHHHe C IeptoKapT (I0CcJIeoBATEeNbHOCTh Ollepaiyii, NapamMeTpH cueTa) B ONeparMBHYI
uamaTs (MO3Y) ¥ mepeHocuT Mx B HyxHOM dopmaTe Ha Mb; 2 M 3 - OCYWECTB/IANT OOMEH Mex-~
Iy MO3Y u MB (ML) B HyXHOM HampamieHuu; 4 — IPOBOIMT ooMeH Mexxmy MB m MI B Hy®HOM
HarmpasiaeHnn, MuHya MO3Y-0 (uepes MO3Y-1); 5 - BudepumBaeT Ha TpadomocTpontese "ALTACH
IMCKpeTHO-3afianHyw yHkmmo f(x;) (x; = 4%, i = e,1,2...,N) mBymMa crocodamu:
a) B IpPAMOYTOJIbHAKE 3allaHHHX pasMepoB, 6) C 3aJaHHEMM MacimTadamu IO OCsM; 6 — BHBO-

INT MHPOPMallMp Ha Ie4YaTs B yIOOHOM gopmare; '/ — 3aloJHAeT HyJAMM JooGoi yqaCTuK one-
DaTMBHO!I MM BHelHell IamATH,

Biokzm 8 - 14 ocymecTBIAKNT ONepalyy IO dJeMeHTapHO o6paGoTKe BXOIHHX MacCUBOB,
WM MacCUBOB, IOJyYaeMHX B IIpoliecce OoTYeTa. DIOK 8 NMpuusBOIUT YMHOXEHME MaccHUBa
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{£(x;)} wmna gymaum a(x;) (oKHO) cremmasnbHOro BHIA

-

o, X< xq,
n(x - x,) «
I]
%[’l—cosﬁ ’ x1§x<x2,
(1) a(x) =<1, Xy £ x % xy

n(x = xXq)_
%[’I +'cosTu—_—xJ-—]—2. x3<x§x4,

3

o, X > X,

“~

TIe napameTpH "OkHa" Xq» X5y X3, X, @4, @5 33JAlTCA BO BXOIHHX JAHHHX. Takoe Ok~
HO IO3BOJIAET YCTPAHUThH BIUAAHME OCpHBa aHaJu3upyemoll JiyHKLUMR HA CIIEKTpaJIbHOE M CIeK-

TpaJIbHO-BpeMeHHOe NpeodpasoBaKie. BIOK 9 MOBBOJAET NPOM3BOIMTH MHOI'OKDATHOE CIJIAKM—
BaHMe H pa3pAKEHMe MaccuBa, HaXojAmerocsi Ha M. CriaRkdBaHMe OCYUWECTBIAAETCA 3aMeHoit
Gymrkume {£(x;)) ma  {v(x;))

i+N

@ o(x) = FEeT 2

f(x:) ,
J=i-N J

roe N - 3ajaHHOe NeJoe umCIO. Paspemenme — 3To npeoGpasoBanMe MaccuBa {f£(x;)}

B MacCHB {w(yj)} roe ¥(yj) = £(x5) (k ~ 3aIaHHAA LieJas KOHCTaHTa 2 1).Biok
10 BHYmCJAET JHHEHAHyN KOMCEHAIMIO {z(xi)} TpeX BXOJIHHX JefiCTBUTEJBHHX MacCUBOB
{yk(xi)}, XpaHAmuxcA Ha MB

(3 Z(Xi) = g %y yk(xi) T, (1 =1, 2y «00y N)

rie N, @), ¢ - 3aJaHHHe KOHCTAHTH. JTOT GJOK HOBBOJAET B JaCTHOCTM NPOEKTUPOBATH
[IOJIHHI BEKTOp CMelleH)s TOYBH Ha JGoe 3allaHHoe HampapieHue. BIOK 11 BHUMCJeT JiMHeli-
Hyl0 KOMCMHAaLM0 IByX KOMILIEKCHHX MacCUBOB, 3aJaHHHX CBOMMM MOILYJAMM E apryMeHTamu Ha
MB M, B YaCTHOCTM, HaXOIUT CIEKTpajbHOE Ipeodpa3oBaHiEe DPANMAJBHHX ¥ TaHTEHIMAJBLHHX
KOMIIOHEHT BeKTopa cMelleHWs1. Buiok ‘R BHOOJHAET cheluuueckyl onepanyo "criaerBaHusa"
IByX KOMIIJIEKCHHX MacCCHUBOB:

{Z'l(xi)}’ i = 9y 24 ceey N {Z2(yi)}’i:1’2’ sy My

3aJlaHHEX CBOMMM MOMYJAMM ¥ apTyMEHTaMy C pasHHMM maramu Ax X Ay (4x s Ay) X
NepeKPHBALUMMACA 3HaveHuamM aprymenta (¥q < Xy) B eIMHHH KOMIUIEKCHHZ MACCHB  z(u,)
i=1,2,...,L, C NOCTOAHHHM WATOM N0 apTyMeHTy 4u = Ax (x, = W3 Yy = up).
"CrienBaHue" OCylWeECTBIAETCA B 3alaHHOX Touke x,; < uy < uy.

Kak OyIE€T 110Ka3aHO HMKe, HEOGXOOMMOCTH TaKOoli onepalMy BOBHMKAET IIpM pacueTe
YaCTOTHHX XapaKTEepPHCTHK IO KaJuGpOBOYHEM MMIyJbcaM Kok 13 ocywecTBiseT neseHue
IByx IeficTBuTeNbHEX MaccuBoB {2(x;)}, {u(xy)}, i=1,2,...,N, mua nomydesns
crekTpasbHoro maccusa  {W(x;))

(4) W(xi) = Z(Xi) u—ﬂ(xi) )
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UCIIPaBJEHHOT0 32 YaCTOTHYM XapaKTepUCTHMKY anmapaTypH. BXoIHHe U BHXOIHHE MACCHEBH pac-
noJoxeHH Ha MB. HakoHenl Guiok 14 BHmoJmHAeT mBoliHoe JiorapudMmupoBaHMe IelCTBUTENHHOTO
maccuBa C IeJbD BHAAYM aMIUMTYJIHHX CIEKTDOB lW(xi)| I aMIUIATYIHMX YaCTOTHHX Xapak-—

TEePHCTHK |u(xi)l Ha Tpaduk ¥ nedaTh B yIOCHO A MHTepnpeTaTopa gopMme.

Broxz 15 1 16 oCymeOTBIANT OCHOBHHE OIlepalud CIEKTPAaJbHOT'O M CIEeKTpajbHO-BpPEMEH:
HOTO aHayju3a. Jx mojpoGHOe omucaHMe JaHO paHee, B padorax [3, 5]. JUIA DOJHOTH M3J0-
KeHus1 OTMeTHM, 4YTO GJIOK 15 I03BOJIEeT BHUMCIMTEH MeTozom BIID npeodpasoBaHne ®YPLE koM-
IUIEKCHOT'O MacCHBa {f(x )}

x_+Ax .
(5) F) = o £(x) ¥ ax
X
(o]
C NpaKTMYeCKM JIOOMM 33JIaHHHM WaroM o0 y; MacCHUB {f(xi)} ILJUHON| Lo '1638410 pacnoJio-
%eH Ha MB; BuXoMHOA maccuB F(y) Takxe 3amuchBaeTcd Ha MB. Buok 16 BHuMCJAeT crex-
TpaJbHO-BpEMEHHoe Npeodpa3oBanue S(x, y) [meficTBATENHEHOTO MaccuBa f(x)

- -a222)
&) 8(xq -¥) = %E [(}; £(x) ™ X ax) e ¥ 'Jaa ,

rne o - 3aJlaHHas KOHCTaHTa.

3. MeTomma CIEeKTPaJIbHOTO aHaJnsa LUEPOBHX celicmMorpaMm

OnucaHHER KOMILIEKC MO3BOJAET BHT ICJATH CHEKTPH ceficMITIeCKMX BOJH M KODPPEKTMPOBaThE UX
3a YacTOTHYH XapaKTEepUCTMKY anmnapa’ypH. [Ipy M3MepeHMM CIEKTPOB CUTHAJIOB GOJbWOR IJjm—
TeJIbHOCT¥ BXOJHO¥ MacCCHMB OKa3hBael’sl CJUMKOM GOJBUMM 1)Kl HENOoCPeICTBEHHOT'O M3MEpEeHHA
CIIeKTpa; B TO Xe Bpema MHTepecyloumil MHTepmpeTaTop nuanaaoﬂ YacToT JIEKMT 3HAYMTEJHLHO
JieBee HaflkBmCTOBO# YaCTOTH BXONHOTO CHTHaja (vy =~ _Zt ~ 47 IN), 9TO MO3BOJAET BOC-
[IOJIb30BATECA GJIOKOM “CIJIaXuBaHME M paspereHne" LM DeNyuMpOBaHEA BXOJHOT'O MacckBa B
MaccER NpuemieMoil JUIMHH ¢ GOJBMUAM MHTEDPBAJOM BDPEMEHM MEXIy OTCUETHHMM TOUKamM. BHOOD
ONTUMAJEHOT'O cliocoda pPeNyUMpOBaHMA NOTPeCOBAJ YMCJEHHOTO 3KCIEpPUMEHTA.

1. 3PPeKTH CIJIaRMBAHUA M pa3peXeHM

llyTem aHanM3a CUTHaJIOB, BHODAHHEX M3 IMPpOBHX ceficMorpamm, OHJA YCTAHOBJIEHA CJleXym-
was SMIMpMYEcKasd 3aKOHOMEPHOCTH: aMIIMTYIHHA CIEKTD BXOIHOTO CHTHAJa B IIOJIOCE YaCTOT
0< v =uv, MeHee, 9eM Ha ] % OMEYaeTCA OT AMIUIATYIHOTO CIEKTDA CHTHAJA, DPA3DEREHHO-
ro B k pa3, €CAM IIpM STOM BHIOJHEHO COOTHOWEHME
k’.<04v—H
I.‘

rme vy - HallKBICTOBa YacTOTa BXOMHOTO CHMPHaJa; OONWYHO Opammch k = 2, n = 1,2,3,...
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IpowvmeTpEpyeM adPeKT CTVIARUBAHMA M Da3pEeREHMA Ha CIEKTpe BEPTHRAJBLHON KOMIIO-
HEeHTH BOJH P KamgaTckoro semneTpsceHma 24/XI-41971 r., 3aperACTPHPOBAHHOTO UKIpOBOH
crannzell B Hapune (4 = 6090 xM). AHaIESMpOBAJCA BpPEMEHHOl MHTepBan ImHOE 32 cek,
Hau@HeA C IepBOTO BCTYymIeHmsA, Ha Puc.. 1 NpEBEJEHH CIHEKTPH MCXOITHOTO CHT'HaJa M TOTO
®e CHTHaJa, pa3pexreHHOTo B 8 u 16 pa3. Tam e IOKa3aH CIEKTDP CUTHaJa, Ipollemero
TPERIH CTJARMBAHNG M DaspexeHHe C KOHCTaHTamu N, = 8, N, = 4, Ny =2,k =k, = ky = 2
(vHTepBas criaxwBanua 0,48 cek, pe3yubTApybumA KOSEHIMMMEHT paspexreHud kyodeyekey = 8).
Bmimo, YTO B 0GJAcTM MHTEpeCcyouiX Hac 4YacTOT paspexeHHe (e3 CIVIARFBAHMA BHOCKUT MEHBb—
e MCKaxeHmil, 4eM KOMOMHMDOBaHyEe CIVIaXwBanui ¥ paspexermi. [[08ToMy B JarbHeiimmx
pacyeTax NIpUMEHAJOCH TOJBKO paspexeHMe, IPAYEM pasHoe Ui Da3HHX yYacTKOB 3allMCH
(Opamcs k =4 1A BouH P, k =8 1y BoH S M k = 16 A NOBEPAHOCTHHX BOJH).
Taxaa oOpadoTka JIONIyCTVMA, NO-BUIMMOMY, WJIA TeJeCeiicMMYeCKUX CHPHANOB, 3alMCaHHHX
IaHHHM BHUTOM annapaTypH; IpM aHauu3e 3amuceil GM3KMX 3eMIeTpACeHMil W MCIOJb30BEHMH
JIpyrux, 6oJiee BHCOKOUACTOTHHX XADPAKTEPUCTMK ONTVMAJLHHA DPERVM DPeIyUADPOBAHES MOEET
OHTE CYUECTBEHHO NHHM.

= y e o ds de Q7 08 09 v[rZ] 1

02
0 5 33 25 2 17 14 125 11 ¢t [cex]?

Prc. 1. BmgHMe CIVIGRMBAHMA B paspeReHMsa aHamsmppyemofh fyuxumm f£(t) Ha eé amwm-
TyIHEA cHeKTp |F(v)| . COEKTpPH He MCIDABJEHH 38 YACTOTHHE XapaKTepHCTHKHE.
Had JIMHEA - CIIEKTDp HepaspekenHoli ceficmorpamvm (At=0,03 cek); IYHEKTHD -
CIIEKTp celicMoTpaMvu, Ipolleliefi TpexKpaTHOe CIVIaRMBaHEE M paaﬁemenne; TOIKN -
CIEKTp celicMorpaMvi, paspexeHHO#l B 8 pa3; KpyXKM — CIOEKTp ceilcmMorpamvi, pas-
pexeHHO# B 16 pas. Caena Ip¥BEelieH aHaMBUpyeMuil ywacTOK ceficMoTpaMMH.
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3.2. PacyeT 9acTOTHHX XapaKTEPUCTHK annapaTypH

JacToTHAsA XapakTepucrTuka amnnapaTypw A(v) TeopeTWyeCKkM MOXeT CHTh HaiifleHa M3 CIleK-
Tpa F(v) KaimGpoBOYHOrO mMOyJBCa f£(t) mo gopmyie

(7) A@w) = -(27 »2MEFQ) ,

THEe v - YacToTa, M - KOHCTaHTa, XapakTepmsynmesA BSHEPTEHY BOSCYXIARNEr0 AMIYJHCA.

OmHako Ipm NpakTmieckolt peammzaimm gopmyJH (7) GHIM BCTpedeHH TPYTHOCTH, OGYCJO~
BJIeHHHe (POpMOl KaJIMGpPOBOYHOTO MMITyJIbCA M YACTOTHHM COCTaBOM MMUKpoceiicM, permcTpupy-—
E€MHX KaHaJOM B MOMEHT KaJmOpoBKM. KaimMGpoBOuHHWiI CHTHaJ nMeeT BUJN, NOKasaHHHT Ha Puc,
2. Ero BHCOKOUYACTOTHaA 4acTh COCPeNOTOYEHa B KODOTKOM BDEMEHHOM UATepBaje ( MeHbme S
CeK), a NOoJHas IMTEJHHOCTEL JocTuraeT 240 cex. [[pM CIEKTpaJbHOM IIpeoGpasoBaHMM BCETO
cmrHasa f£(t) SHepreTHYecKmil BKJIal MumKpoceiicM B o6lacTy IepnolioB 4 — 6 CeK OKa3HBa-
€TCA CPaBHUMEM C BKJIAJOM KaJMGPOBOYHOTO CHTHAJNA W COOTBETCTByWmAd 9acTh CHEKTDpa
F(v) mpm v > 0,1 I'li NCKakeHa MEKpocelicmamm, B cBA3M ¢ 3TuM u3MepeHMe F(v) 1po-
BOIWIOCH B JIBA BTama:

BHagase HaxXoQmiICcs CHEKTp F(v) (cmekTp “WMHHOR" Ka/mMGpOBKM) ZIA NOJHOTO CHTHAJa
£(t) , a sarem - cnekTp F,(v) (cmekTp "KOPOTKOM" KaJMGPOBKM) = LI YKOPOYEHHOTO CH-
rHana £,(t), moiydeHHoro ymHoxenuem f(t) Ha fymamw a(t) (cm.fopmyny (1)), ¢
napameTpamu x4, = 0, x, = 0,03, Xy = 30, x, =60; @) =@, = 1.Ha Prc., 3 mpuBenie-
Hu momyme  |F(»)| B |F (¥)| 1A OZHOTO M TOTO Ke HCXOTHOTO KAIMGPOBOYHOTO CHTHAJA.
s Puc, 3 BHEHO, YTO CIEKTDH BeckMa GJMSKM B OGJACTHM YaCTOTH v, ~ 0,05 Tl; Ipx

v < v, Jyduee NpeNCTaBIEHHe OC MCTEHHOM CIEKTpe JiaeT F(v), a mpm v > v, -

Fp(v), Baox "crienBaHie" OCYmMECTBIAET CKJEHMBAHNME B3THAX KOMILUIEKCHHX MAcCHBOB B OJJH
maceys F(v), copmamamumh mpm v < v, ¢ F(v) ,amnpm »> v, ¢ F (),

MaccmB F(v) n HCHOJBb3YyeTCA I BHUMCJEHNMA 4acTOTHON XapakTepMCTMKM IO dopmyJie
(7). Ipumep amwmrymHok n $asoBol YaCTOTHHX XapaKTepHCTHK KaHaJa NpEBeleH Ha Pmc. 4.

Imuryma

Pac. 2. KaiuGpoBouHHA MMIyJIEC BEPTHKABHON KOMIOHEHTH cTaHuum Hapum 24/XI-71 .
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Puc. 3. AMIUIMTYIHHE CHEKTPH KaumOpOBKi, IOKA32HHOR Ha Puc. 2. lyHKTUD - CHEKTD
" IJIMTHHON™ KaJIMGPOBKM; CIVIOWHAA JIMHUA — CIEKTD "KOPOTKOK" KaJMGpOKM

3.3. PacueT cmekTpoB ceiicmoTIpamm

JlJi BHUMCJIEHMA CIEKTDPOB BOJH C yYETOM YaCTOTHO! XapaKTEepMCTHMKM K3 ceilcMorpamv ITpH
noMouy GJIOKa "OKHO" BHUEJHETCA HyXHHil MATepBas samucu S(t), ocymecTBuieTCH, €CJM
HEOOXGIMMO paspexeHMe, M HAXOIMTCA CIEKTpajbHoe Ipeodpasopamme {S(v)} aroro BXO-
JHOTO MaccuBa. AHAJOTIYHHE IPOLENYPH IPOBOIATCH C KANXGPOBOYHHM CHUTHAJIOM (CM. BHme),
C IIOJy9eHMEeM peS3yJhbTHpyuell xapaKTepucTURE {A(ui)} . Ilpn momout GJOKOB "mesienne"

u "JmHeliHaA KOMOMHAIMA NefiCTBUTENBHNX MAcCUBOB" IO KOMIIEKCHHM MaccyBaM S(v) &

S(v,)
A(v it 3¢ ¢ = (1 2 =
(v) HaxoIMTCA KOMIUIEKCHHIl MaccuB {S(”i)} {ATvIT}‘ OpH oMo GJIQKOB " SHJIO

rapun@mupoBanue", "rpafmk" m "neuars" BwBOAMM ero u3 3BM B yIoGHOM ISl HHTepIpeTaTopa

(opmaTe. TumnoBasa GJOK-cXema OGpaGOTKM LMPPOBOH 3amycy I HOJYUEeHWA CIEeKTpa BOJHH
IoxasaHa Ha Puc. 5.

Ha Puc. 6 = 9 npuBOIATCA aMIUIATYIHHE CIEKTpH BamH P, pP, S u Bosn PRIEA, mm
semneTpacenna 24/XI-M 1.; cramuud HapwH. CIEKTpH MCIpABJEHH 3a YaCTOTHHE XapaKTepi-—
CTUKFM COOTBETCTBYDUWX KaRAIOB. B 06jacTy HMBKMX 9acTOT CIIEKTPH HEe IIPMBOIATCA, NOCKOJEb—
Ky mi v < 0,004 11| oOpIMHATH aMILIETYIHHX YACTOTHBX XapaKTEDPHCTMK Ha 3 — 5 HODAIKOB
MEHEIle MX MaKCUMAJIBHHX 3HAUEHMit ¥ IIpu MCIPaBJIEHMM COEKTPOB JART GOJblMe HOTDPENHOCTH,

Ha cmexTpe BoJIHH P HeT sICHO BHpaXeHHOT'O BKCTpeMyMa, TOTIa Kak LA BoJH PP, S &
R, CIIEKTpPH MMEWT YeTKMe, IOBOJEBHO y3KHMe MakCUMyMy., KpyTuSHA cOalaHWA IIPEBOJVMHEX CHEK™
TPOB pa3Has, HamMEeHBUAasA LA BOJHH P u Haudospwasg I BosH PRI, MakcuMym cnekTpa
BOJIHH PP pacloJioXeH B MHTepBaJse 4acToT 0,01 - 0,04 ri (100 ~ 25 cek), BOJHH S - B

nurepsane 0,01 - 0,025 ru (100 - 40 cex), mia BoJHH PRIEA - Ha wacrorTax 0,004 -
0,025 run (250 - 40 cex).
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BBOL - MB OUNCTKA PASPEEEHNE

3alaHue mnocie- & MO3Y-1, MB-1 =] C yCTpaHEeHVEM L 5
JOBaTeJHHOCTH u MB-2 ITIOCTOSIHHO} coc—
onepauyii TaBjALlell curnazia

ME —==MO3Y ————=+ OKHO MO3Y —= Mb

Bunesenne yyacTka
CHTHaJIa L CHEeKT-
PaJIPHOT'O aHaJjm3a

CIIEKTP QUWICTKA PABPEIEHVE
3emIeTPACEHNA .| MO3Y-1 u Heko- oe C JCTDAHGHMEM |
- TOPHX quBepTeﬁ IIOCTOAHHOW COC-—
MB=-1 Tadysouell xamv—
OpOBKHM
MB —==MO03Y ]—-— OKHO —>-l MO3Yy —==Mb f—>
_.I BHIEJIEHNE JLITH—
HOTO ydYacTKa
KaJIMGPOBKY
CIIEKTP OUACTKA PASPEXKEHVE
—=>{ "IWIHHOK" Kaid- [———s=+ MO3Y~-1 m HekoTO~ = (paspeXeHsI He =
OpOBKH &.ux yeTBEpTEil IejaeTcd, TOJBKO
1 yCTpPanAETCA NOCTO-
fIHHad CcoCTaBJAnuasg
—=| MB—=>=MO03Y |—={ OIHO MOBY—MB CIEKTP |—=
BHIOEJEHNE "KopoTkoit"
KOPOTKOTO KaJuGPOBKM
yYacTka Ka-
JIMGPOBKH
CHJEVBAHM JIEIEHUE
Moxmyselt ' mmHHOU" n (ncnpaBienye MOIyJA
—»{ "RopoTKO#" KaJMGPOBOK ———— == CIIeKTpa 3eMIeTpACEeHYs ——
(moy4erne amMILIMTyZRHON 38 YACTOTHYH XapaKTepuc-—
YacTOTHO!l XapaKTEePHCTIKN) TUKY)
BWIOTAPA®- | . .. f TPAGIK MB —= MI
| MMPOBAHVE aMIIATY JHOT'O
CIIEKTpa 3emie-
TPACEHAA
CKIIEMBAHVE JYHEIHAA KOMEVYHALDAT
apTyMeHTOB "IyMHHOA" n JIBICTBU L KlbHblX MACCHBOB
- "KopoTko#i" KaJmGpoBOK == (McImpaBiieHNe apryMeHTa CIeKTpa [—==
(mouryyenme @asoBoM dac- 3eMIETPACEHU 3a YaCTOTHYN
TOTHO!l XapaKTepHCTHKN) XapaKTEePUCTHUKY
~—= ['PASIIK MB —e==MII
$asoBor0 CIeKTpa
3eMJIe TPACEHNA

Prc. 5. TumoBaf GJoK-cxema oGpaGOTKH LudpoBOil 3ammcé A IIOJydeHud CIIeKTpa ceiicmu—
YeCKoil BOJHH
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3.4. PacueT CHeKTpaJlbHO-BPEMEHHHX JHMaIpamv

KomirexcHue maccemBH {S(vy)} MOTYT MCHNOJB3OBATHCA LA CIEKTPAJIBHO-BPEMEHHOTO
aHaumsa samMcefl. JUIT 3TOTO mOCJE NOJYYEHMT MAacCHBOB {S(y;)} OHM HOABEPrapTCA 06—
padoTke Ipu Iomouw Gsoka "CBAH". Ha BHXOIle MH MMeEM CIIEKTpaJbHO-BPEMEHHYW I@arpavmy
CBAH oT ucciienyemoil BOJIHH; yTUpaBJASd IIapaMeTPOM @ MOXHO HacTpaumBaTh G0k CBAH Ha
ONTHAMAJIEHOE BHTEJEHME CUTHAJIOB MM KM3MEpeHMe VX IapaMeTpoB C MUHIMAJILHHMM CUCTeMa-
TUYECKUMU MCKaXEeHUAMIM,

Ha Prmc. 10 npuBelieH NpMMEpP CIEKTPaJbHO-BDEMEHHOTO aHam3a BoJEH PEIMEA Toft xe
3amuch 3emileTpaceHus 24/XI-71T. Ha IJIOCKOCTM mepuol - BpeMd yBEPEHHO ONpeledeTcs
006JIacTh IOBHIEHHHX 3HAUeHMil aMILIATYI CUT'Hasa, 4YTO II0SBOJAET BEChbMa aKKypaTHO olie-
HUTEL TPYNIOBYX CKOPOCTH CHUTHAJA.

JurepaTypa

[1] BAIMIOB, W.II.; m mp. Cucrema MarHMTHOj LMPPOBO#l perucrpamuu u odpadoT-
Ky ceiicmmueckux curHayioB "TpeyroJsmbHMK" .

IsB. AH CCCP, ®usmxa 3emwmm (B meuaTu)

[2] IAPATAH, C.K. vimysibcHaA KauuCpoBKa M KOHTDPOJB CelicMMUeCKOTo
kKaHana. CO. MeTOIH M nEorpammu Uil aHasMsa cefi-
CMqu%§MX HadumIeHn: (BHYMC/mMTeapHad ceficMosorus ,
BHIT, .

Mockra: "Hayxa" 1967

(3] JAHIEP, A.B.; u mp. 0 crnexTpalbHO-BPEMEHHOM aHaJm3e Kojebanuit. CC.
BHUMCJIMTENBbHNE ¥ CTATUCTUYECKME METONH MHTEepIpe-—
Taumy ceffcMMYECKUX JaHHHX (BHUHCANTENBHAA CEfCMO-
JOTMA, BHI. 6),

Mocksa: "Hayxa" 1973

[4] OCAIWEL, A
TAPATAH, C

==
<
-

Anmmaparypa “KOLI" 1A MHOTOKaHAJbHOA ImdpoBoli pe-
. TucTpauyu cejicMmieckux curHasoB. C6. PadoTth Iio
MalHHOR MHTepmpeTauuyu ceficmirdeckyx BoJH (BH-
YUCJMTENbHAA CEACMOJIOTHA, BHI. ).

Mocksa: "Havka* 1973

[5] [IOTPEBUHCKWL, T.A. MeToMiH CIEKTPAJBHOTO ¥ CHEKTPAJBHO-BPEMEHHOT'0 aHa-
nnsgﬁmcnnTesa ¥ QuibpTpauuy celicMdecKMX KoJeOaHuii
Ha .

Jxcnpecc-uHGopmanudg BUMC MI' CCCP, Cepma peruo-
?aggg?ﬂ{spasBenquaﬂ U IIDOMHCJIOBaA Teodu3yKa
DG
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06 anmapaTypHOM OCHAHIEHMM OMODPHHX cTaHuuit "KAIMT"
M 0GOCWEeHNN NAaHHEX MX HaGJ/pomerdt

3.4, APAHORIM, A.Jl. BAXAPOBA, H.B. KOHJOPCKAA, T.A. KyJP/EUEBA '

Summa ry

An analysis of the actual equipment of the base stations of the "KAPG" member-
countries has been carried out, Problems of standardization and unification of ob-
servations by standard instruments and also some questions of development of obser-
vation systems and of combined data processing have been considered. As a result,

50 per cent of the base stations of "KAPG" have standard amplitude-frequency re-
sponses of A type and all the stations have those of B type. Beginning in 1970,
instruments of C type with a performance similar to that of the PRESS-EWING devices
were installed at 15 stations (Table 1). The problem of a possibility to proceed in
modern practice to data processing by sub-systems of stations equipped with C-type
instruments and disposed along sections or in triangles (PUL - OBN - SIM; PUL - OBN
-~ TIF; LVV - KIS - SIM - BKR; SIM - OBN ~ LVV; SIM - OBN - KIS) has been considered
(Fig. 2). The following sub-systems of seismic stations with the participation of
other countries are suggested: the section TIF - SIM - KIS - KRA - MOX; the fri-
angles KIS - WAR -~ BUD; WAR - MOX - BUD; WAR - OBN -~ PUL. The dynamic range of
instruments of B and C types when Vm < 103 has been found to be inadequate for
recording of P waves from earthquakes of magnitude Dpp = 7 at epicentral dis=-
tances 20° to 400. In this connection lowered sensitivity channels (LSC) are pro-
posed to be brought into use at least in instruments of B type with decrease

B 2 10, Statistical analysis of the order of arrivals of seismological information
from the "KAPG" base stations (SOF, BUD, PVL, MOX, KRA, WAR, PRU, CLL) to the Treat-
ment Centre and of the consistency of the data with those of the summary treatment
have been made. Table 2 (olumns 3, 4, 5, 7, 9, 11) shows the percentage of earth-
quakes for 1968 to 1973 in localization of which each of the stations has taken part
(the total number of earthquakes with M 2 6.0 given in the Operative Seismological
Bulletin for these years is taken as 100 per cent). The same data for earthquakes
with M 2 6.5 are given in columns 6, 8, 10, 12 of this table. The example of data
arrivals from SOF to the Centre during two months - 28 Dec, 1973 through 25 Feb., 1974
is shown in Table 3., Comparison of data corresponding to M 2 6.0 and M 2 6,5 of"
Table 2 and Tables 2 and 3 for SOF shows that the participation percentage in the
Operative Seismological Bulletin does not depend on the threshold sensitivity of the
station, but only on the regularity of the information arriving to the Centre, i.e,
information can be used if it arrives to the Centre no later than 3 days after event
occurrence. In Table 5 the mean deviations §k and ngF for near (Mediterranean)
and far (Japanese) earthquakes are shown; n = number of events. The values of fk
are within 41 s, Opy = 0.2 to 0.3 units of magnitude; evidence is given for consist-
ency between the station data and those of the summary treatment.

1) VecruryT dmamky 3emsu A CCCP, Mockma I-242, B. I'pysunckas 10
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1. DBBegenue

B HacToAmee BpeMA Ha TeppuTOpMM CcTpaH-ydacTHmL "KAIMT" copmupoBana m JyHKUIMOBMpPYET
onopHad ceTh ceiicvmdeckux crammuit "KAIT™, Brumwammas 30 ceficMirdeckux cTaHlit, B TOM
gncae 21 cramma CCCP, 2 - BHP, 2 - BHP, 2 - TJIP, 2 - IHP, 1 - YCCP. B cooTBeTCTBMM
C DEKOMeHJalmAMN peTHOHAJLHHX CoBemaHuit KAIT, QmOpHHE CTaHUWM JOJLEHH OHTE OCHAMEHH
annapaTypoil €O CTAHNAPTHHEMA XapakTepucTKamu TymoB "A" u "B"[1]. Ha pane omopmmx
CTaHUMif B COOTBETCTBMM C 38JaUaMi [0 M3Yy9eHV BHYTDPEHHETO CTPOEHMA 3eMIM YCTaHOBJIEHH
TakRe ILIIHHOIEepMoIHHe nmpudopu Trma "C" (Puc. 1). Koopmymaims padoT mo amnapaTypHOMY
OCHAMEHUK ONOPHEX cTaHuuit "KAIT", no yHmuKaluy YacTOTHHX XapaKTEpPUCTUK M HepPBAIHOHR
00padoTKe NaHHHX OCYmECTRIAETCA B paMKax padodeit rpymu 4.4. Lleqsp HacTosmero IOKJIa-
Ia ABJAETCA aHaJM3 COBPEMEHHOTO OcHameHud celfcvmzeckux crammumii "KAIT™, cocTosHue mn
npodiemaTuka CTAaHIAPTU3allMM ¥ YHUPFRaOMM HadymieHut Ha THMmOBOH ammapaType, HEKOTODHE
BONIPOCH Pa3BUTUA CHCTEeMH HaGumueHumiA 1 cBogHO# o6paCoTKyu JIAHHHX.
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Puc. 1. Ilprmep CTAHIAPTHHX AMIUMTYIHO-YAaCTOTHHX XapaKkTePUCTUK IPUOOpPOB THIOB
wpt  wB", "G y K mpuGopoB Tumma “B"
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2. CocroaHye ¥ OpoOJeMATHMKA annapaTypPHOT'O OCHalleHUs ONOPHHX CTamuil CTpaH-yuyacTHML]
"KAI‘II\II

3a mocyeHue 5 JieT OoCHameHue ceilcMPYeCKEX CTaHluit pa3BEBaJOCH KAaK B HampaBJeHUM
CTaHIAPTU3aUME XapakTepucTux Tuma “A" [2, 3], Tax ¥ pacmUpeHWsA YacTOTHOTO ¥ JVHa-
MIT4ecKoI'0 IManal30HOB amnmapaTypH, IIyTeM BHeIpeRma IpucopoB Tima "C" ¥ KaHAIOB NOHMU-
XEeHHO#l TyBCTBUTENBLHOCTH IpmGopoB Tuma "B" (cm. Tadm.1).

Tak, B COOTBETCTBMM C peKOMeHTauuamu "JMHCTpywUI IO CTAHIApPTM3aIM aMIvmTYIHO-Ya-
CTOTHHX XapaKTEPHCTMK BHCOKOYYBCTBUTEJBHHX KODPOTKONEPMOIHHX ceficmorpagoB" (MockBa
1968) na 50 % omopHux cTamHimii, 0GOpyIOBAHHHX OpudopaMu Tvma A", GHm CTaHIADPTU30BaHH
xapakTepucTyuxyu. Kaxk BREHO u3 Tadmmin, xapakTepucTuxu LY Tuma vmemTcs Ha mATHM celfcvu-
YeCKUX CTaHuAX, 1 Tuvmna - Ha YeTHpeX M Ha JIBYX CTAHIUAX COOTBETCTBEHHO XapaKTepUCTH-
ku II u Il Tvnos.

C 1970 Tolla HavaJOCh aKTMBHOE BHEIpeHMe mpuGopoB Trmra "C" ¢ XapaKTepMCTMKON aHaJIOTH—
qHolt ceitcmorpapam [[PECCA-IOVHTA. IIpm 9TOM B OCHOBY IJIaHa BHeIPEHWA BOWM IPEJJIOREHWA,
HameueHHHe "[[pOEKTOM MCCJeNOBaHmA BepxHeit MaHTuM EBpONH MO LMHHONEPUMOIHEM CejicMu-
YeCKNM HacmueHuaM",

Puc. 2. CycTema Hadmmomenuil mpuGoparm Tuna “"C" (TPEYTOJBHUKM U mpodhuim)

~ OnopHue cTaHuuM I
2 - cucTema Hal/moIeHMl — TPEYTOJLHUKA

3 - mpodui
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Ta6n. 1
Tum annapaTypH KIod4
Je g%ggialﬂn%e e i A B c B c
1 2 3 4 5 6 Vi 8
1, Mocxnax) CCCP - + + + -
2. AnaTuTH CCCP 23 000 + - C o+ -
3; Auxadan CCCP 10 000 + - - -
4, baxypuann CCCP IV 50 000 + + + +
5. BnamrBoCcTOK CCCP I 30 000 + - + -
6. Papm CCCP 40 000 + + + -
7. 3aKaMeHCK CCCP IV 50 000 + = - -
g, KnpopadaXl CCCP IV 50 000 + - + -
9. Kinomes®’ CCCP - + + + =
10. JIbBOB CCCP - + + + -
11, IleTponasJIoOBCK CCCP I 25 000 + + + -
12. HymcoBoX) cccer - + + + -
13, Cavpeponoskb CCCP II 10 000 + + + =
14, Coyn CCCP 10 000 + = + =
15, TaJrap CCCP 80 000 + - + -
16. Teumxent < CCCP - + - + -
17. Témwmer™ CCCF - + + + -
18. Yxropon cceP 45 000 + = + -
19, dpyH3e CCCP IIT 25 000 + + + -
20. 0. CaxaJnmcK CCCP I 33 000 + + + -
21. AKYTCK CCCP 40 000 + = + -
22. Co@nﬂx) BHP = + = = =
23. [lapKeHH BHE 60 000 - - - -
24, Bynaneur BHP 64 000 + + + -
25, Husage BHP 70 000 = = - -
26. Moxca rip IV 27 000 + + = =
27. KosumGepr rop IV 60 000 + - - -
28, BapuasaX’ [HP - - + - -
29. KpagoB [IHP I 25 000 - + - =
30, Ilpyronnme YccP 40 000 + - - -
X)

Ha ceficmocTamquax "Mocksa", "Kummnes", "JInpBoB", "lymxoso", "Tauxent", "Témmcn",
"Cojua", "Bapmapa" HellesecooCpa3HO yCTaHARJMBATEH amnapaTypy Tuna "A" 1u3-3a BHCO-
KOTO YPOBHAA IIPOMHUJIEHHHX HOMEX.
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Kex Bumio u3 Tada. 1, mpméopw Tmma "C" ycTaHoBJeHH Ha 15 cramiuax "KAIT™, B TOM Wi~
cle Ha 11 cTaHIIX paCIOJIOREHHHX B IiBpomeitckoit wacTu permoHa. IIpoBelleHHHIT aHaJM3
BO3MORHOCTell ceTU CTaHIM! 0CGOpYIOBAHHHX npméopamyu Tmna "C" [4] CBUMETENBCTBYET O TOM,
9TO yXe B HacToAmee BpeMA cjelyeT COBMeCTHO ¢ rpynmoit 4.3 "KAIM npucTymuTs k oCpa-
G6OTKe celicmosiormueckolt uHQopMAOMM IO MOICHCTeMaM cramumt (mpofuum ¥ TPEYTOJBHUKK) .
[Ipemepom Taxkmx momcucTeM B CCCP amaawnTcAa mpodusms PUL-OBN-SIM; PUL-OBN-TIF; LVV-KIS-
SIM-BKR M TDEyTOJbHMKH: SIM-OBN-LVV; SIM-OBN-KIS (Puc. 2).

Kpome 3Toro MoxHO GHJIO GH NPeLIORATEH CAeRyRUME IOICHCTEeMH celicMudecKuX CcTaHmml c

yYacTyeM JpyTuX CTpaH: TpeyrojbHukym "Bapuwapa" - "OGHmHCK" - "IlysmkoBo"; "Kvmmnen" -
"BapmaBa" - "BynanemT"; "BapmaBa" - "Mokca" - "BymamemT" ¥ mpofwis: "TOwmcn" -
" Cmvpeponoss" = "Kmuunes" - "Kpakos" - "Mokxca".

BmecTe ¢ TeM BHeXpeHHe IpuGopoB Tuna "C" BHIBMHYJIO DAM ClelU@UUYECKNX 3afad IO yHUDU-

Kalluy XapakTepUCTUK, YCHJIEHAD IIOMeXO3alMmeHHOCTHM NPUCOPOB BTOTO THUNA ¥ U3YUEHMK
JICTOYHMKOB JUIMHHOIIEPHMOJIHHX LYMOB.

B cpasu ¢ aTMM B paMxax padoueil rpynnu 4.1 B TeueHMe NOCJENYIMMX IBYX JeT NOCTaBJIEHa

3amaua cmiamu crenmaymcToB IJIP n CCCP noAroTOBUTE DPYKOBOJACTBO IO yCTAHOBKE M BKCILIY-
aTaiiZ JUIMHHONEDPMOIHHX ceficMuueckrX NpuOOpOoB. B OCHOBY 3TOro pykoBOoICTBa OyIYT IMOJIO=-
xenH "llpefBapnTeJbHAA MHCTPYXUMA IO YCTAQHOBKE M SKCIIyaTallMy KOMIJIEKTA IJIMHHOIIEePUOT-
HHX ceficmorpadoB CKI B xaHame ¢ rajpBaHomeTpamm CIT-4 (xommiexT CI-<1 )" (CCCP) u "Py-
KOBOJICTBO II0 KaJMGPOBKE ¥ OJpEeJIeJIEHNK NapaMeTpoB IIMRHONEPHOJHOIO ceficMorpaga SSJ-1"
(TIP).

V3BecTHRM (AKTOM B IPaKTHKe Ha) MoNeHV ABIAETCA TO, YTO NPM PETHCTPALMU 3eMIeTpA-
CeHnfl GOoJBIIX MATRUTYJ SHAYUTEJBH: A YAaCTh BallCH U3-3a HEeJOCTATOYHOIO IUHAMIIECKOTO
ImanasoHa HoToraJbBaHOMETPIIECKO) PEerHCTpAIMM CTAHOBUTCA HeInMTaeMofi.

AHaJM3 BOBMORHOCTEll perucTpaumm mpuéopoB Tuma "B" um "C" [’I5 4] CBEEETENECTBYET O
TOM, UTO JWHAMITYECKOTO JManasoHa 8Toif ammapaTypH npu V, T 10° He XBaTaeT Nake IpH
perucTpauyy BOJH P 3eMIETIVICEHMt ¢ MarHMUTYyHO# mpy = 7 UM SNUUEHTPAJLHEX PacCTOSHuit
200 - 40°,

B pamrax cyumecTBy®lleii anmapaTypH BHXOIOM K3 IIOJIOXEHMA ABAAETCA BHEIPEHFE KaHAJIOB
noHuxeHHo#t uyBcTBATe mHOCTH (KIU) mo Menbmeit mepe Ha mpuGopax Twma "B" ¢ 3arpyéie-
Huem g 2 10, s omura ceitcmieckoit ceTn CCCP JOCTATOWHO MCIIOJIHBOBATH IeMngupyouue
KaTyuku cejicMorpadoB ¢ BHXOIOM Ha JONOJHUTEJHHHEe I'aJbBAHOMETDH Yepe3 CIelMaJbHO Mo-
IoGpaHHHe Lemn ¢ KoSHrmIMeHTaMu CBASY, CIMBKIMA K HyJ® [5].

B xauecTBe perucTpaTopa MOXHO KCIOJB30BAThH JUGO OTHENBLHH)T pEeTHCTpUp, JUGO BHBECTH
IONOJHUTEJbHH YeTBePTHIt KaHal Ha OCHOBHOW perucTpEp. B wacTHocTn, B CCCP mIA BHe-
Ipenud KU paspadoTaH chnenuanbHHii PETHCTDUD KIymero peixma P33, KOTOpDHI BKJIoYaeTCSA
OT CTaHIMOHHOT'O aBTOMATA aMIUIMTYJHOT'O IpPEBHIIEHMA M aBTOMATMYECKN BHRIMUYAETCA depes
30 mMyH. 3amichk IMPOM3BOIMTCA Ha DYJIOHHOH! goToCymare TpemA rajbBaHoMeTpamu Tuma I'B

[7].

K coxamewino, peKOMeHIALNY DPEeTrMOHAJLHOTO coBellaHuA B JMene (1968 rol) B wacT! ycTra-
HoBKM KM Ha cTammAx A GOJBIMHCTBA CTpaH-y4acTHMI OKa3aJMCh HEBHIIOJMHEHHHMU. B TO
Bpema, kak B CCCP KIIY ycTaHoBieHHn Ha 19 w3 21 cTaHumii, B Ipyrux cTpaHax K ycTaHo-
BJIEH Jowb HA cTaHuuuM BylanewT.
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JnA moBHWEHMA YPOBEA YHUPMKALIMM CefiCMOJIOTMYECKMX MaTepuasioB B TedeHue 1974 roga
HEeOOXOUMMO BHEIpUTH Ha omopHux craHuuax "KAIT™ 110AT0TOBJIEHHOE DYyKOBOICTBO "0 NopAl-
Ke NpoM3BOICTBA M OOpadoTKY HaGJmIEHWiA Ha ONOPHHX CelicMIMeCKMX CTaHUMAX CTpaH-ydacT-—
m "KAIIT", a Takxe HaJaIuTh NEpMOIMUYECKYKH IyGJaMKaIymo mapameTpoB, aMIMTYIHO-YaCTOT—

HEX ¥ (Ja30BHX XapakTepUCTMK NpuGopoB cTaHiyii "KAIT™. IlepBHil BHI[yCK TaKoTo COODHMKA
HaMeueH B HACTOAllEeM TOIY.

HeoGxommo OTMETHTH, 4TO B locjelinme rofu B CCCP, IN® m UYCCP mpoBOJATCA MHTepec-
HHe JCcJelOoBaHMA IO pa3padoTKe M onpoCoBaHMp LIMHHONMEPMOJNHHX celicMOMEeTpAYecKHX KaHa-
JIOB, KaK Ha TpaJWLMOHHOK ocHOBe (celfcMOMETD B KOMILIEKTe C JUIMHHOIEDHMOIHEM TaJbBaHO-
METpOM C INEepHoJIOoM Ts = 300 cek), Tak ¥ Ha Ga3se IUIMHHOIIEPNOTHHX SJIEKTPOHHANX ceftcmo-
rpafoB ¢ undpoBoft permcTpanveit, ITO HampaBleHHe NpPeICTaBAEeTCA aKTYaJbHHEM M [EepCIeK-
TWBHHEM,

3. BompocH o6o0meHua MaTepraJoB HadimoneHyit mpm cocTaBJjeHm OmepaTyBHoro Ce#cMosoTn-
yeckoro BrouneTens

Onepatnphult CelicMosormieckuit BowteTens, BHITyckaeMuit LleHTpoM, sABIIeTCA eXeneKaj-
HHM [EDHOAMYECKVMM H3JaH¥VeM, B KOTODOM IIOMEemManTCA NepBHE De3yJbTaTH CBOIHO#R o6padoT—
KN JAHHHX, MOCTYlIamuMM C pAfa ceiicMudeckux crampmdi. OnepaTBHaA BHYAua MHOOpMALM X3
Henrpa nompasymeBaeT omepaTHBHOE MOCTYIJIEHME MCXOIHHX JAHHHX C JOCTATOYHOTO KOJHNIEeC—
TBa cTampi B lleHTp. Bha mpoBelleH COOTBeTCTBYRRMi! aHaJM3 L PALA ONOPHHX CTaHImh
"KAIIT": Codma, [aBmikenn, Bymamemr, Mokca, KosumGepr, BapmaBa, KpakoB, IIpyroHMUIIH.

B Tada. 2 (cromcmm 3, 4, 5, 7, 9, 11) moka3aH NpOIEHT 3eMieTpACeHuil, B ompeleye-
HYM KOODJWMHAT SIMIEHTPOB KOTODHX KARAAd M3 paccMaTpUBAaeMHX CTaHIull IIpMHUMAJE ydacTHe
(3a 100 % npmHATO OGmee KOJITYECTBO 3eMleTpiAceHm ¢ M 2 6,0, LA KOTOPHX OMYGJMKOBAHH
COOTBETCTByRUMe CBefeHEA B OnepaTmBHOM EmuLieTeHe 3a 1968 - 1973 rr.).

TaGa, 2

¥ Cramnsa 41968 r. 1969 r, 1970 r. 197 o, 1972 1. 1973 r.
1 2 3 4 5 6 7 8 9 | 10 1 |12
1. | Cod ' 25 25 48 | 51 57 | &1 55 \I'77 57 | 74
2, | IIex 0 0 0 0 0 0 40 | 42 46 | 59
3. | Byx 39 16 8 | 8 ol o 3 3 | 27 |19
4, | Mok 85 77 87 | 87 81 | g 92 [100 89 | 85
5. | Kmwr 85 75 89 |95 79 |1 91 86 | 97 87 (93
6. | Bap 0 0 0 0 0 0 0 0 0 0
7. | Kpx 47 89 84 | 90 86 | 91 84 |100 83 |85
8. | Ipr Yy 39 17 |18 1 3 71 | 90 67 |64
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HauGosiee BHCOKWH M CTACWIBHHI BO BpeMenm % ydacTua B OmepaTMBHOM BuuleTeHe MMEWT
craumu Mokca, Kosumdepr m ¢ 1969 r. - KpakoB; namMeHbimit - [laRmKkeHn u Byzamemt;
COBCEM He yuacTByeT B CBOJHOI odpadoTke cT.BapmaBa. YTOOH yCTaHOBUTH, BJMAET Ju (Pak-
TOp NOPOT'0BO} TYBCTBUTEJNBHOCTM CTAHumi Ha % ux yuacTmd B OmepaTuBHOM BouuteTeHe, JaH-
HHE N0 3eMIETPACEHHAM C M 2¢ ( cron6uu 3, 5, 7, 9, 118 Tadn, 2 ) Swm CpaBHEHH C
TAKOBHMM 1O M 2 6,5 (cm. croaoun 4, 6, 8, 10, 12 B Tadn. 2), KOTOpPHe pPEruCTPUPY-
OTCA Bcemm cTammamm 3eMHoro llapa ¢ yBesraemmem He Huke 1000. Kak BumHO, KOJDI9eCTBO
CBOJOK BO3pOCJNO 3HAUMTENHHO JUIIb B HECKOJBKUX CJydasdX, cJeloBaTeNbHO NPUIMHEY HYRHO
UCKaTh He B 8TOM, 4 B OTCYTCTBMM HeOOXOIyMO¥ ONEpaTMBHOCTM IOCTYMJIEHMA CBOJIOK CO
crarumt B leHTp.

Ilpy cBoMHO# 0GpadoTKe JAHHHX CTamRumit, mocTymamipix B lleHTP, MCIOOJB3yeTCA JMIEL Ta
vyacTh MHPopmanuit (mosesHas MHopMAUMA), KOTOpas OXBATHBAET CPOK B TPOE CYTOK C MO—
MEHTa pPETHMCTpAlMM CTAHOMAMU 3emieTpscermi. B cumiry cnemmdury padoTH lleHTpa 3amo3maB-
masg mHPOpMAIMA He MHCIIOJb3yeTcH.

B Tads. 3 momemeH npumep, NOKa3HBamquit OpoxoxTeHwe MHPopmaumu co cTampm Codms
1 MCHOOJIL30BaHMe €€ JUII CBOJHOK odpadoTkm 3a mepmoX ¢ 24 X1I-1973 r. no 25 ¢eBpasa
4974 r.

Tadn., 3
Ienn 3a xaxoe BpemMA llosesHasa Heucnoss3ye~ [Ipumeyanye
nprema HoJiaHH CBeIeHNA uHopMALA Mas MHpOpMa-—
CBOIKH 60 z¢
4.1.1974 1, 24.X11.73 - 3.1.74 r. 1.-3.1,74 v, | 24.-31,X11.73 T.
8.1. 5.-7.1. 50—7010 -
11-10 8.-10010 8.—’]0.1. -
15.1. 1M.-12.1., 12,1, 11.1.
13,=-14,1, HeT cBemeHuit
22,1, 15.-18,1. - 15.-18,.1.
19,-20.1. HET cBeleHuii
25.1. 210-24‘.10 22.‘240I- 2,1010
S.II. 25.1."4.11. 20—40II- 25lIo—1oII.
8.11. 5.=7.1I. 5.-7.1I. -
12,11, 8.1I. - 8.1I.
9.,-11,1II. HeT cBelieHuit
15.11, 12.-14,11. 12.-14,11, -
15.1I. HET CBelNeHMit
19,11, 16.-19,1I. 16.,-19.1I. -
20,11, HeT cBeleHuit
26.11, 22,.25,1I, 23.-25.1I, 22,11,
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Kax BuIHO u3 Tad/mmiu, "moJie3HEMM" OKAa3aMCh JHb CBOIM 3a 29 THelt M HemcmoJb3y-
eMEMy 32 24 JHA U3 o0mero KoJoriecTBa 3a 53 JHA, T.e. COOTBETCTBEHHO 55 % u 45 %
(cpapumm ¢ 55 - 57 % yuactua cr. Cofmsa B Tadua. 2 3a 1971 ~ 1973 rr.).

B TaGx. 4 nokasaH IPOIEHT moJie3HOM MHpopManmmm OTHOCUTEJNHHO BCeit mocTymuBmel B
llenTp 3a sHBape-peBpayss 1974 r. ¢ 7 omopHHX craHuuii "KAIIT",

TaGn. 4

Cramma Cod e Byx Mok Kot Kpk Mpr
llosnie3nas 55 % 53 % 29 % 60 % 70 % 34 % 58 %
rHODPMALIUA

HeckosbKo GoJmlvii DPOLEHT y4acTusi B CBOIHOM o0paGoTKe TakMX cTaHumit, kak Mokca,
Kosumdepr u KpakoB (cpaBHenme Tadu. 4 u 2) CBUIETEJLCTBYET JOMUb O TOM, UTO LleHTp
BHHYRJEH MCIIOJH30BaTh MHPopMalmo 3a CoJymbumil nmepuol 4eM 3 CyTOK, HpomeIWUX CO BpeMeHH

BO3BHMKHOBEHKS 3eMIETDACEHHs, YTO eCTECTBEHHO NPMBOINT K yBEJMIEHMH CPOKOB BHIIyCKa
OnepaTusHOTO EruLieTeHA.

AnajloTMUHHE aHAM3 OHN OPOBeleH WA pAlla PEeTMOHANBHEX CTaHUMi, IPUCHJIAMMIAX Olle—
paTUBHHE CBOJKYM B lleHTp, Takux kak Pammdyx, Kawnepckue T'opm, Kwpmramz, mMmuTpoBrpall.

[lo manuEM 1973 rofa Jyammm U3 HUX ABAANTCA cTaHuuy Kamnepckue T'opw u Kupamam coor-
BeTCTBeHHO 75 % u 45 % yuactma B oGpadoTke.

IU1n OmOpHHX CTaHuMii, IPUMHUMAREWMX HaudoJpllee ydacTue B OmepaTMBHOM DruLieTeHe, ORI
IIPOBEIEH CTATUCTHMYECKN! aHajm3 COIVIACOBAHHOCTY WX JIAHHHX C JAHHHMYM CBOIHON 0G6paGoTKH.
I cramumi "Kosumméepr", "Moxca", "KpakoB" u "IIpyrowmmmu" ¢ 9To# 1ieJbl paccMaTprBa—
JUCH KaK OTKJOHeHW oT rogorpaga INEPOPUCA-BYJUIEHA fy , Tax u quHaMIdeCKue HEBASKH
dev .

B Tadu. 5 mnoMeleHH OCpeIHeHHHe 3HaYeHmaA f U 6mp, g JBYX CJy9aeB pacloJoKe-
HUT 09aToB 3eMIETPACEHMI OTHOCHTEJBEHO DETMCTPUDYDIMX CTaHumili — onmskoro (pafion Cpe~
IM3EeMHOMODBA) ¥ yHAaJeHHoro (paiioH fNOAMM); n - 9HUCJO 3eMIETpACEHmA, MO KOTOPOMY
[IPOBOJIMJIOCH OCpeIHEHME,

TaGu. 5
Cramusa Cpe/m13eMHOMODEE fimonnma

£, [cex] n Supy n £, [cex] n Smpy n
Kon +0,6 214 -0,2 28 -0,1 76 0 47
Mox +0,7 192 -0,3 19 +0,4 67 ~0,2 57
Ipr 41,0 66 -0,2 6 +0,7 66 0 45
Kpx +0,2 182 +0,71 70

— e — —_— .
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[lorpeitHOCT! OCpeJHEHN HEBEJMKM — IV £, He NpeBHUalT ¥0,25 cex, mm Smpy -
*0,1-0, 15 emmm npy . ClelyeT OTMETUTH, WTO IO BCEM yKA3aHHHM CTAHILIM 3HaK £y
OOJIOXMTENIEH, 4YTO T'OBODUT, OO-BUIMMOMY, O HECKOJBHKO MEHBUNX CKOPOCTAX DaCIpOCTpaHeHUA
celicMiraecKMX BOJIH, YeM 9TO NPUHATO B Mojlesm NEEQDPVCA.

Jumamigeckue HEBASKM Omp, MaJH, MX BEJWUYMHH HAXOMATCA B NpefielaX TOYHOCTH
ocpelHeHuA,

4, 3akJmvueHne

He. ocHOBaHUM M3JIOREHHOT'O MOXHO CJejlaTh CJielyliie BHBOIH :

1. 3a nmocielpue OATH JeT B CeTH ONODHHX celicMyeckux cTayit "KAIMM NOCTUTHYTH
yCcIexy B CTaHlapTH3allMy XapaKTepUCTMK NpMéopoB Tymia "A".

2. CylecTBEeHHO pacmMpeHa CeTh CTaHuuii, OCHalleHHHX mpuéopamu Tyma "C". Ha MHOTHX cTaH-
L@AAX B XBA pasa pacliApeH 9acTOTHHII muamasoH mpméopoB Timma "B", 3a cueT BHe-
Ipenusa celicmomeTpoB CKI.

3. PAQ ONMOpHHX CTaHOW! HOCTOSHHO M Ha XOpOIEM YPOBHE Yy4YacTBYET B CBONHON oGpadoTKe
(Koswmdepr, Mokca, Kpakom, IaBmmenn, Codns, Ilpyroumie). /8 cocTaBa peruoHamb-
HHX CTaHUm, IpHCRIAMDIX MHopMAauw®m B lleHTp, cCaemyeT OTMSTUTH CTaHuup "Kan-
nepckee T'opw".

4, YcraHOBJIEHA XOpomMas COIJIACOBAHHOCTH JaHHHX craMumi Ko, Mok, IImir, Kpk c manHmvm
CBOJIHOII 0GpaGoTKM - OTKJIOHeHMA oT rojorpada LKBIPPVICA-BYJIEHA He mpeBHuAET
1 cer; IWHaMidecKme HEBASKU Smp = 0,2-0,3 emHum Doy
5. B GimEalmme ToIH HEOGXOIMMO BHEIDUTH KaHAJH NOHMREHHON YyBCTBUTEJNHHOCTM MO MeHb—
meft Mmepe Ha npmdopax TEma "B" cielyeT Takxe PEKOMEHIOBATE INIPOJIOJXKATL PacoTy

[I0 CTaHZApTM3aluy aMIVMTYIHO-YAaCTOTHHX xapaKTepUCTMK Tuna "A".

6. CremyeT oG6paTUTh BHAMaHMEe Ha HEOGXOIMMOCTH OCHaujeHus npudopamm Tuma "B" cTasumit
"Manmkens", "Hosage”, "Bapuwasa", "Kpakos".

7. B pamMxax coTpyIHuuecTBa ¢ padoueit rpymnoit 1.3 "KAII™ HeoGXommoO Takke OPTaHU30BATH
00padoTKy MaTepuaJoB perucTpauyy npudopamu Tima "C", IONOJHAA MO HEOGXOIMMOCTH
aTyMM IpudopaMu ceifcMudeckue CTaHNIuil cTpaH-ydacTHymi "KAIIT". B ceA3KM C 3TUM cJje-
IyeT TaK®e YCKODUTEH NOATOTOBKY "PyKOBOACTBA IO YCTAHOBKE M SKCILIyaTalMy LIMH-
HOIIEPMOJHHX CeficMOMETPAYECKNX KaHaJoB".

8. O0paTuTh BHMMAHEE HaIMOHaANBbHHX npeicTraBuTeteil [omkommuccun ¥ 4 "KAIT" Ha HeoGxoIM-

MOCTE odeclevueHmA JOJRKHOA omepaTHMBHON mepefiady M IpuemMa MHPOpMaLMM CO CTaHLm
B lleHTp 06padoTKA.
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New Method of Recording of Seismic Events

by
D. ALEKSANDROWICZ 1)

Summary

In the paper a discussion is presented on different methods of recording used in
seismological stations. The author proposes to apply a method of pulse duration
modulation for recording of seismic events. Results obtained by the specially de-
signed system and further possibilities are discussed.

n Institute of Geophysics, Polish Academy of Sciences, Warsaw, Poland
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Digital Data Recording and Processing at the Hagfors Observatory

by
0. DAHLMAN 1)

Summary

This paper presents the Hagfors Seismological Observatory in Sweden. The digital
data acquisition system, the data analysis routines, the available bulletin, and time
series data are discussed. The paper also shortly outlines the detection of the loca-

tion and the identification capability of the Observatory for seismic events in dif-
ferent regions.

& Hagfors Observatory, FOA 478, S-10450 Stockholm 80, Sweden

DOI: https://doi.org/10.2312/zipe.1975.031.02



577

The Seismological Station of Moxa

by

CHRISTIAN TEUPSER '’

Sunmary

The history of building and the geological situation of Moxa station are pre-
sented. The buildings and the equipments of the station are described in detail,
especially regarding the installed seismographs and their frequency responses.

Zusammenfassung

Die Baugeschichte und die geologische Lage der Station Moxa wird dargestellt. Da-
bei erfolgt eine ausfiihrliche Beschreibung der Gebaude und der technischen Einrich-
tungen der Station. Auf die installierten seismischen Geridte und ihre Frequenzcha-
rakteristiken wird besonders eingegangen.

We are going to finish our symposium now. Thanks to your active co-operation we
heard a lot of interesting scientific contributions and had important counferences
during the last days. Though informing about new scientific results and knowledges
is the main purpose of a symposium, there shall be opportunities of deepening amica-
ble connections existing and entering into new relations. A jubilee is very suitable
for this end because the guests are buoyant. We will follow a good tradition by
joining the participants of our symposium in an excursion. Though many of you have
been to the destination of our excursion, the Moxa station, nevertheless we have
chosen it because the station has been celebrating an anniversary, too. It started
its work on January 1Bt, 1964. On this occasion, my paper is intended to give not
only an introduction into the excursion, but we also want to recall the years of its
rise and operation to our mind.

The new building of our seismological station was planned by Prof. KRUMBACH in
the middle of the fifties, together with the new structure of the Institute in the
Burgweg. The fast development of seismology has demanded sites for a new station,
which this first project did not offer any longer. The installation of highly sen-
sitiverand long-period seismographs at Jena could not be recommended. The demand of
records of such modern instruments and the shortage cf rooms in the old station in
the Frobelstieg involved a new building. So, a suitable site was looked for shortly
after Prof. MARTIN's entering office. This site should be far from disturbing noise

1) Central Earth Physics Institute of the Acad. of Science of the GDR, part Jena,
69 Jena (GDR), Burgweg 11
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sources, however, it was to be reached by car easily and to have a suitable geolog-
ical underground. As the place was intended to be not too far from Jena, either, the
search was not easy. In autumn 1956 a compromise of all these demands was found in
co—-operation with Prof. DEUBEL, an excellent expert of the geology of Thuringia. Ve
chose the valley of the Silberleite near the village of Moxa, 32 km south of Jena.
This site meets the mentioned purposes fairly well, the expense for the connection
with electric power and telephone being not too high. Last not least, we had found
a steep slope, in which a tunnel for the planned strain seismograph could be built,
It was a happy coincidence that this slope was in N—S direction so that the build-
ing of the station could be erected exactly in the main quarters.

Let us have a look at the geological situation now. The chosen site is in the
region of Lower Carboniferous (Ziegenriicker Kulmmulde) of the Thuringian-Franconian
Slate Mountains, about 5 km south of its margin, within the intensively folded,
cleaved and jointed basement. This region, the Thuringian Forest and the Thuringian-
Franconian Slate Mountains, is part of the Middle European Variscan orogen, and
within these mountains it is part of the Saxo~Thuringian Zone, which got its main
folding during the Sudetic phase. In the surroundings of Moxa statiion we find only
thick series of slates and graywackes of Lower Carboniferous. The foundation on
rocks of the Variscan basement has the advantage that you have not to take into
account influencing of the seismic energy by the evaporites of Upper Permian as yoéu
would have to at Jena (Fig. 1).

Leuchtenburg Possneck Moxa Ziegenrick

bl s o]
Zil)

EME Middle Trias TRZ3 reefs of Zechstein

ww |

'B.] Lower Trias(Bunter) Lower Carboniferous

Zechstein 0 S km

1 Y A S |

Fig. 1. Tectonical section
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After the site had been chosen, experimental measurements were carried out in the
same year and the time of planning started, which was finished by the final project
in 1959. According to this project, a building was to be erected offering suitable
rooms for the installation of seismographs and photographic recorders. A tunnel,
which was intended for taking up the strain seismographs with about 25 m length in
N~=3 and E—W direction, had to be built. Near the station a house for the operator
and his family with living and bed rooms for the staff from Jena had to be erected.
In 1960 the building of the tunnel was started. It first was to be built for about
30 m in E=—W direction and was to turn in N=—S direction then. As we met a fault in
the beginning, we elongated the E—W tunnel by 15 meters so that we get an air lock
of this length in front of the strain seismographs, yielding a better isolation
against thermal disturbances. In the same year we built a well of our own because
a connection with the public water supply was not possible. At the end of 1960 the
building of a new road was initiated. It was to lead from the road Moxa - Schmorda
passing the dwelling-house to the station (Fig. 2).

\ to Schmorda

/N W*N
dwelling house /

station

~—J
to Ziegenriick MOXA

Fig. 2. Plan of the site

For its line we also used material which was provided by the tunnel building. In
1961 the erecting of the dwelling-house was the main task; it was finished in 1962.
In October 1962, shortly after the assembly of the ESC held at Jena, the operator
and his family could move into the house. In the same year the construction of the
station building had been started. The indoor equipment with electric installation
and air conditioning was started in the winter 1962/63. This air conditioner has
the task to get fresh air into the tunnel and the rooms of seismographs and to
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reduce humidity in these rooms. The temperature of about 10 °C in the seismograph
rooms and of about 8 °C in the tunnel is about the natural temperature in rocks. At
last the station was finished. The first instruments were immediately installed and
test registrations were started.

On January 15t

y, 1964, the station started work officially and was taken up in the
world network. During the last ten years only one essential enlargement was made by
erecting a building with a standby supply of 60 kW in 1966, This equipment is needed
because the energy supply is susceptible to breaking down due to thunderstorms as

well as heavy snowfalls,

The exact co-ordinates of the station are

A = 1M°3'58"E, ¢ = 50°38" 46" N, h = 455 m .

The ground-plan of the station can be seen in Fig., 3.

Fig. 3. Ground-plan of the station
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In the front part ot the building, on the left there are the battery room (5), three
recordirg rooms (6, 7, 8) and the control room (9). Here all electric wires meet,

the clocks are compared with the time signal, and last not least our first digital
data acquisition systems have been installed here. On the right there are the dark
room (10), another recording room (11), the WC (12), and the air-conditioning system
(13, 14). Behind these rooms there are the seismograph rooms, which have been covered
with a two meters layer of soil for reasons of better thermal isolation. In the large
seismograph room (4) the main instruments have been installed. On the left there are
another seismograph room (1), the clock room (2) and a room for experiments (3). Be-
hind these rooms there is a tunnel for the strain seismographs. At its end there is

a small measuring room for special purposes.

We now shall have a look at the instrumental equipment of the station. In the
first years after starting work we still had smoked paper seismographs, two 200 kg
after MAINKA and one 1200 kg after WIECHERT. But they are no longer in use, nor are
the optical seismographs after KRUMBACH. Only the WIECHERT seismograph can be in-
spected. Actually, the main instruments of the station are electromagnetic seismo-~
graphs, All of these are constructions of our own and have mostly been manufactured
in our workshop, but the seismographs of the type SKM III have been given to us as
a generous present by our soviet colleagues on occasion cf our start at Moxa. Mainly
you will see the long-period seismographs HSJ-I and VSJ-I (2, 4, 8], tuned to pe-
riods of 20 to 30 s, and the short-period seismograph VSJ-II [6] having periods of
0.5 to 2 s.

For reco:rding we use recorders £ the type RGJ, the older of which are still
equipped with a mechanical governu:' for stabilizing the paper speed, whereas the
modern devices have synchronous m« tors controlled by a quartz crystal clock. The
frequency responses of the instruments are shown in Fig. 4. For all characteristics
A, B, C standardized in the socielist countries [1, 12] a complete set of three
components is at our disposal. The short-period type A is recording in the range of
0.1 to1.68 with a magnification of 25,000 (curve 1). In the medium-period range
(type B), from 0.1 to 20 s, the magnification is 1,000 (curve 3) and 100 (curve 4)
and in the long-period range it is 1,000 (curve 5). Furthermore, one vertical seis-
mograph works in the range of 4 to 20 cps with a magnifica%ion of 300,000 [5]
(curve 7) and a second one with a characteristic adapted to the noise spectrum and
a pe2ak magnification of 100,000 at 1s (curve 2). These two instruments make it pos-
sible to detect weak signals and to distinguish between nearby blasts and remote
events., A broad-band vertical seismograph with a magnification of 50 in the range
of 4 to 250 s (curve 6) is suitable especially for the recording of strong earth-
quakes [7].

The records of long-period seismographs were often disturbed by non-seismic noises
so that a better protection of the instruments against the variations of temperature
and air pressure had to be planned. Recently, the instruments were covered by steel
containers,

The strain seismographs were started at the close of 1965. Each component con-

sists ot 13 pipes of fused quartz with a length of two meters, suspended from tung-
sten wires [3]. For transducers we first used coil and magnet assemblies connected
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with a short- and a long-period galvanometer, respectively. Since 1968 records have
exclusively been done by means of long-period galvanometers. In addition to the N—S
and E—W components the sum of both is also recorded, in order to suppress LOVE waves.
At the same time we started tests to directly record Earth strain. However, the vari-
ations of temperature of 0.2 Oc induced by the air conditioning system disturbed the
records heavily. Only the shielding of the strain seismographs with covers of poly-
styrene and good coupling to the underground with constant temperature made it
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possible to record the Earth tides with a sensitivity of 1.5-10-9 to a satisfactory
degree [9]. In addition, the frequency response of the strain seismographs has re-
cently been fitted to the response of long-period seismographs by means of an active
filter amplifier so that good comparisons will be possible in the future.

Of course, we have recently made efforts to introduce methods of digital data
acquisition into observatory work. The first equipment of this type is recording the
vertical ground motion with a frequency response corresponding to type B [10]. As
only punched tapes were at our disposal, we had to restrict ourselves to an event-
selecting acquisition of earthquakes with a magnitude of more than 6. A short-period
seismograph serves as a detector, starting the equipment for the recording of S and
surface waves when a sufficient strong P wave arrives., During this symposium I have
shown a new device for the event-selecting acquisition of P waves [11]. It is equip-
ped with a storage so that the P waves as well as the ground motion are recorded
1.7 minutes before the triggering impulse.

Going to finish the description of Moxa station it will be my last task to recom-
mend a visit of the museum in Ranis castle near by Moxa. Here, with the help of our
institute, a seismologic department has been arranged, where you can inspect valuable
historicel instruments. There are especially the 1200 kg after WIECHERT from Potsdam
station, the reconstruction of seismographs after GALITZIN and BENIOFF, the 200 kg
after MAINKA from Jena station and optical seismographs after KRUMBACH. I hope that
you will also like it and I wish you an enjoyable trip to end our symposium.
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