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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 
create/ 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 0rustal 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 especi1lly important for the study of contact zones of 
great tectonic units. In CentraJ. 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 du�chgeführt wurden, ist eine qualitativ neue Grundlage für Strukturuntersuchungen 
der Erdkruste entstanden. Mit einem dreidimensionalen Modell der MOHO und flacherer 
Diskontinuitäten sind nicht nur die geometrische Verteilung der seismischen Geschwin­
digkeiten und - zumindest für Osteuropa - der Ort und die Klassifikation tiefer Stö­
rungszonen gegeben, sondern auch wertvolle Information darüber, wie die räumliche Ver­
teilung der anderen geophysikalischen Krusteneigenschaften in Übereinstimmung mit 
tiefenseismischer Sondierung und Geologie bestimmt werden kann. Geodätische Ergeb­
nisse liefern eine wertvolle Kontrolle der Komplexauswertungen und tragen zum physika­
lischen Verständnis der Strukturgeologie bei. Die kritische Gegenüberstellung aller 

1) Institute of Geophysics, Charles University, Ke Karlovu 3, 121 16 Praha 2,
Czechoslovakia 

I 
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geophysikalischen Informationen ist besonders für das Studium der Grenzzonen groß­
tektonischer Einheiten wichtig. Besonders bedeutsam ist es, in enger internationale:..­
Zusammenarbeit die Kontaktzonen zwischen den Alpen, dem Böhmischen Massiv, den Kar­
pathen, den Dinariden und dem Pannonischen Block zu untersuchen. Als Beispiel einer 
derartigen Synthese werden die Er�ebnisse bezüglich der Kontaktzone Böhmisches 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 Europa, 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 materiale have been accu.mulated throughout Europa 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 froru determinations of 
characteristic velocities, the location of main crustal discontinuities has been 
attempted. In the first place it was the position of the bottom bou.ndary of the crust, 
known as the MOHOROVICI6 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 Europa, and for some regions, like Central Europe, it was even 
possible to give, as an outline, a structural mode� of the crust for the region in 
consj_deration. 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 magnetotellurics, 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 �s 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 unite 
and the contact zones between them. 

In fact, the region of Central Europa 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�ast 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. 0ne 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 M0H0 in Europa

For general information [1-5, 12-17, 20, 23, 24, 30, 31] let us review roughly the
depths of the M0H0 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 0uter 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 
Europe, the second from the east to the west. 

At the northern coast of Scandinavia the M0H0 was found in a depth of about 40 km; 
going southwards it rises to 33 or 34 km; in Finland the M0H0 lies at 35 km and in 
the Finnish Bay at 37 km. �n Denmark the depth of the M0H0 was found to be 29 km and 
is growing eastwards; near Gdansk it was assessed at about 45 km. South of Denmark 
the crustal thickness finde itself near 30 km and increases southwards, so that at 
the border zone of the 0re 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 M0H0 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 M0H0 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 EI-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-8 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 mountain 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 about 45 km, decreas­

ing to some 40 km in the north, and, more rapidly, to 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 to 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 kmjs. 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? km/s, could be followed as a continuous feature 

throughout widely extended areas. Su�den variationa 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 reaults of DSS brought in many correctiona to our earlier con­

ceptions. 
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3. Geophysical synthesis in the region of Central Europe

The region in question is represented in Fig. 1. International protiles III, IV, 

v, VII, and VIIa, Hungarian and Polish national profilea and the network of profiles 

situated in West Germany and Auatria are most important. Crustal sections along pro­

files VI, VII and V, respectively, are represented in Fig. 2 a, c, d; Fig. 2 bin­

dicates the distribution of P-wave velocities. 

Flg. 1. 

0 100 200km 
.____.______..____.___--' 

'---..a ' ,o 1 )2 W J cs.J-' E'.'.Z.J 5 ITIIJ 6 6) 7 lillil]] 8 � 9 ffl1oa !'Q1J t, 

- _,,_ - 15 • 16 ,--'1;, A' 18 
TTL RL 

✓11 •• '12 0 0 o1J -<>--<>- _," 
PPL OL 

Relief of the MOHO in Central Europa in correlation with the distribution of 
seismic zones, gravimetric and geomagnetic anomalies, orientation of magne­
totelluric induction vectors and the main structural lineamenta. 
1 a) international, 1 b) national profile; 2 - isoline of depth of the MOHO; 
3 - seismic zone; 4 - positive �rfvity anomaly; 5 - negative gravity anomaly
(denser hatching signifies l�gj - 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 - 0�, Oder lineament; 15 - TTL, TORNQUIST-TEISSEYRE lineament; 
16 - RL, Raab line; 17 - stat� frontiers; 18 - A, situatio� of deep reflect­
ing boundaries suggested by ZATOPEK 
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3.1. DSS and gravimetry 

Though, on the whole, there is in this part of Europa apparent eimilarity 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 cruet is 
immersed deeply into the mantle below high mountain ranges of the Alps and the Car­
pathians (see Fig. 1) 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 flyach zone of the Outer Car­
pathians, Outside the Alps and the Carpathiane minor gravity anomaliea of both eigne 
can be seen in the Bohemian Massif, and, in general agreement with the principle of 
ieostasy, the negative onea in Germany and 'Austria, where the crust ie thicker, and 
positive onee in the interior of the Pannonian Baein.and, north of the Carpathiane, 
in Poland, where the crust is thinner. The root of the Ore Mountains is amaller than 
one would expect ae 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. Gravimetrie (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 com.ments, 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 f1ult zones, i.e. the so-oalled zone of Lednice in 
the weet, and the peri-pieninian lineament �n the east. This lineament, which is 
geophyeically conepicuous in ma,1y ways, has been identified by DSS as a deep fault 
zone also in its eastern branch on profile V. 

3,2. DSS and eeiemology 

The �eeults 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
aloue propagation of the East-Alpine earthquakee through the Bohemian Maseif. lt is 
a matter of fact that theee earthquakes are well propagated through the Bohemian 
Maseif, but are strongly attenuated in the Carpathiane, as well as in the Alps them­
selvee. That ie the reaeon why a zone reflecting the energy of theee earthquakes 
downwards was aseumed in [29]; it ie indicated in Fig. 1, A complex study of this 
region ehould 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 contiriues in the NEr-SW direction penetrating the 
Alps up to Verona in Italy. lt is interesting that the zone of Lednice appears aseis­
mic. This would characterize ·the NE-BW branch of the peri-pieninian lineament as the 

' genuine zone of separation. lt seems that both the peri-pieninian lineament• and the 
zone of Lednice penetrate into the upper mantle. 

As known, the Bohemian Massif poesesees a relatively low seismicity mostly at it§ 
marginal faulte; remarkable is the swarm area in Vogtland and NW Bohemia, emphasizing 
a small-block structure with loose coupling of the individual blocke. More intense ie 

, 
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Fig. 4. 
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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 Fig. 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 resulta 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 resulte 
published in (31), p. 342, and in [7-10] three typical valuea of heat flow have been 
statistically found by the present writer for Czechoalovakia: 1.45 µcal/cm2 a ,
fitting for old geological structures, 2.25 µcal/cm2 s for regions affected by
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Recent vertical movements in West Czechoslovakia; 1 - DSS profiles; 
2 and 3 - elevation or subsidence [mm/year]; 4 - state frontiers 
(after P. VYSKOCIL; private communication, 1973) 

young volcanism, and roughly 4 µcal/cm2 s for localities with anomalous thermal 
regime. In the transition zone between the Bohemian Massif and the Carp�thians the 
heat flow increases from SW to NE, reaching a value of 2.1 µcal/cm2 s in 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 MOHOROVICIC disco�tinuity, 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

foµnd 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, frequefttly coinciding with zones of seismic activity. 

2 
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r-t; was possible to study various properties of the contact zone between 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 si tuated in the reglon considere.d. To sol ve 
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 Inversionsproblematik 

von 

W. BUCHHEIM 1)

Zusammenfassung 

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

Summary 

For all problems of inversion iJ geophysics for which an external field can be 
expressed by a linear integral t· ansformation of a parameter field of the interior of 
the Earth there exists a criter.'.. >n 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 1in the well-known
cases of mass density, magnetic polarization and conductivity of the Earth's interior. 

Die in der Geophysik aufgetretenen sog. Inversionsprobleme wurzeln ausschließlich 
in Fragestellungen, die auf die Erkundung von Materialparametern in nicht zugängli­
chen Bereichen der Erde gerichtet sind. Einerseits können hierbei Materialeigenschaf­
ten als spontane Ursachen von physikalischen Feldern auftreten, die auch in zugäng­
lichen Bereichen des Erdkörpers auftreten, wie z.B. Massendichte bzw. Magnetisierung 
als Quellen des Gravitationsfeldes bzw. des permanenten erdmagnetischen Feldes. An­
dererseits kÖnnen aber auch künstlich erregte Felder, wie z.B. seismische Wellenvor­
gänge, elektrische oder elektromagnetische Felder, durch die Parameterverteilun� in 
denjenigen Regionen, die sie merklich durchdringen, modifiziert werden, In beid.en 
Fällen treten zunächst sinnvoll erscheinende Fragestellungen auf, die auf einen In­
formationsgewinn über jene 'unmittelbar nicht erreichbaren Parameterfelder durch die 
von ihnen erregten oder nur modifizierten Felder auf Teilmannigfaltigkeiten des Erd­
körpers abzielen, die für Messungen zugänglich sind. Probleme dieser Art also mögen 
hier als "geophysikalische Inverslonsprobleme" bezeichnet werden. Bekannte - und ein­
deutig gelöste - Inversionsprobleme sind z.B. das WIECHERT-HERGLOTZsche (1, 6, 11] 

1) 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 Erdoberfläche oder d�s RIKITAKEsche [8, 9] der Bestimmung der elektrischen 
Leitfähigkeit im Erdinnern aus dem magnetotellurischen Dispersionseffekt an der Erd­
oberfläche. Darüber hinaus gibt es inversorische Fragestellungen, bei denen eine ein­
deutige Lösung aus der Theorie der auftretenden Felder heraus als nicht existent 
nachgewiesen werden kann, z.B. das wohlbekannte Problem der Ermittlung der Massen­
dichteveJ.•teilung im Erdinnern aus dem Gra.vi tationsfeld im Außenraum einschließlich 
seines Randes. Schließlich ist aber eine - theoretisch wohl unbegrenzte - Menge von 
Inversionsproblemen denkbar, bei denen eine eindeutige Lösnng wünschenswert erscheint, 
aber nicht evident und deshalb ungewiß ist. 

Für diesen Problemkreis läßt sich, soweit das vermittelnde Feld V (von skalarem 
➔ 

Charakter) bzw. F (von vektoriellem Charakter) eine quellenmäßige Darstellung mit-
➔ 

tels des Parameterfeldes P bzw. P ermöglicht, ein hilfreiches Kriterium für die 
Unlösbarkeit des betreffenden Inversionsproblems angeben. Zunächst möge die Darstel­
lung des vermittelnden Feldes durch das Parameterfeld linear sein, 0 bedeute eine 

➔ 
für die Messung von V bzw. F zugängliche Teilmannigfaltigkeit des Raumes (z.B. 
die Erdoberfläche, den Außenraum o,dgl.), I das Erdinnere, I' einen Teilbereich 
von I, X einen variablen Punkt in O, X' einen solchen des Erdinneren. Die all­
gemeinste lineare quellenmäßige Darstellung lautet dann bei n vermittelnden bzw. 
Parameterfeldern 

(1a) Vk(X) = s d-r(X') Gkl(X,
I 

für skalare Felder V und 
➔ ➔ 

(1b) Fk(X) = J d-r(X') Hkl (X,
I 

X') P1(X') bzw. Vk(X)

X') pl (X') bzw.
➔ 
Fk(X)

= 

= 

s dT(X') (Gkl (X,X') •i\ (X'))
I 

.... ➔ 
J d-r(X') (Hkl(X,X'),P1(X'))
I 

� 
➔ ➔ 

;ür vektorielle Felder ]'k' Gk1(X, X') bzw. Gkl(X, X') bzw, Hkl(X, X') bzw.
Hk1(x, X') sind skalare bzw, vektorielle bzw. tensorielle Einflußfunktionen vom be­
kannten GREENschen Typ. Man sieht dann sofort, daß eine notwendige Bedingung für die 
Existenz einer eindeutigen Inversion der Systeme (1a) bzw. (1b) ist, daß die homoge­
nen Systeme 

(2a) 0 J dT(X') Gk1(X, X') Pio)(X') s 
➔ 

X')•Pi0)(X'))- bzw. 0 - dT(X') (Gkl(X,
I I 

und 
➔ 

X') Pio)(X')) bzw.
... ➔ (2b) 0 - s dT(X') (Hkl(X, 0 - J dT(X') (Hkl(X, X'),P1(X'))

I I 

nur die triviale Lösung Pi0)(X') = 0 bzw. Pio)(X') = O für •X' c I4 X c O zu­
lassen. Sobald jedoch eine nichttriviale Lösung, Pio)(X') $ O bzw. Pio)(X') * O,
die hier als "Null-Affekt" bezeichnet werden möge, auch nur in einem Teilbereich 
I' CI existiert, kann sie zu (1a) bzw. (1b) hinzugefügt werden uDd macht das In­
versionsproblem (1a) bzw. (1b) dann jedenfalls nicht eindeutig lösbar. 

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

= = 

= = 
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bzw, 

➔ 

= ('v'•Yk(X, X')) , 

homogen lineare Divergenzausdrücke in Pi 0)
(X') bzw. 

in X' c I' von Null abweichen und gegen den Rand von 
Ableitungen bis zur 2, Ordnung auf Null absinken, Wenn 

Pio)_(X') darstellen, die nur 
I' hin stetig mit partiellen 
I' keine Punkte mit O ge-

meinsam hat, ist ein Rand O' von I' denkbar, der O nicht berührt und für den der 
GAUSSsche Satz z.B. für (2a) nach (3a) 

➔ ➔ 

(4) = J dT(X') ('v',yk· (X, X')) 
I' 

- ➔ 

= J (df·Yk(X, X') 
O' 

0

und Entsprechendes für (2b) nach (3b) liefert, In allen Fällen also, wo Null-Affekte 
auffindbar sind, die z.B. Gk1(x, X') Pf 0)(X') identisch in X c O in Divergenzaus­
drücke bezüglich X' c I' überführen, welche nur in einem Teilbereich I' c I nicht 
verschwinden, gibt es keine eindeutige Lösung des Inversionsproblems (1a) für P1(X'). 

Ein besonders einfaches Beispiel hierfür ist der Null-Affekt beim Inversionsproblem 
➔ ➔ ➔ 

der Magnetisierung M: P(X') = M(X'). Die quellenmäßige Darstellung des permanenten 
erdmagnetischen Potentials �(X) lautet (GAUSSsches Maßsystem): 

(5a) ip(X) 
➔ ➔ 1 

= J dT(I') (M(X') •'v'-�-)-xx• 

(rXX' ist der Abstand der Punkte X und X' voneinander). Ein Null-Affekt 
--:,. 

(5b) M(o)(X') = 0M(o)
(X') 

mit den oben verlangten Eigenscl �ften für den Divergenzausdruck (3b) liefert mit 
M(o)

(X') = O für X' c O' wegen d'(1/rxx') � O für X t X' 

(5c) 
� � 

J dT(X') (M(o)
(X')•V') -1- =

I' rxx' 

= J dT(X') (�•M(o)(X') �-1-)
I' rxx• 

und damit 
� 

(5d) {,dT(X') (M(o) ·'v') r�, - 0, 

� 
J dT(X') ('v'M(o)(X')•�•-1-) 
I' rXX' 

= 

= 
) � � 

J M( o (X') (df(X') , v•-1-)
O' rxx, 

XC O ,

0 t X C O , 

wegen M(o) 
= 0 auf O', Physikalisch bedeutet dies, daß man in jedem abgeschlosse-

nen Bereich I' c I der Magnetisierung M(X') das Gradientenfeld eines beliebigen 
Skalars hinzufügen kann, der nur außerhalb I' verschwinden muß, ohne das magneti­
sche Potential an der Erdoberfläche oder im Außenraum auch nur in einem Punkte X zu 
verändern, - Ein ähnlich einfaches Beispiel ist der Null-Affekt beim Inversionspro­
blem der gravitierenden Massendichte µ: P(X') = µ(X'). 

Die quellenmäßige Darstellung des Gravitationspotentials V(X) lautet 

(6a) V(X) = .. rx'' -GJ dT(X') � 
I' rXX' 

(G = Gravitationskonstante).

J dT(X') G (X, X') p(o)(X') 
I' kl 1 

= 

• 
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Ein Null-Affekt mit der verlangten Eigenschaft für den Divergenzausdruck (3a) ist 

X' C I' • 

Es ist wiederum wegen 

(6c) = 

und damit 

(6d) 0 ' XC O , 

wenn nur für X' CO', Physikalisch bedeutet dies, 
daß man in jedem abgeschlossenen Gebiet der Massendichte den LAPLACEschen Ausdruck 
eines beliebigen Skalars N (o) hinzufügen kann, der außerhalb I' verschwinden muß,

ohne das Gravitationspotential an der Erdoberfläche oder im Außenraum der Erde zu ver­
ändern, Die Massendichte ist also in ganz I um einen solchen Affekt - in Überein­
stimmung mit der Potentialtheorie - unbestimmt, Wie aus (6b) aufgrund des GAUSSschen 
Satzes folgt, ist dann die dem Null-Affekt entsprechende, im Gebiet I' hinzugefüg­
te Gesamtmasse stets Null, 

Schließlich sei noch ein Beispiel für den Null-Affekt eines Inversionsproblems mit 
künstlichem Sondierungsfeld gegeben, Wir wählen hierfür das stationäre elektrische 
Feld von zwei Einspeisungselektroden E1, E2 und als Parameterfeld den (isotropen)
spezifischen elektrischen Widerstand o(X'). 

Bei ebener Erdoberfläche O (s, Abb,1) wird die Potentialstörung �
8

(x) darge­
stellt durch das Sekundärfeld [2, 3, 5) 

4)1 -

(7a) �s(X) = 1 J dT(X') ('v'cp(X')·v'' ln O'(X'))
fi I' rXX' ' X C O , 

�(X') ist hierbei das totale elektrische Potential in I (Summe von Primär- und Se­
kundärpotential). 

E1(+) E2(-) 

� 
0 

J 

._ ........._ 17 ln o-101( 1'- x)
X' _.,.,,, , 

r° 'f( X') 

elektrische Stromlinie 

Abb, 3

~- I 

~ / 
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Man entnimmt (7a), daß jede Veränderung von ln o(X' ) mit der Eigenschaft 

(7b) cRx')•V' ln o(o)(X')) = 0

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 � und X, unter denen dieser aus sei­
ner Emissionselektrode E1 austritt, zu, so ist jede beliebige Funktion dieser Win­
kel im ganzen unteren Halbraum ein Null-Affekt für rp8(X). Hieraus ersieht man, daß
die Verteilung des Parameters o(X') nicht aus Oberflächenwerten von Y>s(X) zu er­
schließen ist, Das Problem der elektrischen Tiefensondiorung dagegen, bei der o als 
Funktion des Abstands von der Oberfläche allein vorausgesetzt wird, bleibt hiervon 
unberührt, weil mit dem o.g. Null-Affekt dieser Voraussetzung nicht genügt werden 
kann. Da die elektrische bzw, elektromagnetische Tiefensondierung unter dieser Be­
dingung bekanntlich immer die Inversion zulassen (4, 7, 10], können hier keine Null­
Affekte existieren. 

Sind die Funktionale 

nicht linear von den Parameterfeldern 
finitesimalen Null-Affekten öP1(X')

P1(X') abhängig, so ist die Existenz von in­
mit der Eigenschaft 

0 

bereits hinreichend, um eine eindeutige Inversion von (8a) auszuschließen. Natürlich 
kann auch hier das Prinzip der Auffindung von Divergenzausdrücken für (aFwaP1) öPio)

durch geeignete Wahl der öPio) angewandt werden. Erschwerend wirkt dabei aber, daß
das - unbekannte - Parameterfeldsystem. P1(X'), •··, Pn(X') selbst unter den Inte­
gralen in (8b) auftritt, was bei linearen Inversionsproblemen entfällt. 

Natürlich löst die Auffindung von Null-Affekten noch kein Inversionsproblem; aber 
sie kann durch die Ausscheidung "inkorrekter" Fragestellungen nützlich sein. Ist die 
Menge der nichttrivialen Null-Affekte eines Inversionsproblems nicht völlig leer, ist 
also das Problem nicht eindeutig lösbar, so kann ihre volle Gruppe doch eine gewisse 
Ubersicht vermitteln, in welchem Ausmaße und in welcher Weise Variationen der Para­
meterfelder in I möglich sind, die in der Mannigfaltigkeit O völlig unwirksam 
bleiben. 
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A Simple Model of the Earth's Core 1)

by 

G. MÜLLER 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. �t 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 modele 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 the 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 modele.

Zusammenfassung 

Die Geschwindigkeitsstruktur des Erdkernes, die man aus Amplitudenuntersuchungen 
langperiodischer Kernphasen bekommt, ist verhältnismäßig einfach. Die Geschwindigkeit 
der P-Wellen ist für den äußeren Erdkern eine glatte Funktion der Tiefe. An der inne­
ren Kerngrenze wächst die P-Geschwindigkeit um 0,6 bis 0,7 km/s, An der Obergrenze 
des inneren Kernes ist ein ziemlich ausgeprägter 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 überein, die aus 
Laufzeiten und Amplituden kurzperiodischer Kernphasen hergeleitet wurden. Wenn in 
den untersten Teilen des äußeren Erdkernes eine Struktur existiert, d��n dürfte sie 
viel kleinräumiger sein als in den herkömmlichen Kernmodellen von BOLT oder ADAMS 
und RANDALL. Nach Array-Beobachtungen von ENGDAHL et al., bei denen fast vertikale, 

1) Contribution No. 107, Geophysikalisches Institut, Universität Karlsruhe
2) Geophysikalisches Institut, Universität Karlsruhe, BRD
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kurzperiodische Reflexionen an der Grenze des inneren Kernes verwendet wurden, er­
gibt eich, daß die Grenzschicht höchstens wenige Kilometer mächtig 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) 
überein, die DZIEWONSKI und GILBERT aus Eigenschwingungen herleiteten. Das neue Kern­
modell mit im wesentlichen strukturlosem,, flüssigem äußerem Kern, der durch eine Dis­
kontinuität erster Ordnung vom inneren getrennt wird, ist wesentlich einfacher als 
die älteren Modelle. 

1. Introduction

In this brief report, I want to describe some recent seismological investigations 
of the Earth'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 
modal 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) Free oscillation studies (Section 4);

(d) Results and discussion (Sections 5 and 6).

My own contribution is essentially restricted to (b) (MÜLLER [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 almest 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 125° to 140° . These precursors were interpreted 
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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 inters3ction of the CMB and the

caustic of PKP where amplitudes are large (see also BULLN'-1 and HADDON [51; DOORNBOS
and VLAAR (7J). 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 modele 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) lt 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 120°, 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 assumptio� 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 phase� 

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, 1 o n g - p e r i o d 
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 modele, That modal is consid­
ered as the best which fits the travel times and at the same time gives optimum agree­

ment in pulse forma and amplitudes, 

The application of these methods to long-period core phases is described in detail 
by MULLER [ 15] . Figs, 2 and 3 gi ve examples .of o bserved and theoretical. sei smograms 
and show that often good agreement can be achieved, Theoretical seismograms have been 
calculated for several earthquakes and for a variety of core modele: 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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reduced. The amplitudes in the right-hand part have tobe 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 PKIKP from 120° to 130° 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 inner core.
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4. Free oscillation studies

The investigation of apheroidal oscillations of the Earth, excited by strong earth­

quakea, 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 structure 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 been fulf_illed, and even the most recent density 
solutions depend in one wa:y or other on this equation. For instance, PRESS (16) in 
his Monte-Carlo inversions asaumes 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 
may 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 over·tones with up to 23 % of their elastic energy in the inner 
core and showed that a solid inner core gives a significantly bet·ter 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 fn 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
significant 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 tru.ck 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 inner core is between 12 and 14 g/cm3.

This core modal 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 ia considerably simpler than traditional modeis, and at
the same time it has the aupport of a variety of investigations, covering periods 
from about 1 s to about 1 h. Thus, it seems worthwhile to investigate the chemical 
composition of the core on the basia of thia model. I am no expert in this field, 
but to me the sharpneaa of the ICB aeema to be of first order importance in such a 
diacusaion. It ia well lmown that the observed densities in the outer core require 
the aaaumption 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 relationehip 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 s h a r p phase boundary between the 
liquid and the solid state, as represented by the ICB. An alternative explanation 
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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 temperature of the inner 
core. Both Si and Fes seem tobe 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 tban the 
liquidus throughout the outer core, e v e n i f 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 modal 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 Earth by combin­
ing seismic and gravity data. Generally, the inversion of gravity data is an under­
determined and non-linear problem. lt 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 specit'ic 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. 1.Phey yield velocity-density relationships simi­
lar to thoBe obtained by BIRCH, lAFE and DRAKE and others. Since the velocities within 
the Earth can be measured more directly than the denaities, this approach also leads 
to an insight into geodynamical processes. 

Zusam menfassung 

Geschwindigkeits-Dichte-Beziehungen geben wichtigen Aufschluß über den physikali­
schen Zustand der Materie im Erdinneren. Neben Labormessungen und der Festkörperphy­
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 überbestimmt und linear zu machen mit der Annah­
me, daß es überhaupt eine Beziehung zwischen seismischen Geschwindigkeiten und Dich­
ten gibt,-so daß Körper 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 für 
Modelle zu berechnen, deren Geometrie aus der_Seismik bekannt ist. Anschließend wer­
den die Geschwindigkeiten und die berechneten Dichten miteinander verglichen. Die bis­
herigen Ergebnisse sind ermutigend. Eine ähnliche Geschwindigkeits-Dichte-Beziehung 
wie die aus Labormessungen wurde gefunden. 

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

The problew of obtaining numerical va.lues of the velocity-density systematics 
representative for the material actually existing inside the Earth is difficult, but 
its solution is approached here by combi�ing gravity and seismic data from the Earth's 
surface. This approach is distinct from the experimental one, which uses laboratory 
measuremenGs of velocity and density of rock samples, and from the theoretical one, 
applying the laws of solid state physics. All of these methods are imporpant and 
complement each other because each of them suffers from Hpecific 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 compositio� 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 tast 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 RINGW00D 1973 [14]) and theoretically (e.g. BIRCH 1969 [7]; SHANKLAND 
1972 [16]; ANDERS0N 1973 [2]). Therefore, it appears worthwhile to investigate the 
possibility of finding representative velocity-density relations for the crust and 
upper mantle in situ. 

'rhe main difficulty in establishing mea1üngful velocity-density relationships for 
in-situ 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 supplementary 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 different way, which is in principle somewhat simi­
lar to the NET'J!LE'r0N method of determining the B0UGUER density of the topographic 
mass for the B0UGUER reduction directly from gravity data. 

2. The method

We shall distinguish between Earth structures, i.e. specifically the geometry of
layers and their lateral ,variation determined from seismic information, on one band, 
and the seismic properties, such as veloclties, attenuation or the occur�ence 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. lt 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 ldea about the 
accuracy of the resulta within the framework of the assumptions. lt 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. lt 
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
denaity relationship is determ.ined. Fig. 1 illustratea the method of the denaity 
computation with a random example of tw9 bodies embedded in a homogeneous material. 
Their gravity effects at any atation i are given by 

( 1) = 

where k is the number of the body, ok= ek - e
0 

is the density contrast, Vk is
the volume occupied by body k, and G ia the gravitational constant; z and r are 
shown on Fig. 1. Since aik ia 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 ck sik' where the density
contraata ck of the individual bodies are not yet known. Thus, our fundamental
observation equation of the least-squares solution for the unknown density contrasts 
ck is linear:

where the constant �g
0 

has been introduced because the computed and observed gravity 
values �gi may differ in "level". The sum of the squared residuale vi is minimized
by establishing and solving the normal equations in th� usual way. 

Meaningful densities will be obtained this way if a number of necessary conditions 
are satiafied: (1) The �umber of observations �gi must exceed that of the unknows. 
(2) The unit effects sik 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 haa to be changed. Only 
modele with a conaiderable lateral variation, e.g. of layer thickness and depth, are 
suitable for the present approach. lt must be expected, however, that any seismically 
deterroined 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 
con�rasts will be too small and the slope 
found may be an upper limit. 

dv/de of the velocity-density reiation 

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



326 

g 

X 

z 

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 dv/de, this means no loss, but the constant in BIRCH's law in the form 
vp = a + b e 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 modele 

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 seisroicity. The present method of density computation by fitting the 
observed gravity field has been applied to all models, and in the proceas parts of 
the models have been slightly adjusted to improve the gravity fit and to meet the 

----- - ·---- - ----- -------- ---- -9o 
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above conditions (2) and (3). 'rhe 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.: B0UGUER 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; e: 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], JAC0BY (1970) [9], KANAM0RI 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 ia found for the sediments east of the Rocky Mountain Trench, which are 
relatively inaign1ficant in volume compared to the whole modal. The layers of 6,6 and 
7,2 lan/s in the crust could not be distinguished in the density calculations. The 
computed densitiea decreaae 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 
worda, the density increaae from the crust to the mantle is probably underestimated. 
The reason for this muat 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 ahows 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 
reaults are somewhat surprising because the preaent 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. 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 g/cm3 and the mantle body above it one of sui:prising

-0.2 g/cm3 , The seismic control of this model is only moderate, however.

0 
km 

200 

' 
' .

Vp e 
[km/s] [g/cm3] 

5.0 2.50 

\ 
\ 

B0UGUER AN0MALY 

\ 
\ 

\ 

\ 
\ 

\ 

\ 

2
\ 

\ 1 () 
:,:-::::-:-:-::-·-::·· 6,0 2.78 

\ 
' 

1 
1 

6.6 2.96 
7.9 2.98 
7.9 3.20 
8.0 3.24 

' 
1 
1 

\ 1 

' 1 

1 
__ , 

600 

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 (SH0R et al. 1971 [17]; ISACKS and M0LNAR 1971 

[8]; BARAZANGI and !SACKS 1971 [3]; AGGARVAL et al. 1972 [1]), Gravity and bathymetry 
are taken from KARIG (1971) [13], The computed mantle densi·ties are similar to thoae 

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/cm3, in excellent agreement with

KARIG's interpretation, 
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4. Results: The velocity-density relation

After the density computations for the above modele, 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 
modal, 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 modele 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 km/s and 2.63 g/cm3). 
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Fig. 6. Composite plot of the velocity-density relation determined 
for the modele 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) dv/de· � 4.6 ± 0.8 [km/s]/[g/cm3J •

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]/[g/cm3] or less 

is probably more correct. Note also that the result refers t� 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 rocke can be determined in situ with more confidence. 
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Summary 

Wave Scattering Effects in Modelling Intrinsic Time and Amplitude 
Anomalies Observed Across the NORSAR Array 

by 

1)K.A. BERTEUSSEN, A. DAHLE and E.S. HUSEBYE 

335 

Large anomalies in travel time and amplitude are observed across the NORSAR array, 
In order to explain these, two different crust modele have been tried. The first one 
is a simple one-layered crust with a depth-varying MOHO d.iscontinuity, 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 große Anomalien der Laufzeiten und der Amplitu­
den beobachtet. Zur Erklärung dessen wurden zwei verschiedene Krustenmodelle betrach­
tet, Das erste besteht in einem einfachen Einschichtenmodell mit variabler Tiefe der 
MOHO und gestattet höchstens 25 % der Schwankungen in den Laufzeitresiduen zu erklä­
ren, Im zweiten Modell wird zufällig verteilte Streuung der seismischen Wellen im 
oberen Mantel und in der Kruste unter dem Array vorausgesetzt. Das gestattet, einen

beträchtlich größeren Teil der beobachteten Anomalien zu erklären, 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 TOKSÖZ 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 

1) Royal Norwegian Council for Scientific and Industrial Research NORSAR, P.O. Box 51,
2007 Kjeller, Norway
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[9]; HUSEBYE et al. 1971 (16]; BR0WN 1973 [3, 4]). At N0RSAR few studies of this 
type have been mad, (N0PONEN 1971 (23]; GJ,e)YSTDAL 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 CHERN0V (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 N0RSAR. In the 
example used., the interface for modal 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 exißtence 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 covaria.nce matrix has to be known. In our case, a covariance matrix de­
rived from the CHERN0V theory is used, and by an iterative procedure t;he matrix with 
the best pararoeter set is found. 

2. Polynomial Models for the Moho Interface

The N0RSAR array consists of· 22 sube.rrays, each with 6 SP (sho1�t 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 study has 
been obtained by mea'suring 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 BUTTERW0RTH) filter has been applied. 

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

(1) 

where T 
oij 

subarray i 

and T 
cij 

and seismic region j. The calculated delay is based on N0AA (National 

are respectively the observed and the calculated delay for 

0ceanic and Atmospheric Administration) epicentre solutions and a smoothed version 
of HERRIN's (1968) (15] tables. T

o (-r0 ) is observed (calculated) delay at the
rj rj 

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 (KANESTR,e)M 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 N0RSAR. 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; 
v0 = 6.6 kmjs, VM = 8.2 k:m/s. The NORSAR array configuration
is also included. 

33? 

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) z = A + B X+ C Y + D x2 +EX Y + F Y2 + G x3 + H x_2.y +IX y2 + J y3 

When the interface can be described as in (2), conventional ray tracing is especially 
simple on a computer. 1 ,

For a certain set of the coefficients A, B, C, ••• , J, we 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 = O, 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 94° 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 = I = J = O, 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 larger 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%�ering 
is taking place. In general, only deterministic effects are considered in modelling 
the travel-time variation across a seismic array, namely, 

(3) = 

➔ ➔ 

where Ti is the arrival time at the i-�h sensor, R1 is the location vector, U
the slowness of the incoming P-wave, and e1 is the error residue assumed to have 
zero mean and being uncorrelated. To account for a potential scattering effect, (3) 
has tobe modified accordingly, namely, 

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 RiU-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 01A, 01B-O?B 
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 modele, i.e., equations (3) and (4). Th� 
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 s1-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: µ(x, y, z) = C/C(x, y, z) - 1, Here C(x, y, z) is the wave velocity in 
point x, y, z 1 while C

0 
is the mean velocity. CHERNOV assumes that the correlation 
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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 �edium and station 
separation, 

In our analysis an iterative computational procedure was used to find that partic­
ular s1-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 residuale 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 mutb lation para- variance lation para- variance 
dis- meter dis- meter 
tance ·t,nnce

[m /d /y] [h m s] [km/s] [ deg] [km] [per cent) [km] (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 
04/18/72 15 07 49.1 17,04 160.25 4 45 85,5 4 5 52.9 
04/11/72 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 residuale. 
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. (KANESTR,e!M 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. CHERN0V covariance 

func�ion 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 amplitude as a maximum. 
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Further Investigations on Coda Waves 

by 

E. BISZTRICSANY 1)

Summary 

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

Seventeen years ago a new method was wo rked out [2, 3] to determine the magnitude 
of shallow focus earthquakes. lt is the main point of this method that a connection 
can b� found between the duration of surface waves and the earthquake roagnitude. More 
exactly, the duration depends mainly on the magnitude of shallow focus earthquakes, 
but insignificantly only on the epicentral distance, which therefore is negligible 
f or 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 f or 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° < ßo < 50° 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 

1) Geod. and Geophys. Research Institute of the Hungarian Acad. of Sei., Seismological
Dept., Budapest, Meredek 18, VR Ungarn
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T•T' ln ·f 
<1) zo = CT'-T) 0.772

obtained by HARDTWIG [5] for RAYLEIGH waves, the thickness z
0 

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 ULLMANN-TEUPSER vertical seismograph (Tp = 25 sec,
Tg = 80 sec), The result was in full agreement with the expectation (Fig. 1).
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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 connectiön 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 Earth's crust passed by surface waves from shallow focus earthquakes. 
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Fig. 2. Different paths of waves as observed in Budapest 
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Thermal Structure of the erust in ezechoslovakia 

by 

VLADIMIR CERMAK1) 

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 radigactive content in crustal rocke, we constructed reasonable geo­
thermal modele 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 °c 
beneath the Pannonian Lowland in the Carpathian system. 

Zusammenfassung 

Aus kombinierten Messungen des Wärmestromes und der Wärmeerzeugung, die auf großen 
Gebieten durchgeführt wurden, konnten bestimmte Wärmestromprovinzen hergeleitet wer­
den. Diese Ergebnisse erlauben es, oberflächennahe Wärmestrombeobachtungen für größe­
re Tiefen zu extrapolieren und so die Temperaturverteilung in der Erdkruste und im 
oberen Mantel zu berechnen. Seismische Tiefensondierungen führten in Verbindung mit 
gravimetrischen, aeromagnetischen und magnetotellurischen Daten sowie M�ssungen der 
radioaktiven Wärmeproduktion von Krustengesteinen zu repräsentativen geothermischen 
Modellen der Erdkruste auf dem Gebiet der CSSR. Es konnte gezeigt werden, daß die 
geothermische Struktur des Böhmischen Massivs grundlegend verschieden von der des 
Karpatenbeckens ist, Die MOHO-Temperatur im Böhmischen Massiv beträgt im Mittel et­
wa 500 °e und steigt im Bereich des Pannonischen Beckens im karpatischen System bis 
zu Werten von 800 - 1000 °e an. 

1) Geophysical Institute, Czechosl, Acad. Sei,, Prague, Bocni IIa, Praha 4-Sporilov
Czechoslovakia 
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The meaaured values of surface heat flow, heat production by radioactive heat 
sources and the thermal conductivity of rocks, together with aome assumptions on the 
structure of the Earth's orust and the corresponding vertical distribution of radio­
activity and conductivity, enable the temperature distribution with depth to be oal­
culated. 

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

The M o  1 d a  n i b i c u m  represents the oldest and most rigid part of the 
whole Bohemian Massif (Pre-Variscan age). The thickness of the crust reaches up to 
42 km in the centre and decreases to 32 - 34 km on its rims, The characteristic heat 
flow of 1.2 - 1.3 µcal cm-2 s-1 is relatively low and uniform over this region.

The K r u s n e H o  r y M t B (Erzgebirge) belang to the 
block, an area of intensive Variscan tectogenesis, which forma the 
Bohemian �assif, The area is characterized by a relatively shallow 
30 - 32 km and high heat flow of about 2 µcal cm-2 8-1

Sachsen-Thüringen 
NW boundary of the 
MOHO depth of 

The C r  e t  a c e o  u 8 B a  s i n  of northern Bohemia represents an elongated 
denudation relict, the axis of which is believed to be an old tectonic suture in the 
frontal area of the Caledonian range. The MOHO d.iscontinuity rise8 here by 6 - 8 km
vo only 28 km in the centre of the basin, all the ba5in showing enhanced geothermal 
activity of 1,7 - 1,9 µcal cm-2 s-1 (CER.14.AK et al. 1968[5]).

The V i e n n a B a  s i n  i8 situated just off the south-eastern rim of the 
Bohemian Massif, which is deeply submerged here under the Carpathian flysch and 
covered by Neogene sed.iments. The MOHO is abruptly rising here from 35 to 28 km and 
strong magnetic high 5uggest8 the elevation of mafic rock8 from 20 km to 10 - 15 km, 
The heat flow field does not differ from that of the Bohemian Maseif, Q = 1,3 µcal 
cm-2 s-1•

The Da n u b e B a  s i n  belongs to the large Pannonian Lowland. Beat flow of 
2,3 µcal cm-2 8-1 as well as temperature gradients of 50 - ?O 0c/km suggest high
subsurface temperatures. Typical positive gravity anomaly in the whole region con­
firm8 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 o u t e r  f 1 y s c h zone of the peri-pieninian lineament (Poland), 
north of the CSSR boundary, deep s�ismic aounding has revealed an anomalous crustal 
thickness of 50 km. There is only one heat flow value here, Q = 1,3 µcal cm-2 s-1

(PLEWA 1966[11]), which was used for calculating the temperature-depth profile.

The P a n  n o n  i a n  L o w 1 a n  d 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 µcal cm-2 s-1•

1 
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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 (MASKA _et al. 1960[ 9]) showing 
the heat flow stations and international deep seismic sounding profiles. 
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1 - Moldanubian region; 2 - Tepla-Barrandian region; 3 - Sachsen-Thüringen 
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 10-6 cal cm-2 s-1

/ 
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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 Earth's
surface. The problem can be solved in one dimension, i.e. temperature depending
only on depth. Many modele may be g�ven, according to·-the chosen tunction of the
vertical distrihution 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 cruat 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. wi th depth. This dependence roughly follows the law ki""k0 = (1 + C T)-1 where
kT, k0 are conductivities at temperature T, resp. at O 0

c, the values of C de­
termined for data given by BIRCH and CLARK (1940) [2] are in the inverval of 
0,0006 - 0.0014 °c-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 s-1 0

c-
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 1

1isob�ic11 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 s-1
0
c-

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 
tensity (MATOLIN 1970[10]): magmatic rocks 
morphosed rocke 3.1, sediments 3,4.

determinations of total gamma-ray in-
5,9 X 10-13 cal cm-3 s-1, meta-

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 10-13 cal cm-3 s�1 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 
modal in Table 1. While the heat flow contribution from below the MOHO in the 
Bohemian Massif of 0,5-0.6 µcal cm-2 s-1 does not differ substantially from data
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Table .1. Temperature-depth profiles 

Area Moldanu- Krusne Cretaceous Vienna Danube Basin Outer Pannonian 
bicum Hory Mts. Basin Basin flysch Lowland 

Model M
1 � KBM

1 
KHM2 CB1 CB2 

CB3 VB1 VB2 DB1 
DB2 DB3 0F1 

0F2 PL1 PL2 PL.., 

.) 

Surface heat_ flow [HJ.IU] 1.2 2.0 1.7 1.3 2.2 1.3 2.5 

Thickness of sediments or 5 0 10 9 3 4 6 crystalline schists [km] 

Depth of C0NRAD disconti- 22 20 20 21 18 30 18 nuity [km] 

Depth of MOHOROVICI6 dis- 40 32 28 33 27 50 25 continuity [km] 

M0H0 heat flow [HFO] 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 [km] 5 80 80 144 140 124 124 124 117 117 200 200 200 91 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 84-7 
25 389 349 646 517 573 530 489 424 375 962 860 760 445 398 1209 1066 990 
30 454 397 738 569 (623 568 531 )2) 485 411 (1025 911 799)

4)525 449
35 515 441 
40 570 479 
45 - -

50 - -

(774 589)
1) - - - (518 431 )3) 

-
- -

- - - - - - - - - -

- - - - - - - - - -

- - - - - - - - - -

1) at 32 km 2) at 28 km 3) at 33 km 4) at 27 km

1 HFU = 10-6 cal cm-2 s-1; 1 HGU = 10-13 cal cm-3 s-1 

589 487 
647 519 
701 547 
749 569 

\.,J 
\J1 � 
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published for Australia (CLARK and RINGW00D 1964[6]) or for the Canadian shield 
(CERMAK and JESS0P 1971[4]), quite different.conditions may exist in the Carpa­
thians. Especia ly in Neogene depressions considerably higher energy inflow from 
the upper mantle seems tobe 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 lass 

-2 -1 · -2 -1 than 1.0 µcal cm s in the Danube Basin and up to 1.4 µcal cm 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-Europa" and the young orogenetic Alpine-Carpathian belt of "Neo-Europa" 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.
For the Bohemian Massif these conditions seem tobe 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 Masslf and the Carpathians, When the local 
temperature differences for a heat flow variation in the range 1.2 - 2.0 µcal cm-2 s-1

in the Bohemian Massif at the base of the crust are of the order of 100 - 200 °c, the 
corresponding temperature differences be'tween both tectonic units for a similar range 
in heat flow may be 500 °c or more (Fig. 3). 

�he 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 11.cal cm-2 s-1 b i t t s h · t· · 11 h � may e more mpor an . uc a varia ion, especi� y w en 
concentrated on a relatively shorter horizontal distance, may be the dr�vins 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 °c/100 km are not tobe excluded, belongs to the most 
active seismic zones in Slovakia (KARNIK and RUPRECHTOVA 1964[8]). This furni�hes 
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 Bohemien Massif 
is 500 - 550 °c with local excesses giving temperatures of 6Q0 - 700 °c in regions of
enhanced surface heat flow (sµch as the Krusne Hory Mts.(Erzgebirge) or in the Cre-
taceous Basin). The Cretaceous Basin may display higher heat flow from the upper • 
mantle (0.6 - 0.7 µcal cm-2 s-1) compared with most of the Bohemian Massif (0.5 µcal
cm-2 s-1).
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Fig, 3, The range of temperature" and crustal thickness below the Bohemian Massif and
Neogene depressions of 1..'rn Carpathians. M1 and M2 are minimum and maximum
curves, respectively, fo.c· Moldanubicum, CT - average temperature for the Cre­
taceous Table, KHM - average temperature for the Krusn� 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 contributlon of 0,20 µcal cm-2

s-1 for heat production of granites 3.10-13 cal cm-3 s-1, and 0.46 for lower pro­
duction of 2·10-13 cal cm-3 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 
temperatures. Even if the radioactive heat production in granite layer is relatively 
high, 5-7·10-13 cal cm-3 s-1, the heat flow from the upper mantle will not be less
than 1.4 µcal 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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Zusammenfassung 

Untersuchungen zum Absorptions-Dispersions-Verhalten 
seismischer Wellen

von 

s. GRÄSSL, K. DEUBEL und w.-D. HERMICHEN 1)

357 

Eine Untersuchung der Übertragungseigenschaften realer geologischer Medien führte 
zu folgenden wesentlichen Ergebnissen: 1. Der Absorptionskoeffizient a(w) hängt für 
Gesteine der oberen Erdkruste in guter Näherung im Bereich von 20 bis 250 Hz linear 
von der Frequenz ab. 2. Wegen der Gültigkeit des Kausalitätsprinzips ist jede Ab­
sorption mit einer Dispersion der Phasengeschwindigkeit verbunden. Mit Hilfe der dis­
kreten HILBERT-Transformation konnte nachgewiesen werden, daß der seismische Wellen­
ausbreitungsprozeß minimalphasig verläuft; zwischen Absorption und Dispersion besteht 
ein analytischer Zusammenhang. - Anhand synthetischer Beispiele wird der Absorptions­
Dispersions-Einfluß auf die Form von Zeitsignalen demonstri�rt. Darüber hinaus wird 
kurz auf die Möglichkeit eingegangen, mit Hilfe einer speziellen Dekonvolutionsva­
riante den seismischen Impuls in der Nähe 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. Moreover, there 
is the possibility to reconstruct, from records obtained in great distances, approxi­
mately the near�source shap� of seismic pulses by applying inverse filters, which 
remove the nonelastic influence of the medium between the source and the station. 

·1) Karl-Marx-Universität, Sektion Pl;lysik, 701 Leipzig, Talstr. 35
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1. Einleitung

Die Untersuchung der Übertragungseigenschaften realer geologischer Medien, die die 
beobacht7te 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 für seismische und seismologische Aufgaben­
stellungen interessanten Frequenzbereichen über die Deformation eines elastischen Im­
pulses beim Durchlaufen des Untergrundes durchgeführt worden, Laborexperimente mit 
Ultraschall besitzen wegen der unsicheren Übertragbarkeit der Ergebnisse auf den Fre­
quenzbereich der Seismologie bzw. der Seismik für diese speziellen Probleme nur einen 
relativen Wert. 

Im folgenden soll über einige wichtige Ergebnisse berichtet werden, die mit einem 
speziellen Meßprogramm zur Untersuchung der Übertragungseigenschaften 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. Meßmethodik

Mit Hilfe von Sprengstoffdetonationen in flachen Bohrungen wurde in der Nähe der 
Erdoberfläche eine elastische Welle angeregt, die von zwei Empfängern in ca, 40 m und 
in mehreren Kilometern Tiefe aufgenommen und digital registriert wurde. Es erfolgte 
eine mehrfache Wiederholung der Messung bei allmählicher Vergrößerung der Tiefeulage 
der unteren Sonde (vgl. Abb, 1). 

f, (t) S(w)= 

(/ 
lnlS(w)l=Ln)I{w)l+a(w) arg S(w)=arg[(w)+0(w) 

a(wJ�ln/S(w) I* O(w) 0(w)=Bmin (W) + @(w) 

Je{lnlS(wJl}=arg I(w)+0m;l1))

arg S(wJ-lf{ln/S(w)I}� @(wJ 1 

Abb, 1. Schematische Darstellung der Meß- und 
Interpretationsmethodik 
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Für die Beschreibung der Übertragungseigenschaften eines geologischen Komplexes 
eignet sich in besonderem Maße die Betrachtungsweise der Systemtheorie, da eine 
exakte physikalische Deutung beispielsweise der Verlustmechanismen elastischer Ener­
gie während der Wellenausbreitung heute noch nicht möglich ist: Der zu untersuchende 

· Körper wird als linearer Filter angesehen, der ein definiertes Eingangssignal f1(t)
so verformt, daß am Filterausgang das Signal f2(t) erscheint. Aus den FOURIER­
Transformierten beider Signale lassen sich die Amplituden- und die Phasenübertragungs­
funktion IS(w) I bzw. arg S(w) des Filters bestimmen. Die Übertragungscharakte­
ristik S(w) des zwischen den Empfängern befindlichen geologischen Mediums wird
durch zwei in Reihe geschaltete Teilsysteme. bestimnit:

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

- durch das System mit.der Charakteristik ey(w) , das das nichtelastische Verhalten
der Gesteine beschreibt. Die komplexe Ausbreitung�funktion y(w) = a(w) + j8(w),
setzt sich additiv aus dem frequenzabhängigen Absorptionskoeffizienten a(w) und
der Dispersion der Phasengeschwindigkeit e(w) zusammen. Für eine ebene Welle er­
rechnet sich daraus der räumliche Q-Wert zu

= 

3. Interpretationsmethodik

Die Übertragungscharakteristik des geologischen Mediums wird durch Vergleich der 
an den beiden Empfängern registrierten Zeitsignale bzw. deren komplexer Spektren 
ermittelt (vgl. Abb. 1 ) . Dabei erfolgt die Trennung der sich multiplikativ überla­
gernden Übertragungscharakteristiken der einzelnen Teilsysteme in folgender Weise: 
Der logarithmische Quotient der gemessenen Amplitudenspektren setzt sich  additiv aus 
dem periodischen bzw. quasiperiodischen Teil ln I(w) und der gleichmäßig in Abhän­
gigkeit von der Frequenz sich verändernden Absorp.tionsfunktion a(w) zusammen. Die

Eliminierung des störenden Interferenzanteils erfolgt durch eine Tiefpaßfilterung 
des Spektrenquotienten mit einem geeigneten Filteroperator O(w) und anschließende 
lineare Regression. 

Die Gültigkeit des Kausalitätsprinzips erfordert bei Vorhandensein von Absorption 
das gleichzeitige Auftreten einer Dispersion der Phasengeschwindigkeit. Die Ermitt­
lung der Dispersionsfunktion wäre prinzipiell aus der Differenz der Phasenspektren 
von Eingangs- und Ausgangssignal möglich, jedoch überlagern sich auch hier die Ein­
flüsse der eigentlich gesuchten absorptionsbedingten Dispersion und von interferenz­
bedingter Pseudodispersion. Eine lineare Filterung ist nicht möglich, da die gesuch­
te Phasenfunktion 8(w) deutlich nichtlinear ist und somit durch den Filterprozeß 
verzerrt werden würde. 

Es wurde folgender Weg eingeschlagen: Bekanntlich existiert bei linearen minimal­
phasigen Systemen ein analytischer Zusammenhang zwischen der logarithmischen Ampli­
tuden- und der Phasenübertragungsfunktion, der durch die HILBERT-Transformation ge­
liefert wird. Da infolge der speziellen Meßgeometrie das Interferenzsystem garan­

tiert minimalphasig ist, lassen sich durch eine HILBERT-Transformation der gemesse-

.. 
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nen Amplitudenspektrenquotienten aus der Gesamtphasenübertragungsfunktion der Inter­
ferenzanteil arg I(w) sowie der minimalphasige Anteil emin(w) der absorptionsbe­
dingten Dispersion eliminieren. Der verbleibende Restanteil e(w) läßt Rückschlüsse 
darüber zu, ob neben der absorptionsbedingten eine weitere Dispersion besteht. 

4. Ergebnisse

Alle untersuchten gefilterten Spektrenquotienten (vgl. Abb. 2) zeigen t daß für
Gesteine der oberen Erdkruste im Frequenzbereich von 20 bis ca. 200 Hz der Absorp­
tionskoeffizient in guter Näherung linear von der Frequenz abhängt (Korrelations­
koeffizienten größer als 0,95), Dieser lineare Zusammenhang gilt auch für trockene 
Lockersedimen�e, also für Gesteine mit extremen elastischen Eigenschaften. Die Ge­
nauigkeit der vorliegenden Daten reicht jedoch nicht aus, um geringfügige Krümmungs­
effekte in den Quotientenkurven (Exponent in der Potenzabhängigkeit .der Absorption 
von der Frequenz etwas kleiner als 1) nachweisen zu können. 

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

Die Eigenschaft der Minimalphasigkej_t ermöglicht die Beschreibung der mit der In­
elastizität verknüpften Übertragungseigenschaften durch alleinige Vorgabe des Ab­
sorptionseinflusses. In Abb. 4 ist der Einfluß eines physikalisch nicht realisier­
baren nullphasigen geologischen Übertragungssystems (alleinige Wirkung der Absorp­
tion) dem eines den reellen Verhältnissen entsprechenden minimalphasigen Systems 
(Absorption mit Dispersion) an einem synthetischen Beispiel gegenübergestellt. (Der 
Zeitmaßstab wurde dabei so gewählt t daß der theoretische Sign�leinsatz bei 5 ms 
liegt.) Es ist zu erkennen t daß die Vernachlässigung der Dispersion zu einer Ver­
letzung des Kausalitätsprinzips führt. Das den realen Verhältnissen entsprechende 
minimalphasige Übertragungssystem bewirkt bedeutende Verzerrungen der Form des Zeit­
signals. 

Die Untersuchung des Systemeinflusses an synthetischen Interferenzsignalen 
(Abb. 5) zeigt, daß die exakte Festlegung des zweiten Einsatzes mit zunehmendem Lauf­
weg immer komplizierter und schließlich sogar ohne Zuhilfenahme objektiver mathema­
tischer Signalerkennungsverfahren unmöglich wird. Dlese Tatsache·läßt für seismi­
sche Registrierungen die Anwendung einer physikalisch orientierten Dekonvolution 
geeignet erscheinen, bei der über einen inversen Filterprozeß der absorptions-dis­
persionsbedingte Verzerrungseinfluß des durchlaufenen Mediums rückgängig gemacht 
wird. Über einige mit diesem Filterverfahren erhaltene Ergebnisse soll später an ge­
eigneter Stelle berichtet werden. 
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a, = gemessenes Phasenspektrum 
b = minimalphasiges Phasenspektrum 
c = a-b (Tiefensonde)
d = a'r b' (Oberflächensonde) 

Abb, 3, Praktisches Beispiel zur Bestimmung 
des Dispersionsverhaltens 
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Waveletveränderung unter Einfluß 
von frequenzselektiver Absorption 

Waveletv.eränderung unter Einfluß von 
frequenzse/ektiver Absorption und Dispersion 

Absorptionsansatz: 
A(f)•A0( f )·e-k•x•f 

X= Laufweg kx = 0,0/Mz 

01-_L-___ 4.J ........ _..,__2�5--t�tj 
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0'----'---,H--H--'=--"""!!,,,- t[ ms] 

kx = 0,00'1-/Hz 

oL.......JL..-='!.'-4-1--��- t[ms J oL,___.u:...,__,i"'--'-.,.,,,,_�....,_�
25
.....-.. t[ms] 

kx = 0,006/Hz 

0
1...-.-.c::-��,��_.t[ms] 

k. =0,008/Hz

k x = 0,070/Mz 

kx= 0,075/Hz 

1 
0 

kx = 0,020/Hz 

' 
0 

kx = 0,030/Hz 
,. .... , 

1 1 <"" 1 \ 1 J ,_.., ___ _, o s 10 \ 1s /' 25 30 is „ t[ms] 
\ .. ., ..

Abb, 4. Einfluß von Absorption und Dispersion auf die 
Form eines seismischen Wavelets 
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Veränderung des Schwingungsbildes spezieller Interferenzsignale durch 

zunehmenden Absorptions-Dispersions- Einfluß 

Impulsseis­
magramm I 

1. 

'fms 

ohne 
Absorption 

kx "'0,002/Hz 

kx =0,010/Hz 

kx =0,020/Hz 

1. 
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Abb. 5. Einfluß von Absorption und Dispersion auf die Form 
von einfachen Interferenzsignalen 
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Temperatur-Tiefenprofil
1 

abgeleitet aus tiefenseismischen Daten 

von 

CHRISTIAN OELSNER und CiffiISTIAN KNOTHE 1)

Zusammenfassung 

Aus den Ergebnissen des internationalen tiefenseismischen Profils VI im Süden der 
DDR wurden Linien gleicher Erdwärme mittels einer Methode der sukzessiven Überrela­
xation abgeleitet. In die Untersuchungen wurden Wärmequellen einbezogen. Das Resul­
tat deD 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 Länder (KAPG) wird für die Arbeitsgruppe Geothermie eine komplexe 
Bearbeitung der auf den internationalen Profilen gewonnenen seismischen, geother­
mischen und anderen Daten genannt. Mit d.en darzulegenden Resultaten soll dazu ein 
Beitrag durch Verknüpfung seismischer und geothermischer Ergebnisse geleistet werden. 

Auf dem DDR-Teil des ITS VI (internationales tiefenseismisches Profil) wurden 
nach der reflexionsseismischen Auswertung 4 Grenzfläch�n festgestellt, die der Ober­
kante einer "Granitschicht", der Unterkante dieser Schicht (die als C-Diskontinui­
tät bezeichnet werden kann), einer Zwischengrenze in Eiiner Schicht basischen Ma­
terials (CM-Diskontinuität) sowie der MOHO-Grenzfläche zugeordnet werden konnten 
[2], wobei die Problematik "Grenzfläche" oder "Zone eines starken Geschwindigkeits­
gradienten" für die zu lösende geothermische Aufgabe zunächst ohne Bedeutung ist. 
Der DDR-Teil des Profils reicht von Johanngeorgenstadt (la!l Null) über Jena nach :tfW­
Thüringen. Die erhaltenen seismischen Grenzflächen sind in Abb. 1 eingetragen. Sie 
lieferten das Gerüst für 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 verträglich. 

1) Bergakademie Freiberg, Sektion Geowissenschaften, Wissenschaftsbereich Angewandte
Geophysik, 92 Freiberg/Sa., Schließfach 47 
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Die geothermische Aufgabe lag in der Berechnung der Temperatur-Tiefenverteilung 
für dieses zweidimensionale Modell. In der Literatur sind verschiedene Beispiele für 
die numerische Lösung dieses Problems, der sog. "direkten Aufgabe der Geotnermie", 
bekannt, wobei im allgemeinen die LAPLACE-Gleichung gelöst wird. Für unseren Fall 
wurde ein ALGOL-Programm zur Lösung der POISSON-Gleichung mit den geltenden Randbe­
dingungen mit Hilfe der Methode der sukzessiven Überrelaxation (SOR) entwickelt und 
angewandt, Dazu wurde das seismogeologische ,Profil mit einem gleichmäßigen Rechteck·-
gitter überzogen •. Der horizontale Abstand der Gitterpunkte betrug 5 km, der vertika­
le 1 km. Als oberer Rand wurde die Tiefe 1 km gewählt. Für diese Tiefe liegen Tempe­
ratur- und Wärmestromdaten von MEINCKE, HURTIG u. WEINER [4] vor. Daraus wurden für 
jeden der 1080 Gitterpunkte eine Temperatur "nullter Näherung" sowie die Temperatur 
des unteren Randes, der in 30 km Tiefe angenommen wurde, berechnet. 

Auf Grund der gewählten Gitterabstände entstanden 5 x 1 km2 große Rechteckflächen, 
denen jeweils ein bestimmter Wert der Wärmeleitfähigkeit und der radioaktiven Wär­
meproduktion entsprechend dem vorherrschenden Gestein zugeordnet wurde. Die für die 
einzelnen Schichten angenommenen Wärmeleitfähigkeiten bzw. radioaktiven Wärmepro­
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

rücksichtigt wurde. Die in Abb. 2 angegebenen Mächtigkeiten entsprechen den Verhält­
nissen am Profil-km 100, 

Aus dem seismischen Material lassen sich mittels Näherungsverfahren die mittleren 
Geschwindigkeiten für genügend viele Punkte des Vertikalschnittes bestimmen, Mittelt 
man diese Werte für 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, nacbdem am nordwestlichen 
E:r.•zgebirgsrand eine relative Tieflage durchlaufen wurde. Im Abschnitt zwischen km 
Null und 120 können 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, ließ sich nur zwischen km 100 und 120 nachweisen, 

Der Temperaturverlauf wird durch drei Zonen relativ erhöhter Temperaturen gekenn­
zeichnet. Ein Bereich liegt im Mittelteil des Profils im Gebiet der MOHO-Hochlage, 
ein weiterer nordwestlich davon in einem Gebiet mit relativ großer Mächtigkeit der 
Granitschicht. Der dritte Bereich deutet sich im Südosten an. Seine Höchstwerte lie­
gen auf dem Gebiet der CSSR. 
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Berichte über Laboruntersuchungen zur Abhängigkeit 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 über 
Zonen nie.driger Geschwindigkeit im oberen Teil der Lithosphäse auf die Laborunter­
suchungen von HUGHES und MAURETTE [1] hin, die zeigten, daß die Geschwindigkeit in 
Graniten in relativ geringen Tiefen ein Maximum durchlaufen, entsprechend dem zuneh­
menden Einfluß der Temperatur gegenüber dem Druck. Die gute Korrelation zwischen dem 
Isothermenverlauf und dem der Linien gleicher Geschwindigkeit bis in Tiefen von 22 km 
ist auffällig. Ihre Ursache ist die Temperaturabhängigkeit der Ausbreitungsgeschwin­
digkeit elastischer Wellen, die nach den vorliegenden Resultaten bereits im Bereich 
relativ niedriger Temperaturen sehr ausgeprägt 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 druckabhängigen Ausbreitungsgeschwin­
digkeit elastischer Wellen ergibt sich bekanntlich zu 

(1) 
dv 
az 

Mit a = 

(2) 
dT 
az 

= (�;)T � av dT 
. z + (aT)p ·· dz '

(av/ap)T und ß = (av/aT)
P

, wobei

= 
1 (9'Y - a i)7J dz z 

a > o- und ß < o, erhält man 

Der Druckgradient ist bis zu T'efen von 1000 km relativ konstant, weshalb sich 
auch der isotherme Druckgradient ler Geschwindigkeit wenig ändert. Da andererseits 
der Temperaturgradient in der Kr11.ste stark schwankt, wird sich auch der isobare 
Temperaturgradient der Geschwindigkeit stärker ändern und damit auch 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 für den Geschwindigkeitsgradienten O,Q1 s-1 bei einem Temperaturgradienten Null
an, so ergibt sich bei Material der Dichte 3 für den isothermen Druckgradienten der 
Geschwindigkeit der Wert 3 .10-3 . Mit Gleichung (2) läßt sich jetzt ß berechnen. 
Die in Abb, 3 eingetragenen Werte schwanken beachtlich. Unter Voraussetzung richtig 
bestimmter Geschwindigkeits- und Temperaturgradienten kann man solche Schwankungen 
mit Materialunterschieden erklären, 

Aus unseren Daten ließen 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 ß-Werte von 1 und 3 schwanken um 
eine Größenordnung (-2,1•103 bzw. -2 ,102). Die im Bereich peridotitischen Materials 
erhaltenen Werte liegen auf Gerade 1. Gerade 3 könnte granitischem Material entspre­
chen, Prinzipiell sollten sich die für ein bestimmtes Material erhaltenen Tempera­
tur- und Geschwindigkeitsgradienten um eine Gerade scharen, die den ß-Wert dieses 
Materials repräsentiert. Bei stärkeren Streuungen könnte auf falsche Materialannah­
men geschlossen werden. Damit besteht die Möglichkeit, das Ausgangsmodell zu verbes­
sern. 

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



• 

� 

0,3 

\3 

' �· 

�'" 0 �o9 

02 
1 

0, 1 

dv 
- p . dz 1n 5-1

dT 

dz 1n grad/km

30 

o\t 10

0 

-1 d -1 ß in cm s gra 
1 - 2 1 · 10

1 

2 2 -77·10
1 

2 3 - 2,0· 10

• mes.+crist.
□ granitic
o basaltic
11 peridotitic

� material 

Abb. 3. Diagramm des Zusammenhanges zwischen vertikalen Geschwindigkeits- und Tem­
peraturgradienten; ß - isobarer Temperaturgradient der Geschwindigkeit 

D 

20 
3 

l 
j 

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



Literatur 

[1] HUGHES, D.S.;
�URETTE, C,

[2] KNOTHE, CH.

[3] LJUBIMOVA, G.A.

[ 4) 

[ 5) 

MEINCKE, W. ; 
HURTIG, E.; 
WEINER, J. 

MUELLER , S. ; 
LANDISMAN, M. 

[6] VOLAROVIC, M.P,;
BAJUK, E.I.

Variation of elastic wave velocities in granites 
with pressure and temperature. 
Geophysics 21 (1956), s. 277 

371 

Die Struktur der Erdkruste Mittel- und Südosteuropas 
nach Angaben der Tiefenseismik. 
Geod. u. geophys. Veröff. R. III, H. 27 (1972), 
s. 59-68

Termika Luni i Zemli (russ.). 
Moskva: "Nauka" 1968 

Temperaturverteilung, Wärmeleitfähigkeit und Wärme­
fluß im Thüringer Becken. 
Geophys. u. Geol • .11 (1967), S. 40-71 

Seismic studies of the Earth's crust in continents, 
Part I. 
Geophys. J. roy. astron, Soc. 10 (1966), S. 325-538 

Vlijanie vsestoronnego davlenija do 4000 kg/cm2 na 
uprugie svojstva obrazcov gornych porod, 
Dokl. Akad. Nauk SSSR fil (1960) 1, S, 65-68 

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



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



373 

Ergebnisse explosionsseismologischer Untersuchungen in der DDR 

von 

R.-P. OESBERG 1), 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 für 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 für die Erkundung der Kruste und des oberen Mantels, 
insbesondere für die Verdichtung des Beobachtungsnetzes zwischen den Internationalen 
Tiefenseismischen Profilen. 

Die Registrierung der Sprengungen erfolgte innerhalb des Zentralinstituts für 
Physik der Erde an der Seismologischen Station Moxa und am Geophysikalischen Obser­
vatorium Berggießhübel, ferner am Geophysikalischen Observatorium Collm der Karl­
Marx-Universität Leipzig. Moxa und Collm sind seit 1972 bzw. 1973 mit jeweils nahezu 
homogenen Drei-Komponenten-Sätzen für den Empfang kurzperiodischer Ereignisse ausge­
stattet. In Berggießhübel arbeitet gegenwärtig 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 Verfahren (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 (ä = 17,2 km), zeigt im Zeitbereich bis ca. 5 s nach dem ersten Einsatz mehre­
re deutliche P-Wellen-Einsätze. Der erste Einsatz kann als Pg gedeutet werden.
Nach 5 s beginnen die ersten SV·-Wellen-Einsätze. Eine Zuordnung zu bestimmten Grenz­
flächen kann nicht vorgenommen werden. 

Bei der Auswerttmg der Sprengung Dorheim (BRD), registriert an der Station Moxa 
(� = 173,7 km), ist versucht worden, mehrere P- und SV-Einsätze bestimmten Krusten-

1) Zentralinstitut für 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 später ist ein stär­
kerer P-Wellen-Einsatz sichtbar, der der Welle PyP entspricht. An späteren Einsät­
zen lassen sich die Phasen Sn und SyS erkennen.

Die Analyse eines Japan-Erdbebens, registriert im Gebäude der Sektion Geowissen­
schaften der Bergakademie Freiberg(�= 78°), gibt Hinweise auf Manteldiskontinuitä­
ten. Der erste Einsatz auf dem Seismogramm entspricht der direkt gelaufenen P-Welle. 
Deutliche P-Impulse treten bei 10,0 und 13,8 s nach dem ersten Einsatz auf. Nach den 
Laufzeitkurven von JEFFREYS u. BULµEN [1] können diese Einsätze gut mit den tiefen 
Phasen pP und sP korreliert werden. DiJ1{,ei 20 und 26 s nach dem ersten Einsatz 
auftretenden SV-Einsätze könnten als Wechselwellen PS gedeutet werden und von 
Grenzflächen im oberen Mantel herrühren. 
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Zum Krustenbau im nördlichen Mitteleuropa 

von / 

E. HURTIG, R.-P. OESBERG, E. RITTER 1) G. GRliNTHAL und F. JACOBS 2)

Die Großgliederung der Erde in einzelne Lithosphärenplatten wird durch die geo­
graphische Verteilung der Gebiete mit hoher seismischer Aktivität bestimmt. 

Das Kriterium der Seismizität 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 nördlichen Mitteleuropa gelingt es, 
weitere Kriterien für eine Gliederung der Erdkruste nach dynamischen Gesichtspunkten 
auszusondern. 

Dynamisch aktive Zonen können charakterisiert sein durch 

1. erhöhte seismische Aktivität bei gleichzeitig erhöhtem Wärmefluß und vergrößerter
elektrischer Leitfähigkeit (dynamische Zonen 1. Ordnung);

2. positive Wärmeflußanomalien und gleichzeitig auftretende Maxima der normierten
Z-Komponente geoelektrömagnetischer 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 höhe­
rer Aktivität liegenden Krustenfelder sind sehr homogen aufgebaut, Hinweise auf eine 
dynamische Aktivität lassen sich nicht erkennen. 

1) Zentralinstitut für Physik der Erde der AdW der DDR, 15 Potsdam (DDR),
Telegrafenberg

2) Sektion Physik der Karl-Marx-Universität Leipzig, Fachbereich Geophysik,
?01 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 1)

377 

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 ß > 3000 km. The crustal structure of  the uppermost layer for the differ­
ent regions of the Caucasus is bej_r,,:; studied by short-period surface waves. The com­
parison of experimental and theorrtical phase velocity dispersions is given in Figs.
1 - 8.

In Figs. 1 and 2 the e:xperi.me1,t;al and theoretical data of LOVE and RAYLEIGH wave 
phase velocities have been compared, determined for the Dzhavakheti upland, i.e., 
within a quadrangle del-imited 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 Dzhavakneti upland region is H = 48 km. lt should be 
noted that the.same thic�ess was found for the eastern part of t�� Minor Caucasus. 
So it may be concluded that the stri,icturE3s of these r�gions exhibit a certain simi­
lar:j.ty. 

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 an d 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 Adzbaro-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 
pro.bably 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 end 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 8.I!d 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, berücksichtigt. Indem die Daten der seismischen 
Tiefensondierung des Schwarzen Meeres benutzt werden, wird ein Dreischichtmodell, 
das eine Sediment-, Granit- und Basaltschicht und den Halbraum enthält, gewählt. Die 
theoretischen Gruppengeschwindigkeitstabellen von SAVARENSKIY et al. (1965) [3] wer­
den zum Vergleich benutzt. Die empirischen Dispersionskurven für LOVE- und RAYLEIGH­
Wellen werden an die modifizierten theoretischen Kurven angepaßt, Eine befriedigende 
Übereinstimmung begründet 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 modal given in 
Table 1, 

1) Geophysical Institute, Bulg, Acad, Sciences, Sofia

2) Department of Physics, University of Sofia

. 1 
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Table 1 

Layer Long'itudinal vel. Transverse vel. Density POISS0N 

[km/s] [km/s] [g/cm3] ratio 

Sediments a
o 

= 4.0 bo = 2.0 eo 
= 2.2

Granite 81 = 6.0 b1 = 3.43 e1 = 2.7
= 0.25 

Basalt a
2 

= 6.8 b2 = 3.93 e2 = 2.9

Halfspace a3
= 8.1 ,b3 

= 4.74 e3 = 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 hc/H = 0.25, i.e. an approximately 7,5 km thick 
sed.imental layer. 
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Fig. 3 shows LOVE and RAYLEIGH wave dispersion curves for earthquakes No. ?, 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 hc/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 influence� 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 hc/H = 0.1. 

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 thicknes-ses 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 i t reaches an average thickness up to. 50 km, 

This mea.ns 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 m iddle 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 la;yers and the whole crust. 
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Einige Angaben über die örtlichen Unterschiede des Tiefenbaus 
aus seismischen Oberflächenwellen im Süden der UdSSR 

von 

s.A. KAPITANOVA und I.I. POPOV 1)

Zusammenfassung 

391 

Der Stand langperiodischer Beobachtungen im Süden des europäischen Teils der 
UdSSR und Mittel und Methoden der Beobachtung entlang von langen Wellenwegen werden 
behandelt. Es·wurden Phasengeschwindigkeiten langperiodischer Oberflächenwellen bis 
120 s entlang des Profils Kisinjov-Simferopol'--Soci-Tbilisi bestimmt. Weiterhin 
wurden Wellenzüge von Erdbeben mit Herden in Peru, Indonesien und im Pazifik, die 
sich auf demselben Großkreis wie die Beobachtungsstation befinden, beobachtet. Die 
Wellen breiteten sich in diesem Fall entlang des Profils in beiden Richtungen aus. 
Die experimentellen Dispersionskurven wurden zwecks Annäherung mit den theoretischen 
verglichen. Zur Bestimmung der Inhomogenität ist die Dispersion von Gruppengeschwin­
digkeiten der Oberflächenwellen 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 120s) 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 1nhomogeneity, the dispersion of the group velocities of surface waves 
along·paths crossing'the Black Sea in different azimuths has been investigated. 

Bekanntlich wird die Abhängigkeit der Geschwindigkeit c seismischer Oberflächen­
wellen von der Periode T durch den Schichtenbau der Erdkruste und des Erdmantels 
bestimmt. Die Unterschiede zwischen verschiedenen erhaltenen Dispersionskurven 
c:: c(T) werden durch die örtlichen Besonderheiten der Tiefengliederung hervorgeru­
fen. Das berechtigt dazu, an das Problem von der umgekehrten Ausgangsposition heran­
zugehen und es experimentell zu lösen, d.h. den Tiefenbau aus der Dispersion der 
Oberflächenwellen-Geschwindigkeit zu deuten. Dabei bieten die Wellenlängen 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 Möglichkeit, 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 Soci-Simferopol'-Kisinjov untersucht. Diese Trasse liegt auf einem Groß­
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 

Datum Herdzeit Region Epizentral- Magni- Herd-
Nr. koordinaten tude tiefe 

1. 21.1.1970 17h51min39S Pazifik, 7,0°N 104,3°W 6,1 23 km 
Pla.teau 
Albatros 

2. 27.7.1971 02ho2min4as Peru- 2,7°s 77,5°w 6,4 88 km 

Ekuador 

3. 4.5.1971 02ho4min33s Indone- 6,6°S 105,4°0 6,3 69 km 
sien 

4. 28.5.1972 01h55min28s Indone- 9,9°S 116,8°W 6,4 40 km 
sien 

5. 24.9.1972 20ho9min36S Indone- 6,0°S 131,4°W 6,6 
sien 

6. 16.3.1973 ooh51min45s Indone- 2,3°N 126,4°W 6,6 
sien 

Obwohl die Beobachtungen einer seismischen Station auf der Krim (Simferopol') für 
die Untersuchungen seismischer Oberflächenwellen 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] ausgerüsteter 
seismischer Stationen zu benutzen . Diese Apparatur ist u.a. an den Stationen Simfe­
ropol', Soci, Tbilisi, Kisinjov, die auf einem Großkreis liegen, vorhanden. Diese 
Stationen gehören einem vereinbarten europäischen Profil im Beobachtungssystem der 
langperiodischen seismischen Wellen an. Ihre Anordnung und der Großkreis sind in 

Abb. 1 dargestei1t. 

Betrachten wir nun die ersten Ergebnisse der gemeinsamen Interpretation von korre­
lierbaren Oberflächenwellenzügen, die an drei der genannten Stationen registriert 
worden sind. Als Ausgangsdaten dienen die Seismogramme der Vertikalseismographen 
SD-1 (Simferopol', Kisinjov) und SKD (Soci), 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, a

1
, 

a
2

, •.. , an+1; b1, b2, ••• , bn+1; densities e1, e
2
, ••• , en; layer thicknesses

h1, h2, ••• , h
0

, angle en+1 of wave emergence from the half-space (Earth's mantle)
and oscillation frequencies. 

When a monochromatic longitudinal wave with frequency w, vertical and horizontal 
components Wn+1(w) and Un+1(w) respectively (iridex n + 1 corresponds to the
half-space) approaches the crust bottom, then the oscillations W

0
(w) and U

0
(w) 

at the surface ·of the layered crust may be written as 

= 

= 

wn+1Cw)
W(ä, b, e, ii, en+1; w) -'i'---'--- , sin en+1 

Here a, o, e and n 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 iJfluence of all reflected and refracted P and SV 
waves. In (4) the expressions s(t) should be written for the monochromatic wave as 
s(t) = s(w) 

eiwt and then

(7) 

It is seen that the apparent angle of emergence, except for e
0

+1, will depend on the
structure of the layered crust and the frequency: 

W
0
(w) W(a, o, e, n, e

0
+1; w)

= = 

� U(ä, b, e, h, e
0

+1; w)
(8) tan e(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 (7) 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 W

0
(w) and· U

0
(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: 

00 

) ( ) iwtw(t) = .f W(a, o, e, n, e
0

+1; w S w e dw 
-oo 

(9) 
00 

w) S(w) eiwt dwu(t) = .f U(ä, '6' e, h, en+1; . 

-oo 

un+1<w) 
U(i. o. e. Ii. en+1 ; w) ---­

cos en+1 

U0 (w) = U(a. o. e • Ii. en+1 ; w) S(w) • 
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One finally gets the formulae for the oscillations recorded by seismographs. For this 
purpose, the complex frequency of the vertical and horizontal seismographs are de­
noted by Vz(w) and VH(w) reepectively and the seismogram records by Yz(t) and 
YH(t): 

00 

f"(t) 

= s Vz(w) 
-00 

(10) 
00 

YH(t) = J VH(w) 
-oo 

W(a, "6, (2 ' 

U(a, "6, (2, 

1i ) iwt , en+1; w) S(w e dw , 

Ji, en+1; w) S(w) eiwt dw .

The computations according to formulae (10) were-made by G.L. KOSAREV with the 
help of a BESM-6 computer. The initial data are the values s(t), ä, "6, e, n, en+1
and the seismograph parameters. First of all tbe question arose as to the choice 
of the true s(t) form of the oecillations 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]. 

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 (Ts = 30 s,
Tg =_100 s, D

8 
= 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, ¾ = ak --/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 obs�rved. 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 a8sumed

three�layered modal 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 previous 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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Für das Profil Simferopol'-Soci sind Wellen untersucht worden, die sich in ent­

gegengesetzter Richtung ausbreiten; so von Nordwest kommend bei den Erdbeben 1 und 3 

und von Südost bei den Erdbeben 5 und 6. Im Falle des Profils Simferopol'-Kisinjov 

konnten nur aus südöstlicher Richtung kommende Wellen (Erdbeben 2, 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 Berücksichtigung der Phasenverschiebung 

der Apparatur. Um die Streuung der experimentell bestimmten Geschwindigkeitswerte zu 

mindern, wurde die Methode des gleitenden Mittels über 5 Werte für die Glättung der 

Dispersionskurven verwendet. Das Vertrauensintervall für die Geschwindigkeiten be­

trug bei einem Zuverlässigkeitsniveau von 0,9 0,08 km/s. 

In Abb. 5 sind die Untersuchungsergebnisse hinsichtlich der Phasengeschwindig­

keitsdispersion von RAYLEIGH-Wellen für das Profil Simferopol'-Kisinjov und in Abb.6 

die im Profilabschnitt Simferopol'-Soci angegeben. Offene Kreise der experimentellev 

Dispersionskurve entsprechen der visuellen Phasenkorrelation, während schwarze EDV­

Daten darstellen. 
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Die Unterschiede der Geschwindigkeitsdispersion auf zwei ziemlich langen, sich 

aneinander anschließenden Abschnitten des Wellenweges weisen auf Differenzen der 

Profile Soci-Simferopol' (470 km) und Simferopol'-Kisinjov (460 km) hin. 

Die experimentellen Daten für die gefundene Dispersion der Phasengeschwindigkei­

ten von RAYLEIGH-Wellen werden in erster Näherung durch folgende theoretische Kurven 

erklärt: 

a) Für das Profil Simferopol'-Kisinjov gilt mit einer Durchschnittsdicke der Erd­

kruste von 40 km und einer Tiefe der Asthenosphäre von mehr als 100 km das Tiefen­

modell für Erdkruste und Mantel, wie es in [2] gegeben wurde.

b) Für das Profil Simferopol'-Soci kann das Modell der Alpenregion 10 SPLA-N50 mit

einer Durchschnittsdicke der Erdkruste von 50 km und einer Tiefe der Asthenosphä­

re von 80 km angenommen werden. Die theoretischen Näherungskurven 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 für den Tiefenbau und für 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 Europa 

by 

H. NEUNHÖFER and D. GÜTH 1)

Summary 

The phase velocity dispersion of relatively short period �YLEIGH 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. 

Zusammenfassung 

Für zwei Gebiete in Mitteleuropa und zwei Prof-ile über die Ostsee hinweg wird die 
Phasengeschwindigkeitsdispersion von relativ kurzperiodischen RAYLEIGH-Wellen unter­
sucht. Hieraus abgeleitete Modelle für 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. 'l'RYGGVASON ( 1961) [ 4] ; NOPONEN 
(1966) [2]; NEUNHÖFER 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 cratqnized 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). 

Further, the results of NOPONEN (1966) [2J are valid between the stations Nurmijärvi, 

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 investi.gating ray paths between 

Copenhagen (9) in the west and Nurmijärvi 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 oratonized during Prevariscan orogeny and can be explained by the modal 

J 028. 1!'urther, th� observed d.ispersion 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 modal for the Canadian 

Shield. 

c C: km/sec] 

4.,0 

3,5 

3,0 

+ Norlh of the GOR -··-.. J 028 

6 South of the GOR ---- J 027 

10 20 30 

• Finland ( Noponen) -·-· J035 

a Baltic Sea -·- J 038 

40 50 T C sec J 

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

Fig. 3 gives a comparison of the four modele, expl�ining 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 valjd 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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depth J027 

P'ig. 3. 

5.0 3.0 4.0 5.0 3.0 4.0 5.0 

J028 J038 

Oomparison of the models found for the 
investigated regions 

3.0 4.0 5.0 

ß [km/sec] 

J035 

P'inland, differ from the GDR modele 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 Fig. 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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Über die Anwendung der Matrizenmethode für die Erforschung 
und Berechnung von Oberflächenwellen und gedämpften Wellen 

von 

L.A. MOLOTKOV 1)

Zusammenfassung 

405 

Die Matrizenmethode, die in Arbeiten von THOMSON (1950) [11], MOLOTKOV (1961) [4], 
DUNKIN (1965) [1] und THROWER (1965) [12) vorgeschlagen wurde, wird für vertikale he­
terogene elastische Medien verallgemeinert. Für 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. 

PesroMe 

MaTpH'IIHHl1 MeTo,n, npe,IJ,JIOJK€HHHl1 TOMCOHoM ( 1950) [ 11] , MOJIOTKOBllM ( 1961 ) [ 4] , 
)lYHIOO-IoM '(1965) [1] H TPAY8PoM (1965) [4], oc5oc5ll(aeTCJI Ha BepTHKaJII,HO Heo,D;Hopo,D;HI:le 

ynpyrHe cpe,lU,!. ,UJifl BIIBO,IJ;a ,mrcnepCHOHHIDC ypaBHerum HaHOO�ee y,noc5Hm.m HBJIRIOTCff Ma­
Tp.tmhl 5-ro IlOp.H,D;Ka. IlOJIY1!8HHhle ,mrcnepCHOHHhle YIJaBH8HHff Il03BOJif!JOT HCC�e,IJ;OBaTD HH­

TepqiepeHIJ,HOHHhle BO�hl npH MaJrnX H 6o�mruc 'l!aCTOTax, a TaIOKe paCC'IIHTh!BaTD HX B 

c.7IY1Iae 6o�mruc qacToT. 

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 großen Anzahl vielfach reflektierter und an 
Schichtgrenzen gebrochener Wellen. Die Interferenzwellen gliedern sich in gedämpfte 
und ungedämpfte Wellen. 

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

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

4) Mathematisches Institut der Akademie der Wiss. der UdSSR, Leningrad
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davon ist, daß sich die Interferenzwellen nach dem Exponentengesetz abschwächen. Im 
Unterschied zu den RAYLEIGH- und LOVE-Wellen sind die gedämpften Wellen Raumwellen. 

Für die Untersuchung der beiden Typen von Interferenzwellen müssen Disper,sions­
gleichungen abgeleitet und gelöst werden. Die Dispersionsgleichung läßt sich wie

folgt darstellen: 

(1) Ll(k, 71) = 0 .

Dabei bedeuten k = 2 n/Ä die Wellenzahl, Ä die Wellenlänge, !Im 111 die Phasen­
geschwindigkeit und !Re 111 den Koeffizienten der Dämpfung. 

Die Ableitung der Dispersionsgleichung - das System (Abb, 1) besteht aus n homo­
genen elastischen Schichten 1 1 2, ••• , n und homogenen, elastischen Halbräumen 0 
und n + 1 - wird mit der Matrizenmethode durchgeführt, 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

0 

2 

n l n+1 z 

Abb .• 1 

Die �n der Gleichung 
de. Formeln bestimmt: 

2 -µ. .R,

-

e t 

(4) Ao =
(} 

2 
a 11 '

-e ß
2 

71 , 

-2 µ. g-,

(i = 1, 2, ••• , n) und die Halbräume O sowie 
-1n + 1 - A

0 
und ¾+1 beschrieben. Multipliziert

man die Matrizen in einer bestimmten Reihenfolge,
so erhält man eine neue: 

(2) 

Die linke Seite Ll(k, 11) der Dispersionsgleichung 
(1) wird durch die Elemente von D ausgedrückt.

Unter den verschiedenen Matrizenmethoden ist das
Verfahren, das in [5] vorgeschlagen wurde, das be� 
quemste, Dabei benutzt man 5 x 5 Matrizen und die 
Gleichung 

(3) Ll(k, 71) = 

in der d11 ein Element der Matrix. D �st. 

(3) benutzten Matrizen Ao' 
-1 An+1 und c1 werden durch folgen-

2 -µ, R, 2 -µ, T, 2 -µ. T, 4 µ,2 g 

-

e+, e+, -2e t 

-e a 112 , (} a T/ 
2 

t -e a T/
2 , 0 

(} ß 
2-

T/ ' (} ß 
2 

T/ ' -e ß r,2
, 

0 

-2 µ, g t 
-2 µ. g+, -2 µ, g+, 2 µ. f+ 
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(5) 

(6) 

- 2 
ß l, -e a r,2 , -µ ge 1 -µ R, e 

-

-µ 2 
R,

2 2 
1 -e ß 11 , · e a 11 , -µ g

A-1. 4 e 2 
aß 11 4 -e+, µ, 2 

T, ß l,
2 µ, g+ 

= e e a 11 ' 

C = 

+ 
-e , µ 2 

T, -e
2 

ß 11 , -e a 11 2
' µ g+ 

- 4 a ß, 8 µ 
2 a 

ß g, o, o, 2 µ, a 

011 01 2 
C1J C1 4 

015

0
21

0
22 

C
2J C

24 
025

1 
e2 

aß 114 
CJ1 CJ2 0JJ C

34 
0

35 

0
21

C
2J

0
24 

0
25

CJ 2 

C
35

C
43 

C
45

051

055

C
41 C

42 
C

43
C

44 
C

45

C51 C5 2 
C5 3 

C5 4 
C55

= -µ 2 [ (g 2 + 4 a
2 

ß
2) S

a 
s
ß 

- a ß(g2 + 4) ca 
c
ß 

+ 4 aß g) ,

= µ 4 [(g 4 
+ 16 a 2 

ß
2) S

a 
s
ß 

- 8 aß g 2(ca c
ß 

- 1))

2 2 [ 2 
] = -µ, e ß 11 g Sa 

s
ß 

- 4 aß s
ß 

ca ,

2 2 [ 2 ] = µ, e a 11 g s
ß 

ca - 4 aß S
a 

a
ß 

, 

= µ, 3 [(g 3 + 8 a
2 ß2) s

a 
s
ß 

- 2 aß g f+(ca cß - 1))

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

(1 + a
2 

ß
2) Sa 

s
ß 

+ 2 aß (1 - ca Cß) c 22 
= 011

-e ß 11 2 [sa c
ß 

- aß s
ß 

ca)

2 -e a 11 [Sa c
a 

- aß S
a 

c
ß

]

1 

1 

-µ, [(g2 + 2 a
2 

ß
2 ) Sa 

S
ß 

- aß f+(Oa C
ß 

- 1))

-c1 4' 0JJ = e 2 
aß 11 4 c c a ß 

C
34 

= 

-e µ, a 11 2 [g s
ß 

c
a 

- 2 aß Sa 
a
ß

] C
41 = 

-,l ß2 114 s s 
(% ß 

C
44

= CJJ' 

e µ, ß 11 2 [g s
a 

c
ß 

- 2 aß s
ß 

ca]

2 0 25 C5 2 
= 2 C15 ' C53 = - 2 c45 1 

0J1

-e 2 a 2 112 

-c23'

C5 4 
=

µ_2 [ 2 ci + 4 a 2 
ß

2) S
a 

s
ß 

- 8 aß g 0
(% 

cß + aß r+2]

= 

Sa 

C
42

- 2 
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ß f+ 

- c 24

s
ß'

= -C1J '

C35 1 

0 11 

c12 

C1J 

c14 

0 15 

e 
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In ihnen sind der Einfachheit halber die Indizes der Medien weggelassen,und es ist fol­
gendes vereinbart worden: 

R = g2 - 4 (X ß T = 
g2 + 4 (X ß 8 = 1 - ex ß ' e+ 

= 1 + ex ß 

g = g - 2 (X ß g+ 
= g + 2 ex ß g = 2 + b-2 

T/
2 f+ 

= g + 2 

(?) 

ex = ✓1 + a-2 T/
2 

ß --
�-2 T/

2 S
ex 

= sinh k h ex ' 

oex 
= cosh k h ex ' s

ß 
= sinh k h ß ' a

ß 
= cosh k h ß . 

Die Parameter hi' ei' Äi' µi' ai und bi bestimmen die Mächtigkeit und Dichte, die
LAD-Koeffizienten und Ausbreitungsgeschwindigkeiten von longitudinalen und trans­
versalen Wellen in der i-ten Schicht. 

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

(8) C = CD cn-1 C1 ' 

das ein System der n elastischen Schichten charakterisiert. In diesem Produkt wird 
der Grenzübergang n ➔ oo und hi ➔ 0 durchgeführt. Zu diesem Zweck schreiben wir 
für Ci der Schicht i zwei leicht überprüfbare Gleichungen 

(9) 

(10) 

= 

= E 

E ist eine Einheitsmatrix, und xi wird durch die Gleichung 

o, o, 
2 

-e TJ '  

o, o, -d,

(11) K = -c, -a . 2
- (l TJ o,

d, 2
e TJ ' o, 

o, _o, 2, 

darges_tell t, in der die Bezeichnungen 

(12) a = 4 MCÄ + y)
X + 2 µ b = 

X + 2 µ ' 

a + (1 T/
2' 0

c, 0 

o, -b

o, -1

2 b, 0 

C = 1 
X+ 2 µ ' d = 1 

µ 

verwendet werden und i der Kürze wegen weggelassen ist. Nach Integration der Ma­
trixdifferentialgleichung (9) mit den Anfangsbedingungen (10) erhält man die Formel 

= e khiKi

Setzt man (13) in (8) ein, entwickelt exp(k hi xi) in eine Reihe und faßt die Glie­
der mit gleichen Pot.enzen von k zusammen, so erhält 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 über. Dabei wird die heterogene elastische Schicht durch die Matrix 

d c1/d k hi 

C1/ 
hi=O 
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h h z1
(14) C = E + k J K(Z) dz + k2 J K(Z1) dz1 J K(z

2
) dz

2 
+ •••

0 0 0 
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charakterisiert. Die in (14) eingehende Matrix K wird durch die Formel (11) be­
stimmt, in der die LAME-Parameter t, µ und die Dichte e von der Koordinate z 
willkürlich abhängen. Zieht man in Betracht, daß die Parameter Ä(z),, µ(z) und e(z) 
in realen Medien nach oben und unten beschränkt sind, so läßt sich die reguläre Kon-· 
vergenz der Reihe (14) bei allen endlichen Wellenzahlen k und Frequenzen w =

= k !Im �I beweisen. 

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

(15) D = 

ist. Eine eingehende Diskussion der Disi:ersionsgleichungen für geschichtete heteroge­
ne Medien hat der Verfasser in [B] gegeben, In dieser Abhandlung werden die Dis­
persionsgleichungen entweder anhand des angegebenen Grenzübergangs oder durch An­

wendung der LAME-Gleichungen und des HOOKEschen Gesetzes für ein heterogenes Medium 
erhalten. 

Eine andere Verallgemeinerung der Ableitung der Dispersionsgleichungen mit der 
Matrixmethode wurde für Medien mit zylindrischen und sphärischen Grenzen und einer 
radialen Schichtung gegeben. Es wirden untersucht: 1. Wellen, die sich entlang der 
Achse einer zylindrischen Oberflä�he ausbreiten (Abb. 2), 2. azimutale zylindrische 
Wellen (Abb, 3) und 3, meridionale Wellen in sphärischen Schichten (Abb, 4). 

z z 

Abb. 2 Abb. 3 Abb. 4 

In allen drei Fällen hängt das Verschiebungsfeld von einer Koordinate nicht ab und 
enthält keine Komponenten entlang dieser Koordinate. 

Mit Hilfe der LAD-Gleichungen und des HOOKEschen Gesetzes wurden in [7] Matrix­
ausdrücke bestimmt, die heterogene zylindrische Schichten beschreiben. Diese Aus­
drücke werden in den drei betrachteten Fällen durch 

(16) 0 Ci) = E + 
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dargestellt, in 
(i) Matrizen K 

(17) K(1) =

(18) K(2) =

(19) 1((3) =

2 "6 - 5
k r 

o, 

-c, -(e

d, 

o, 

denen R
0 

und R1 der innere bzw. äußere Radius der Schicht sind, Die 
werden durch folgende Formeln beschrieben: 

b - 2 o, -<e r,2 + ä ), e 
r,2 + a, _ _ß._ 

7cr , 77 k r 

o, 
b 

-:- k r' -d, c, 0 

-Ce r,2 + ä), b + 1 o, -Ti-c,
-7cr,

d, r,2 a o, "b - 1 -1e + 
�·

Kr' k r 

o, � �. 2 , 2 b, 0 

� o, -<e r,2 + 
72), e r,2 n2 

ä n a +
�, -:-77k r k r 

o, 1 - b -d, c, 0 7cr,

r,2 
2 - b - 2 nb -c, -(e + n a 

) ·;
- 7cr, o, -1cr77 

d, r,2 a o, e +
�, k r 

0, 
2 n a-
�· k r 

o, -<e

1 - 2 1> 
k r ., 

r,2 + N a - 2 l:f) 2 2 ' 

e 

k r 

r,2 + 2 f
77' 

2 f -g 
2 1 

k r 

2 n 
k r' 

r,2 + 2 f 
),

77 
e 

-d,

2 0 + 3
k r

o, 

�. 

b n 
kr' - k r

2 n b 07cr• 

11
2 + N a - 2 µ, - �21 k2 r2 

c, 'O 

o, -�

2 b 
-#rkr' 

2 b -v'N 0 k r 

Darin sind f,  g und N durch 

(20) f = 2 µp Ä + 2 µ)
+ 2 µ 1 g 

= 2 A µ 
X + 2 µ 1 N = n(n + 1) 

bestimmt, und n ist die Winkelwellenzahl. Die Reihen (16) bis (19) , die die Ma­
trizen cCi) ausdrücken, konvergieren gleichmäßig, wenn Wellenzahl k, Schichtmäch­
tigkeit und Radien beidseitig beschränkt sind, Eine schnelle Konvergenz der Reihe 
(16) erfolgt für

- - t 

-- - ' 

--, 
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Die Matrizen (1?) bis (19) gehen in (11) über, die der Schicht mit ebenen Grenzen 
entspricht, wenn man n durch k r ersetzt und r ➔ oo wird. 

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

Die dritte Verallgemeinerung der Matrizenmethode betrifft flüssige und elasti­
sche Schichten. Die Dispersionsgleichung dafür (Abb. 1) ist auch durch die Formeln 
(1) bis (3) dargestellt. Die Matrizen c1, A

0 
und ��1, die die i-te Schicht und die

Halbräume O und n + 1 charakterisieren, werden durch folgende Gleichungen ausge­
drückt& 

"1 (Xi 
(22) Ci = 

1 
,,.,2 

ei «1 
e? ,,.,4 

l. 

r·. 
-«o

(23) Ao = 

,,.,2 ,,.,
2 

' eo ' (} 0 

„
2 cosh k hi «1

sinh k hi «i ,

-1
�+1 = 2 

' a? 
l. 

sinh k hi «1

"i (X. ,,.,2 

l. 
cosh -k hi «1

2 

«n+1 1 "n+1 T/ 

fln+1 «n+1 T/ -en+1 T/
2 

«n+1 

Die vertikale heterogene Schic1 .t wird durch die regelmäßig konvergierende Reihe 
(14) bestimmt, in die die Matrix

(24) x(z)' = 
1 

e(z) 11
2 

0 

eingeht. Die Dispersionsgleichung für eine heterogene flüssige Schicht, die von 
flüssigen homogenen Halbräumen umgeben ist, wird durch die Formeln (1), (3), (5),

(23) und (24) bestimmt. 

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

o, 0 

1, 0 

r· 
o, -1, o,

:11 (25)
kSL 

= o, 0 kr.s = 

o, 1 
1, o, o, o, 

o, 0 

·beschrieben. Diese Matrizen müssen an die betreffende Stelle im Produkt (2) gesetzt
werden. Die Dispersionsgleichu.ng ist nach wie vor durch die Formeln (1) und (3) be-

1 

stimmt.

Mit der Matrizenmethode läßt sich auch der Fall betrachten, daß zwischen elasti­
schen Medien ein gleitender Kontakt besteht. (Bei die�em sind Normalverschiebung 
und -spannung kontinuierlich, aber die Tangentialspannu.ng ist gleich 0.) Dieser Kon­
takt wird nach (6) durch 
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o, o, o, o, 0 
o, o, -1, o, 0

(26) K = o, o, o, o, 0 

1, o, o, o, 0 

o, o, o, o, 0 

beschrieben. Die Matrix (26) wird in das Produkt der Matrizen (2) eingeschlosaen, 
und für die Dispersionsgleichung gilt dieselbe Regel. 

Auf diese Weise lassen sich anhand der verallgemeinerten Matrizenmethode die 
Dispersionsgleichungen in allen angefilhrten Fällen aufstellen •. Für ihre Ableitung 
und Untersuchung könnte man die Matrizen 4 . und 6, Ordnung benutzen; am bequemsten 
sind jedoch die Gleichungen mit Matrizen 5, Ordnung, während die Verwendung von 
Matrizen 6, Ordnung irrational ist. Was diejenigen 4 , Ordnung betrifft, so eignen 
sie sich nicht für die B·eschreibung der Grenzen zwischen elastischen und flüssigen 
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 möglich, die imaginären und komplexen Wurzeln der erhaltenen Dispersions­
gleichungen zu errechnen. Dabei können dieselben Methoden, wie sie von MOLOTKOV und 
SMIRNOVA [10] angegeben wurden, benutzt werden, Das ist gegenwärtig die einzige 
Methode für die Berechnung der komplexen Wurzeln für heterogene elastische Medien, 
Diese Berechnung ergibt die Phasengeschwindigkeit und den Dämpfungskoeffizienten als 
Funktionen der Frequenz oder des Verhältnisses von Mächtigkeit und Wellenlänge, h/Ä, 

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

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

h 
J t;?(Z) dz -
0 

4 
h 

+ w J e(z1)
0 

(27) 
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S e(z) dz -
0 
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0 0 
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h z1
s 
0 

e(z1) dz1 J d(z2)
0 

z1 z2
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+
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Die Teilung der Grenzfrequenz in zwei Gruppen ergibt sich daraus, daß die Longitudi­
nal- und Transversalwellen unabhängig voneinander unter kleinen Winkeln reflektiert 
werden. 

Die Gleichungen (27) sind lediglich für die Berechnung kleiner Grenzfrequenzen 
bequem zu handhaben. Für große Grenzfrequenzen ist es ratsam, andere, adäquate Glei­
chungen zu benutzen: 

(28) 

= 0 , 

h '( ) d z1 '( ) d h z1 z2 dz 1 os z1 z1 crs z2 z2 ---=--:1__ 
+ 4 J o (z ) J os(z2) 

sin[w(J - J + J) �] + . . .  = 0.
o s 1 , o z1 z2 o 3 

Dabei ist 

(29) op(z) = e(z) a(z) , os(z) = e(z) b(z) 

Eine eingehende Analyse von (27) und (28) wird in [8] gegeben. Daraus folgt, daß 
bei ausreichend großen w auf den linken Seiten der Gleichungen (28) nur die ersten 
Glieder erhalten bleiben müssen. Die daraus folgenden Bedingungen liefern die ange­
näherten Formeln für die Grenzfrequenzen 

(30) =

h dz -1
1 n CS ä"('z"Y) 

0 

= 

h dz -1
1 n(J b(zj) 

0 

(1 = 1, 2, .•. ) • 

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

Auf Grund der Dispersionsgleichungen für heterogene elastische Medien wurde so­
mit untersucht: 1. die heterogene elastische Schicht auf einem homogenen Halbraum 
[6]; 2, eine heterogene zylindrische elastische Schicht, die sich in starrem oder 
nichtstarrem Kontakt mit dem homogenen elastischen Medium befindet [7], Diese Syste­
me mit homogenen Schichten sind schon früher in Arbeiten von KRAUKLIS und MOLOTKOV 
[2, J] untersucht worden. Als Ergebnis wurden eine niederfrequente Kop�welle von 
einer dünnen elastischen Schicht und Störungswellen untersucht, die sich in Bohr­
löchern bilden, Dem Verfasser ist es gelungen, die früher erhaltenen Ergebnisse für 
diese Wellen auch auf heterogene Schichten zu verallgemeinern. Er hat außerdem 
Dispersionsgleichungen für heterogene Schichten in anderer Form [9] ableiten kön­
nen, Diese Gleichungen gestatten es, auch Interferenzwellen hoher Frequenz zu unter­
suchen, 

h 1 h C1p(z1 ) h z1 dz 
sin[w J a~zz)] + .,.,. J --'--- dz1 sin[w(J - J ) ~z2 ] + 

0 ~ 0 C1p(Z1) Z · 0 a~~2J 
1 
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Summary 

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 1)

415 

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 über eine Untersuchung des Zusammenhanges zwischen Frequenz und Emergenz­
winkel seismischer Raumwel�en berichtet. Horizontal- und Vertikalkomponente der 
Schwingungen der Oberfläche einer geschichteten Kruste werden für beliebig einfallen­
de P-Wellen bestimmt. Die Berechnungen wurden für verschieden lange Wellenpakete 
durchgeführt, wobei auch die Seismographencharakteristik berücksichtigt wurde, Die 
Übereinstimmung 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 w

0
(t) and horizontal u

0
(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: 

(1) tan e = �tf�
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 w

0
(t) and 

u
0

(t) at the surface are determined by the components w(t) and u(t) in the longi­
tudinal wave emerging to the surfac� and by the reflection coefficient, which in this 
case depends on the true angle of �pproach, 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 

(2) = WC b) � e' a, sin e ' = ( ) � U e, a, b cos e • 

Here W and U are the operators of transformation, for the half-space they result 
as 

2 cos2 e a2 

2 cos e ✓a2 
- cos2 e

- :-2 � W(e, b) b U(e, b) a, = 

D 
a, = 

D 

(3) 
a2 

D = (cos2 2 e' + 4 cos4 e' tan e tan e'), cos e' b cos 
b2 

= 

2 sin e a 

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 

(5) tane =

2 
2 cos2 e - �

b 

✓a2 2 
2 cos e :-2 - cos e 

b 

e 

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 wa�es arising 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 of 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. 3, Seismogrammausschnitte des Erdbebens Nr. 6 (16,3,1973) 
von den seismischen Stationen Simferop_ol' und Kisinjov 
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Abb, 4. Seismogrammausschnitt des Erdbebens Nr. 1 (21.1.1970) 
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damped sinusoids of different periods T. a) T = 8 s, b) T = 20 s, 
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0bserved (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 0bninsk station. The model of 
the crustal structure under 0bninsk was used for computation. 

of the used mantle model. The velocities of longitudinal waves were assumed in 
accordance with the P0ISS0N hypothesis. The densities were calculated by the formula 
ek = 0,768 + 0,328 ak 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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with an inhomogeneous mantle. Crustal parameters and that of initial 
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lt may be pointed out in conclusion that the present paper is of interest for the 
choice of sites of seismic observatories. lt allows to compute the oscillations at 

the surface for any gi ven 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. lt is of particular significance to carry out such prelim­
inary estimations in regions to locate for future arrays. 
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Possibilities of Identification and Characterization of Discontinuities 
by Seismic Surface Waves 

by 

PETER MALISCHEWSKY and HORST NEUNHÖFER1) 

Summary 

423 

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 systern 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 Oberflächenwellen in geschichteten elasti­
schen Medien mit lateralen Störungen au� der Basis einer Methode von ALSOP untersucht. 
Die RAYLEIGH- und LOVE-Wellen werden dabei zu einem einheitlichen Eigenfunktions­
system zusammengefaßt und ihre wechselseitige Umwandlung ineinander zugelassen. Für 
eine. vertikale Diskontinuität werden die Reflexions- und Transmissionskoeffizienten 
der Oberflächenwellen genähert berechnet. Sie können zur Identifizierung von Dis­
kontinuitäten mittels seismischer Oberflächenwellen benutzt werden. Aus dem Ansatz 
von KNOPOFF und MAL über die Phasengeschwindigkeit von Oberflächenwellen entlang 
einem Profil quer zur Diskontinuität ist eine Methode zur Lokalisierung der Diskon­
tinuität ableitbar. Aus der Frequenzabhängigkeit der Reflexions- und Transmissions­
koeffizienten kann man Informationen über den Kontrast der elastischen Parameter an 
der Diskontinuität erhalten. Auf dieser Basis können auch geneigte Diskontinuitäten 
behandelt werden. 

1 ) 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 propage.tion of seismic surface 

waves becomes an important subject of seismology if the fine structure of the Earth's 

crust and m antle is to be studied. 1rhe investigation of discontinuities has two as­

pects: the determination of the influence of surface waves on a well-known discon­

tinuity 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 RAYLEIGH to LOVE

waves and vice versa, is conceivable.

waves. 

( 1) reflected waves

-- --- --- --- --- --

X 

X X 

X X 

X 

X X 

X X 

-(2) 

X 

X 

X 

Fig. 1. The layered half-space with vertical discontinuity 
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An exact solution for the transmission of surface waves at vertical discontinuities 
is unobtaillable 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
axy 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 including 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 µ, Ä and the density e. In the real Earth the material para­
meters depend Oll the space co-ordinates. As a model of the Earth we consider an 
elastic half-space, which is bounf.ed by the plane x

3 
= O. The dependence Oll x

3 
rep­

resellts the horizontal stratific��ion, but the lateral variations are expressed by 
the dependence on x1 (we neglect a dependence upon x

2
). We start from

( 1) µ = = e = 

The equation of motion of the elastic material 

(2) 1 µ �u + (µ + l) grad div u 
.. 

= e u , u =

produces, together with the boundary conditions, 

(4) u 

= 0 

= 0 

for 

for 

= 0 

= 00 

the discrete eigenfunctions of the layered elastic half-space, namely the surface 
waves. Here u is the displacement vector and x

3 
u is used for the components

a13
, a23

, a
33

of the stress tensor. On the understandig of harmonic time-dependence 
with the angular frequency w the eigenfunctions, which correspond to plane waves, 
are 

(5) 
a 

u =

a a 

i(k1x1+k2x2-wt)
e � 

a 

t: wave number vector, 

a: 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, (1) : RAYLEIGH modes for model 1 <X = ••• ' 11 t 

<X = 14(1) + 1, . . .  ' 
N(1) LOVE modes for model 'l 

(6) 
(2)1, . RAYLEIGH modes for model 2<X = ••• ' M . t 

M(2) + 1, (2) LOVE modes for model 2 <X = •• •' N : .

The surface waves (5) satisfy an orthonormality relation 

iwj <X ß ß <X 

(7) (U :r1 U* - U* :r1 U) dxJ 
= 6

aß
; k2 = const 

<X 
4n O 

1 

a = 1, .•• , N , 

<X 
where n1
:r1 u are

<X 
tion k

2 
=

is the x1-component of the unit vector in the direction of propagation and
the components 011, 012, 013 of the stress tensor. The additional condi-

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

(8) = = 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: 

= o(k-k'), 

k
2 

= const k: continuous "mode index" • 

Now let us consider a layered elastic half-space with a vertical discontinuity 
x1 = O. The boundary conditions require continuity of displacements and of certain 
stress components on the surface of discontinuity. The resulting diS.,Placement 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: 

(10) 

N(1) 
uC1) + E a �(1). + S a(y) uC1)(-y) dy

cx=1 <X 

= 

= 

= 

= 

for = 0 • 

a 

N(1) 
X1 u< 1 ) + E a X ~< 1 ). + f a(y) X1 u<1 )(- y) dy 

a=1 a 1 

N( 2 ) a 
E b X u< 2) + s b(y) X1 u< 2)(y) dy + 6 

a=1 a 1 
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The expansion coefficients a
a 

and a(y), respectively, are generalized reflection 
coefficients and ba and b(y), respectively, are generalized transmission coeffi-

~ ~ 

42? 

cients. The terms U and 6, 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 condi tions 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 

(11) F = 
00~ ~ 

J 6 6* dx
3 0 

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

(12) = a = 1, •.. , N(2) . 

First of all the bod.y wave terms were neglected and under the assumption 

~ ~ 

the terms c0ntaining U and 6, to ,. By applying the orthonormality relation both of 
the boundary conditions are conv0cted with each other and from (11) and (12) we 
obtain 

( 1'+) F = 

Now we minimize F by a suitable choice of the aa. 
condition for the existence of a minimum of F are the 

(15) = 0 ' 
. ( 1) 

a = 1, ••• , N • 

A necessary and sufficient 
N(1) equations 

From (15) we have the aa and with (12) the ba. 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 

(16) PEUF = (1 

representing the percentage of surface wave energy, which is convert.ed i:1-to other 
kinds of waves by the interaction with the discontinuity, Here n1 is the x1-compo­
nent of the unit vector in the direction of propagation of the incident and analo-

gously ��1) for the reflected and ��2) for the transmitted waves. It is suffi­
cient but not necessary for an exact solution that PEUF is small enough, First 
model calculations showed that PEUF is greater for oblique than for perpendicular 

. incidence (see Table 1). 
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'fäble 1. Results from model calculations 

Model 1 Model 2 'P 0 
a1 b1 PEUF 

Vp [km/sec] 2.36 4.0 00 - O, 331 0.929 2,81 

vs [km/sec] 1.37 2.31 30° - 0.17 1.139 13,42 

e [ g/cm3] 1.22 2.0 

vp and vs: velocities of longitudinal and transverse waves, resp.
a1 and b1: reflection and transmission coefficients, resp.

% 

% 

The reflection and transmission coefficients are real and therefore at a vertical 
discontinuity only phase shifts of O or n 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 correspondine phase shifts of surface waves at curved dis­
continuities can be different from O or n (see [5]). 

The reflection and transmission coefficients must be known for the second problem, 
namelYt 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 

X 

(17) F(x) = A exp (i J k(v) dv) (T + R) ,
-a

where A is 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)

431 

The concept of inhomogeneous plane waves, which is quite common in electromagnetic 
(but not in aeismic) literature, ia reviewed, Examplea 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 repreaentation 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 nu.mber of points. Here the ray picture breaks down and diffractive effects 
occur. Our assu.mption 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 möde surface waves. 

To date our main effort has concerned the transmission of LOVE waves 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 wbich is an 
approximation of the crust.al and upper mantle structure of this area. lt is impos­
sible to obtain an agreement with the trend of the transmission coefficients as a 
function of period with any model which does not include a low-velocity layer in 
the mantle. 

The material discussed in this paper is con�ained in two articles to be published 
in the Bulletin of the Seismological Society of America: "Reflection and Transmis­
sion of Inhomogeneous Waves wi th Particular Application t;o Rayleigh Waves" by 
L,E, ALSOP, A,S, GOODMAN, and S, GREGERSEN and "Amplitudes of Horizontally Refracted 

. . 

Love Waves" by S. GREGERSEN and L.E. ALSOP, and also in the Ph,D. Dissertation of 
S. GREGERSEl'l accepted by the Columbia University, New York, N.Y.

1) 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)

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 residuale 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 residuale are in good 
agreement. It seems more probable that the observed magnitude residuals are caused

by differences in derivatives of th,. gro4p 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 routinemäßige Bestimmung von Erdbebenmagnitµden aus Oberflächenwellen hat ge­
zeigt. daß für jede Station gewisse Herdgebiete existieren, für die die Magnituden 
systematisch größer bzw. niedriger bestimmt werden als im Mittel der Daten des 
UdSSR-Netzes, Es werden zwei mögliche Erklärungen betrachtet: die geometrische 
Streuung von Oberflächenwellen infolge lateraler Refraktion bzw. Unterschiede in der 
Gruppengeschwindigkeitsdispersion entlang des Wellenweges. Berechnungen von Magnitu­
denresiduen, die durch laterale Refraktion verursacht werden, zeigen, daß die theore­
tischen Werte im allgemeinen um eine Gr.ößenordnung geringer als die beobachteten 
sind, obwohl die Vorzeichen gut übereinstimmen, Es dürfte wahrscheinlicher sein, daß 
die beobachteten Magnitudenresiduen durch Unterschiede in den Ableitungen der Grup­
pengeschwindigkeiten für verschiedene Wellenwege hervorgerufen werden. Das erlaubt 
die·Schlußfolgerung, daß die Genauigkeit der Magnitudenbestimmung verbessert werden 
kann, wenn die Gruppengeschwindigkeitsdispersion in Betracht gezogen wird. 

1) Seismostation Pulkova, Leningrad M-14O
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1, Introduction 

Surface wave magnitudes M
8 

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 residuale LlMs = M
8 

- Ms were determined at 7 stations (5 in the

USSR and 2 in the Antarctic) for a large number of earthquakes occurred in different 

regions. Here M
s 

is the mean value of the surface wave magnitude reported in the 

Operative Seismological Bulletin of the Institute of Physics of the Earth; M
8 

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 rnean 

residuals for different focal regions: The regional residuale 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 M
8 

at the stations Heia, Tiksi, Iultin, whereas for earthquakes 

from the trans-Asian zone lower values of M
8 

were measured at the stations Hei9, 
Sverdlovsk, Novolazarevskaya and higher values at Iultin, Tiksi, Pulkovo. rhus, 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. 
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The lateral velocity variations affect tbe 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 tbese 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) Tbe phase velocity of the surface waves, v, is a continuous, twice differentiable
function of tbe angular co-ordinates e and l; b) the propagation of the surface 
waves is gov rned 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 9 and l of a "ray" and the azimuth a: of the 
r y in every point by solving the following system of linear differential equations: 

d0
do

da 
(1 

dU 

(1) av 
ao 

= - cos a:' 

= sin a: 
eine ' 

= 

= 

= 

1 [av con a: av] cot e si:n a: -,; ae 
s� n a + 

srr:-e äX ,

W sin et ·- 1 cos cz [�-'.!· sin a: + � av]
V l8 S1ll 0 cM 

W. cos a u sin � cos e + � 1 [a� u + � v] ,siri'"ä - ---· '.) -- sin 6 V äe 011. 
sin'- (; 

aw 
ro 

= ( cot e cos a - � � cos a: + � =�� � *) W + ic� u + � V) cot e ain 1t -

(sin a: cos a: cos e av) U 1 a2v 1 a2v 
v äX sin2 0 - - ae2 

u sin a: - v al2 V

1 a2v 
- v ae a"l (V sin a: + u *!!. �)

with the boundary conditions 

r•=O 

= eo ' llo=O = lo ' alo=O = 
tto ' ulo=O = Vlo=O

(2) 

Nlo=O = 1 ' 

wbere 

u
d8

V 
<U 

w 
da: = 

a:;:;-,
= 

a:;;-, ·- da:o0 0 

= 0 '

e
0

, a
0 

are the co-ordinates of the source; a:
0 

denotes the azimuth of the ray at 
the source. The geometrical spreading ds/da:

0 
is e:xpressed through U and V: 

= R ✓u
2 + v

2 sin2 8, 
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where R is the Earth's radius, For the apherically aymmetrical model of the Earth 

ds/da
0 

= Rain ß

where � ia the epicentral distance, So the magnitude residual Aue to the var�a­
tions of the geometrical apreading or to the apherically aymmetrical modal of the 
Earth, reapectively, ia determined by the expreaaion 

(3) = ; lg ain ß

✓u2 + v2 ain2 0

To calculate the residuale �M
8 

at a given station for different focal regiona

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-ordinatea of 
the given atation were taken aa the co-ordinates of a source 0

0
, i

0
, and for diffe­

rent values of a
0 

the rays and the residuale .!lll
8 

a1ong auch rays ware computed. 
T�is allows to obtain the distribution of the residuale dM

8 
over the Earth's sur­

face for every station, 

For computation a model of the phase velocity distribution v(e,i) corresponding 
to the period T = 20 s was taken (Fig, 1), To construct this modal 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(e,i) twice differentiable we represented it in terma of a truncated series 
of spherical functions, lt was foun� that the absolute values of the theoretical 
residuale are minor to the observed ones approximately by an order of magnitude(the 
absolute values of the observed residuale 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 aigns are represented for the 
stations Iultin and Novolazarevskaya; for comparison, the values of the observed 
residuale are shown as well. Though some discrepancies exist, they are not signifi­
cant, For example, many negative residuale 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(e,i) 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 coroputation is smooth enough; in reality, the 
velocity changes more sharply at the ocea continent boundaries. This may suggest 
that the relatively small values of the theoretical residuale L1M result from the 
smoothness of the function v(9,l). But ·the calculations of ßM

8 
for tho functions 

v(8,l) differing in smoothness have not confirmed this suggestion, - So the lateral 
refraction may explain the amplitud anomalies in part, but it is not the main cause 
of these anomalies. 

n-

8 

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

The amplitude of
_

t�raed surface wave is inversely proportional to

-y'(dc/dw) (or to {/ d2c/dw2 in the AIRY phase), where c is 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 a,nomalies was estimated as follows, 
From observations of a given station 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 

(4) = 1 (dc/dw)(2)

� 
log 

(dc/dw)(1) 

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 d2c/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 �Ms

= -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 residuale, 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 
the 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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through a continent, and the negative residuals to regions for which the path between 

source and station is mainly ocea.nic. Fig. 2 a, b shows that just the same distribu­

tion of the observed magnitude resi.duals 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, lt follows that for deter­

mining magnitude corrections the dispersion over the path between the source and the 

station must be taken into account, For �xample, this may be realized by taking into 

consideration the duration of oscillations on surface wave records. 

,c 
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J( 
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Der Einfluß der Anisotropie elastischer Eigenschaften polykristalliner Medien 

auf die Geschwindigkeitsgrößen seismischer Oberflächenwellen 

von 

J .M. CHES NOKOV 1) 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, für LOVE-Wellen festgestellt. Dieser Unterschied kann durch Anisotropie elasti­

scher Eigenschaften der Erdrinde und des oberen Mantels erklärt werden. In der vor­

liegenden Arbeit wird eine Methode zur Berechnung von Dispersionskurven seismischer 

Oberflächenwellen für 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 für einige Spezialfälle hergeleitet: für eine isotrope (aniso­

trope) Schicht auf einem anisotron�n (isotropen) Halbraum. Die für die angegebenen 

Modelle durchgefiihrten Berechnunfen ergaben, daß ein bedeutender Einfluß der Aniso­

·i;ropie auf die Geschwindigkei tsc:rößen der seismischen Oberflächenwellen 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 

parame�ers 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 

bave been deduced for some cases: isotropic (anisotropic) layers on an anisotropic 

(isotropic) balf-space. The computat�ons carried out for these models show an impor­

tant influence of the elastic anisotropy on seismic LOVE waves. 

1) Institut für Physik der Erde der AdW der UdSSR, Moskau, Bolsaja Gruzinskaja 10

2) Zentralinstitut für Physik der Erde der AdW der DDR, 15 Potsdam (DDR)
7 

Telegrafenberg
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1. Einführung und Problemstellung

In letzter Zeit wurden von einigen Autoren Ergebnisse experimenteller Arbeiten 
veröffentlicht, die das allgemeine Interesse am Problem der Anisotropie elastischer 
Eigenschaften im Aufbau der Erdkruste und des oberen Mantels sprunghaft ansteigen· 
ließen, Dazu gehören in erster Linie Abweichungen bei der Schichtdickebestimmung zwi­
schen den Werten für seismische Oberflächenwellen des LOVE- und RAYLEIGH-Typs. So er­
hielt McEVILLY [8] im Jahre 1964 bei der Erklärung der experimentellen Abhängigkeit 
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 $chichtdicke nach LOVE-Wellen bis zu 5 %, Ähnliche Resultate zeigten Untersuchun­
gen zur Strukturbestimmung von Erdrinde und oberem Mantel, durchgeführt von KAMINUMA 
1966 [7] in Japan und PESKOV 1969 [9] in Mittelasien, sowie die von BHATTACHARYA [4] 
im Jahre 1972 veröffentlichte Arbeit über 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 Elastizitätsmerkmale des betrachteten Mediums erklärt. 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 Oberflächenwellen. Die vorliegende Arbeit bringt 
einen Vergleich theoretischer Dispersionskurven von LOVE-Wellen für anisotrope und 
isotrope Modelle der Erdkruste und des Erdmantels. 

/ 

2. Berechnungsmethode

Die klassische Methode zur Herleitung der Disp�rsionsgleichungen für LOVEsche und 
RAYLEIGHsche Oberflächenwellen 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. Außerdem schlug derselbe Autor in
anderen Arbeiten [1, 3] eine Variante zur Betrachtung RAYLEIGHscher Oberflächenwellen
vor. CRAMPIN [5] setzte diesen Beginn logisch in seiner 1970 veröffentlichten Arbeit
fort, indem er das klassische HASKELLsche Verfahren auf mehrschichtige, dem ortho­
rhombischen Symmetrietyp angehörende Medien erweiterte.

Unter Ausnutzung grundlegender Ergebnisse ANDERSONs [2] sind in der vorliegenden 
Arbeit einige Dispersionsbeziehungen für LOVE-Wellen in konkreten Modellen hergelei­
tet. Sie wurden für die Fälle einer isotropen (transversal-isotropen), auf einem 
transversal-isotropen (isotropen) Halbraum li,genden Schicht in Form transzendenter 
Gleichungen der Art 

(1) F (d1, g1, g2, cij' ckl' cL' T) = 0

erhalten, in denen d1 die Schichtdicke, g1 und e2 die Dichte der Schicht und
des Halbraums, cij und ckl die El�stizitätsmoduln von Schicht bzw. Halbraum,
cL 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

Für die Berechnung theoretischer Dispersionskurven der LOVE-Wellen in zweischich­

tigen Modellen von Erdkruste und oberem Mantel benutzen wir in Arbeiten CHESNOKOVs 

[10, 11, 12] veröffentlichte Daten sowie die unter (1) zusammengefaßten Dispersions­

gleichungen. Die angeführten Veröffentlichungen enthalten neben einer·Beschreibung 

möglicher 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 gebräuchlichen Annahme ausgegangen, daß das Grundmineral des oberen Mantels 

Olivin ist, Wenn für alle Kristalle des Olivins eine der Achsen längs einer bestimm­

ten Richtung, die übrigen zwei aber beliebig in der zu ihr senkrechten Fläche 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 richtungsmäßig überein. 

Unter Einbeziehung bekannter geochemischer Vorstellungen wurden folgende 4 Modelle 

des oberen Erdmantels zusammengestelit, die sich nach Olivinanteil (Modelle I, II, 

III, IV) und jeweils in bestimmter Richtung orientierter Kristallachse (a, b, c) un-­

terscheiden (Tab. 1). 

Tabelle 1 

Nr. dls Modell bezeichr,-. ng · Olivin- Enstatit- Diopsid- Orien-
Modelld anteil anteil anteil tierungs-

[%] [%] [%] richtung 

I Mittleres oz aniuches 60,9 24,1 15,0 a, b 

Lherzolith 

II Mittleres ozeanisches 70,7 19,2 10, 1 a, b 

Harzburgit 

III 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 

e1 = 2,8 g/cm3, der Dicke d1 = 20 km und1 der Transversalwellengeschwindigkeit

v
8 

= 3,92 km/s, die auf einem anisotropen Halbraum mit der Dichte e
2 

= 3,3 g/cm3 

liegt. In Abb. 1a,b ist die Abhängigkeit des Dispersionskurvenverlaufs cL = f(T)

vom Anisotropiekoeffizienten a
s 

nach_ S-Wellen für verschiedene Modelle dargestellt,

Die Symmetrieachse ist dabei senkrecht nach unten gerichtet. Es ist zu sehen, daß 

der Anisotropieeinfluß für alle Modelle recht bedeutend ist. Wir können folgende Ge­

setzmäßigkeiten erkennen: 

a) Für die Modelle, die durch eine Verringerung der SH�Wellen-Geschwindigkeit mit

steigendem Anisotropiekoef_fizienten a
s 

charakterisiert sind, also Ia und IIa,

vermindert sich die Phasengeschwindigkeit der LOVE-Welle ebenfalls bei wachsen­

dem a
s

.

e 
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Abb. 1 a 

Abb. 1 a,b. Theoretische Dispersionskurven cL = f(T) für LOVE-Wellen im Falle

einer isotropen Schicht auf anisotropem Halbraum in Abhängigkeit 
vom .Anisotropiekoeffizienten as nach S-Wellen für verschiedene

Modelle des oberen Mantels. Die Ziffern I, II, III and IV bezeich­
nen die Modellnummern, die Buchstaben a, b und c die jeweils vor­
rangig orientierte Kristallacbse. Analoge Bezeichnungen sind für 
Abb. 2 - 6 beibehalten, 
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b) Die Modelle Ib, IIb, IIIc und IVc, durch umgekehrte Abhängigkeit der Geschwindig­
keit vsH von as gekennzeichnet, unterscheiden sich durch ein Ansteigen von
cL mit höher werdendem as. Dabei ist zu beachten, daß diese Modelle die von
KAMINUMA [7) eingefiihrte Bedingung zur Erklärung des Unterschiedes zwischen
theoretischen und experimentellen Dispersionskurven, nämlich vSH > vSV' erfüllen
und sich in Ubereinstimmung mit den von ihm [7] und McEVILLY [BJ gefundenen expe­
rimentellen Werten befinden.

In Abb. 2 ist die Abhängigkeit des Anisotropiekoeffizienten aL der LOVE-Wellen,
errechnet nach der Beziehung 

(2) = 

C - C Lmax Lmin • 100 % ,

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

a) Im betrachteten Fall ist der Anisotropieeinfluß maximal für hohe Perioden
(T = 150 - 200 s). a

L 
nimmt dabei mit fallenden T-Werten ab.

b) Die maximale Größe von a
L 

für die Modelle Ia und IIa erklärt sich dadurch, daß
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 für den Fall einer
anisotropen Schicht auf einem isotropen Halbraum (vs= 6,7 km/s). Bei gleichem quali­
tativem Verhalten wie im ·ersten Fall erweist sich hier der Anisotropieeinfluß als 
maximal für niedrige Perioden (T ~ 10 - 30 s). 

In Abb. 5 sind die Abhängigkeiten aL = f(T) für beide oben behandelte Varianten
am Beispiel des Modells IVc gegenübergestellt. Dabei erweist sich, daß bis zu 
T f 70 s ein bedeutender Einfluß der anisotropen Schicht vorliegt, der nach Uber­
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 cL in Abhängigkeit von der Ausbreitungsrichtung 9 der LOVE­
Welle, die sich hier in der Anisotropiefläche 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 VSH' VSV = f(0) wurden den errechneten.Kurven CL= f(S) für verschiede­
ne Perioden (T = 50, 100, 150, 200) sowie der dem isotropen Fall entsprechenden Ge­
raden bei T = 200 s gegenübergestellt (isotrope Schicht auf anisotropem Halbraum). 
Folgende dharakteristische Besonderheiten sind dabei herauszustellen: 

a) Der Charakter der Abhängigkeit cL = f(S) entspricht für alle Modelle der Ände­
rung der SH-Wellen-Geschwindigkeit mit dem Azimut.

b) Mit fallender Periode T werden die Kurven
was auf ein Absinken des Einflusses von e

cL = f(S) immer mehr ausgerichtet,
bei niedrigen Perioden hindeutet. 

c) die "isotrope" Gerade verläuft für die Modelle Ia und IIa im gesamten Intervall
O i a � 90° höher als die dem anisotropen Fall bei derselben Periode (T = 200 s)
entsprechende Kurve, d.h., für alle a ist die LOVEsche Phasengeschwindigkeit
geringer als im isotropen Fall.

CL. 
min 
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d) Für die Modelle Ib, IIb, IIIc, IVc liegt die Phasengeschwindigkeit der LOVE-Welle
im Azimutbereich zwischen O und 45° höher als die entsprechenden isotropen Werte.
Daraus und aus c) folgt, daß die experimentellen Daten KAMINUMAs [7] und McEVILLYs

[8] nur durch die Modelle Ib, IIb, IIIc und IVc für Azimute zwischen O und 45° zu
erklären sind.

4. Schlußbemerkungen

Alle hier herausgearbeiteten Besonderheiten können als Charakteristika eines 

transversal-isotropen Mediums angesehen werden. Außerdem erscheinen sie nützlich für 
eine mögliche Gegenüberstellung beobachteter Werte mit verschiedenen Modellen des 
Aufbaus von Erdkruste und oberem Mantel. 

Es bleibt zu hoffen, daß es mit weiterer Vertiefung unseres Wissens über 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 Oberflächenwellen eine 
Antwort zu finden. 
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Der Einfluß von elastischer Anisotropie des Mediqms auf den 
Emergenzwinkel der seismischen Wellen 

von 

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

Zusammenfassung 

45? 

In der vorliegenden Arbeit wird die Formel für 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 für einen transver­
sal-isotropen oberen Erdmantel errechnet wurden. Es werden die �rrechneten Kurven 
für verschiedene Modelle des transversal-isotropen Halbraums dargestellt, wobei für 
die Modelle des oberen Mantels unter Ozeanen ein größerer Einfluß der Anisotropie 
auf den Emergenzwinkel charakteristisch ist. Im Falle einer geneigten Symmetrieachse 
des Mediums wurde eine reflektierte inhomogene P-Welle gefunden. Für den Fall der 
Lagerung einer isotropen Schicht auf dem transversal-isotropen Halbraum wurde eine 
Azimutabhängigkeit des Emergenzwinkels errechnet und mit aus Experimenten errechne­
ten Kurven verglichen, 

Summary 

In the present paper the formula for the seismic emergence angle in tbe 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.

1) Institut für Physik der Erde der AdW der UdSSR, Moskau, Bolsaja Gruzinskaja 10
2) Zentralinstitut für Physik der Erde der AdW der DDR, 15 Potsdam (DDR),

Telegrafenberg 
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1. Einleitung und Problemstellung

Für die Lösung der vor der Seismologie stehenden Aufgaben ist es wichtig zu wis­
•sen, wie sich Abweichungen vo n der Homogenität und Isotropie des Mediums auf das 
seismische Wellenbild und die zu messenden Wellenparameter auswirken. 

In den letzten Jahren rückte 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 Körpern wurde 
dargelegt in Arbeiten von HELBIG [10], MUSG:AAVE [17] und FEDOROV [6], die der Re­
flexionsgeset.ze 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 =(vl l-v1)/v1•100% )
bis 40 % festgestellt. Bei Untersuchungen von Gesteinen beobachtete man ebenfalls 
elastisch anisotropes Verhalten (GIESEL [7]; BABUSKA [2]; VERMA [24] ). Entsprechen­
de Ergebnisse für 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]).Für 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 dei Struk�ur der Erde. Nach ihm wurde dieses Verfahren ver­
bessert und verallgemeinert (SAVARENSKIJ [21]; MEREU [15]; AFANASEVA u. BULIN [1]). 
Dabei stellte man fest, daß der Emergenzwinkel recht empfindlich bezüglich Inhomo­
genitäten ist. Daraus leitet sich die Frage ab, in welcher Weise sich die Anisot·ro­
pie des Mediums auf den Emergenzwinkel der ebenen seismischen Welle auswirkt. 

2. Lösung und Resultate für einen transversal-isotropen Halbraum

Betrachten wir einen transversal-isotropen Halbraum. Sein� 5 elastischen Moduln
entsprechen denen, die CHESNOKOV [4] für 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'�Fiäche liege die 
Isotropiefläche. Die Einführung 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, daß hier die Ausbreitungsgeschwindigkeit richtungsabhän­
gig ist, daß wir dr�i verschiedene Geschwindigkeiten in einer Richtung - jeweils 
eine für die P-, die SV- und die SH-Welle - beobachten können und daß die Verzer­
rungsrichtung in der P-Welle nicht mit der Ausbreitungsrichtung zusammenfällt bzw. 
in den S-Wellen nicht senkrecht zur Wellennormale steht, wir also Quasilongitudinal­
und Quasitransversalwellen betrachten müssen. 
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Eine ebene seismische Welle _"alle auf die von Spannungen freie Oberfläche eines 
transversal-isotropen Halbraums, in dem die Symmetrieachse des Mediums um den Win­
kel cp zur Vertikalen geneigt sei (Abb. 2). Die Neigung der Symmetrieachse erfolge 
in der Einfallsebene, so daß vrir eine ebene Aufgabe betrachten können, 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 XZ-Fläche, so daß in den Bewegungsgleichungen die Abhän­
gigkeit von der Y-Koordinate entfällt. 

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

= 

( 1) a2v 1 1 a2v• a2v• 
{} 

a7 
= 2 (C11 - C12) � + C44 

� ax' 

a2w' a2w• 
') 

a2w•
+ CC13 + C

44
) 

a2u• 
Q 

� 
= C

44 � + C33� ax' az' 1 

ax' 

wobei Q die Dichte, c11, c12
, c13, c33, c

44 
die elastischen Moduln und u', v',

w' die Komponenten des Verrückungsvektors seien. Die Grenzbedingungen werden im 
System (XYZ) wie folgt geschrieben: 

a2 1 e u 
ä7 

, 
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Abb. 2a. Einfall einer P-Welle in einem
transversal-isotropen Halbraum 
mit senkrechter Lage der Symme­
trieachse des Mediums 

Abb. 2b. P-Wellen-Einfall bei geneigter
Symmetrieachse des Mediums 

O'xzlz=o =

(2) 0yzlz=o ·=

0zzlz=o =

C44 

C44 

(u + w) z x z=o

<i)z=o =

= 

0 

u (C13 i + C33 "i)z=o

0 t 

= 0 .

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

(3) 

wobei 

sei. 

= 

aik (°o 
..

= 0 

-sin 'P

Mit Hilfe der 

= 

0 sin ') 

1 

c�s 'P 0 

Gleichung von GREEN-CHRISTOFFEL erhalten wir 

wo I'ik = nj n1 Cijkl der CHRISTOFFEL-Tensor, oik das KRONECKER-Symbol, V die
Ausbreitungsgeschwindigkeit in gegebener Richtung und nk eine Komponente des Rich­
tungsvektors sind. 

Die geometrische Bedingung der Reflexion wird gegeben durch das SNELLIUSsche 
Gesetz 

(5) = 

V sv<e' - 'P) 
cos e 

------r------,-----r-.....,,..--- X 
8 

\ 
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der Einfallswinkel und die Reflexionswinkel der PP- und PSV-Wellen 

Zur Lösung von (5) ziehen wir die Gleichung (4) heran, da in (5) die Ausbreitungs­
geschwindigkeit der reflektierten Wellen vom unbekannten Reflexionswinkel e1 oder
e' abhängt. Wird der Kosinus des Reflexionswinkels größer als 1, so können wir kei­
ne reflektierte Welle des entsprechenden Typs beobachten, sondern nur eine inhomoge­
ne Welle, die also exponentiell mit der Tiefe abklingt. Im Falle der geneigten Symme­
trieachse des Mediums können wir sogar eine reflektierte inhomogene P-Welle beobach­
ten, was als ein Indikator für ein Medium mit geneigter Symmetrieachse gelten kann. 

Setzt man nun die vollständige Verrückung an der Oberfläche in die Grenzbedingungen 
(2) ein, so erhält man Gleichungen zur Bestimmung der Reflexionskoeffizienten B für
die PP-Welle und C für die PSV-Welle. Im Falle cp = 0 erhält man, wenn man die
Amplitude der einfallenden P-Welle gleich 1 setzt,

(6) B = 

wobei 

K = 

(7) N = 

p = 

KP - NM

KP+NM; 

J sin(2 e + yp)
p 

C = 2 N K - KP+NM'

M = - ,?- cos(2 e + Ys) ,
SV 

sin cos Yp 2 2 

vP 
(c13 cos e + c33 sin e) + (C33 - C13) 

vP

cos Ys 
vsv 

(C33 - C13) sin e' cos e' -

sin y
8 (C13 cos2 

VSV

Yp sin e cos e '

e' + C sin2 e') 33 

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

(8) tan ä w = 
ül z=o 

= 

sin(e + yp) - B sin(e + yp) - C cos(e' + ys)
cos(e + yp) + B cos(e + yp) - C sin(e' + ys)

Bei geneigter Symmetrieachse des Mediums, d.h. wenn cp t O, geht in die Formeln 
für die Reflexionskoeffizienten B' für die PP-Welle und C' für die-PSV-Welle 
noch der Neigungswinkel cp ein. Wir erhalten: 

(9) B' 
K S - NM C' (K S - NM) L K 

R M - L s ' = 

M - M ' R M - L S 
wobei 

N 1 
{CC11 sin2 cp + C13 cos2 cp) cos(e + cp + yp) cos(e + cp) + = Vp(e + <p) 1 

+ (C13 sin2 
<p + C33 cos2 

cp) sin(e + cp + Yp) sin( e + cp) -

- c44 sin 2 cp sin(2 e + 2 c.p + Yp)} '

= 
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R =
1 

VP1
Ce1 - "')

+ (c13 sin2 

{C11 
. 2 C Sl.n 'i' + 13

1 

cos2 

"' + c33 cos 2 v,)/ sin(e1

+ c
44 

sin 2 v, sin (2e1 2 "' + y)} 

"') cos(e1-: v, + y) cos(e1 - v,) +

- "' + y) sin(e
1 

- v,) +

S = Vsv(e; _ v,) {(c13 sin2 v, + c33 cos2 v,) cos(e'·- v, + y
8
) sin(e' - v,)-:

- (c11 �in2 v, + c13 cos2 v,) sin(e' - v, + y
8
) cos(e' - v,) +

+ c44 sin 2 v, cos(2 e' - 2 v, + y
8

)} ,

K = V (e
1

+ v,) {(c13 - c11) sin v, cos v, cos(e + v, + yp) cos(e + v,) +
p 

+ (c33 - c13) sin v, cos v, sin(e + v, + yp) sin(e + v,) +

+ c44 cos 2 v, sin(2 e + 2 v, + y
p

)} ,

L = v
p1

(e� _ v,) {(c13 - c11) sin v, cos v, cos(e1 - v, + y) cos(e1 - v,) +

+ (o33 - c13) sin v, cos v, sin(e1 -_v, + y) sin(e
1 

- v,) -

- c44 cos 2 v, sin(2 e1 - 2 v, + y)} , 

M = vsv(e; _ v,) {(c33 - c13) sin v, cos v, cos(e' - v, + y
8

) sin(e' v,) -

- (o13 c11) sin v, c�s v, sin(e' - v, + y
8

) cos(e' - v,) -

- c44 cos 2 v, cos(2 e' - 2 v, + y
8

)} •

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

(10) 

mit 

und 

e = arctan(�
, )
z=o 

u = (cos(e + v, + y
p

) + B' cos(e1 - v, + y) - C' sin(e' - v, + y
8
)) cos v, +

+ (sin(e + v, + y
p

) - B' sin(e1 - v, + y) - C' cos(e' - v, + y
8
)) sin 'P 

= E cos v, + F sin v, 

w = - E sin v, + F cos v, • 

= 

Mit Hilfe der erhaltenen Formeln wurden Emergenzwinkel für Modelle mit unterschied­
licher chemischer Zusammensetzung und unterschiedlich großer 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 
für den Erdmantel unter Kontinenten. 
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In Abb. 3 ist das Verhalten der Größe 

(11) öe = e - e

465 

für 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 für den Fall 
einer geneigten Symmetrieachse dargestellt. Es zeigt sich, daß der Emergenzwinkel 
für die Modelle des Erdmantels unter Kontinenten eine geringe Abhängigkeit vom Aniso­
tropiekoeffizienten besitzt, wogegen bei ozeanischem Mantel eine recht große Abhän­
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 Mächtigkeit h (Abb. 7). 
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Abb, 7a. Isotrope Schicht auf transversal­
isotropem Halbraum; Einfall einer 
P-Welle aus dem Halbraum
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wobei T die Periode, v1 = 6,99 km/s die P-Wellen-Geschwindigkeit und
v

2 
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Schicht. Die Symmetrieachse des transversal-isotropen Mediums sei um � bezüglich 

der Vertikalen in der Einfallsebene geneigt. Betrachten wir nur die gebrochenen Wel­

len. Die Brechungswinkel bestimmen wir nach dem SNELLIUSschen Gesetz: 

(13) = =

Somit erhalten wir für den scheinbaren Emergenzwinkel an der Oberfläche der Schicht 

(14) tan e = - 2 cot 2 82 .

In Abb. 8 ist die Größe oe = e - e für die beschriebene Konfiguration und die 

verschiedenen Mantelmodelle dargestellt. Es wird deutlich, daß sowohl eine Vergröße­

rung des Anisotropiekoeffizienten als auch eine Änderung der Neigung der Symmetrie­

achse des Mediums Einfluß auf den Emergenzwinkel ausübt, wenn der Einfallswinkel e 
kleiner als 45• ist. 
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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 können 
wir eine Abhängigkeit des Emergenzwinkels.vom Azimut Az betrachten: 

(15) = = 

In Abb. 9 und 10 ist der Emergenzwinkel in Abhängigkeit vom Azimut für verschiede­
ne Modelle und Anisotropiekoeffizienten dargestellt. Abb. 11 und 12 geben einen Ver­

gleich der Abhängigkeit des Emergenzwinkels vom Azimut für 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 für das Modell 1b mit einem Anisotropiekoeffi­
zienten von 8 % stimmt am besten mit den aus den experimentellen Werten errechneten 
Kurven überein. 

Wir sehen also, daß die experimentelle Bestimmung von-Emergenzwinkeln eine Hilfe 
bei der Erforschung einer möglichen Anisotropie des oberen Erdmantels sein kann. 
Diese Bestimmung müßte auf die Ozeane ausgedehnt werden, da hier die Kruste relativ 
dünn und undifferenziert und SO.!llit ihr Einfluß auf die Größe des Emergenzwinkels ge­
ring ist. Hi�rzu sind aber 3-Komponenten-Meeresbodenseismographen notwendig, an die 
bezüglich der Genauigkeit hohe Anforderungen gestellt werden müssen. 
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Summary 

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

by 

O.I. YURKEVICH 1)

473 

The Earth's crust is characterized by parameters; one of the most important among 
them is the coefficient of viscosity, �- To estimate it the dissipative function 
Q can be used. This quantity, estimated using records of surtace waves obtained by 
seismic stations of the Carpathian zone, helps to determine the. coefficient �. A 
discussion follows concerning the choice of the rheological modal for the definition 
of �• 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
tätskoeffizient �- Zu seiner AbsJhätzung kann man die Dissipationsfunktion Q ver­
wenden. Diese Größe wird aufgrund von Aufzeichnungen von Oberflächenwellen in seis­
mologischen Stationen der Karpatenzone ermittelt und verhilft zur Bestimmung von �. 
Weiter werden die Wahl des rheologischen Modells zur Definition von � und die Be­
ziehung zwischen der Abnahme seismischer Wellen und dem Viskositätskoeffizienten 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 � may be obtained by using the surface waves. For this purpose, it is neces­
sary to determine the numerical value of the dissipative function Q and to repre­
sent the medi!Jlll by the aid of a definite modal. The Q-value is calculated by the 
equation 

(1) � = * c y T,

where c and y are the phase velocity and extinction of surface waves, respective­
ly, and T denotes the period. The coefficient y is determined from the rela­
tionship 

1) Institute of· Geophysics Lvov (USSR), ul, Yaroslavenka 27
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(2) - y = 
ln(A

,1
, ti 1/3)

Ä In A
0 

> 

where A
,1 

and A
0 

are the amplitude at the point of observation and the initial 
a.mplitude, respectively, ti 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 Carpattlian 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 ti = 10° - 20° , ti = 40 ° - 60° and 
ti = 75 ° - 80° were used and were arranged in three groups. For each earthquake 
there were determined the phase velocities c and the wave extinction y as the 
tangent of inclination angle of a straight line in a logarithmic scale 

= ln A
0 

- y ti .  

The y-values for the three groups of earthquakes with period ranges 
'l' = 12 ··· 15 s, T = 19 •·· 21 s and T = 25 •·· 30 s are found as y =
y = 0.00016 and y = 0.00019, respectively. Thus, the values according to 
(1) are determined correspondingly as 1/Qr = 500,10-5, 1/Q11 = 520.10-5

1/Q111 = 550,10-5•

0.00014, 
formula 
and 

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

(3)
de 1 .dP P 
o:t = µo:t

+
77, 

where e is 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 

(4) Q = �
µ, 

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

(5) T/ 
u. 

w 

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

The coefficient of elasticity µ, 
ing to the velocity of body waves 

(6) = = 

for the Carpathian region was determined accord­
from near earthquakes as 

ln(A,1, .11/3) 

= 
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where the density e was adopted for the whole Earth's crust equal to e = 2.85 g/cm3 ,
11 2 The mean value of the coefficient µ was obtained to be equal to µ = 4.1 , 10 dyn/cm .

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: 

�I = 0.17.1015 poise, �II 
= 0.25 , 1015 poise, �III = 0. 35 . 1015 poise

No signiticant differences can be stated between all these �-values; therefore, all 

seismological stations of the Carpathian zone when solving such problems may be 

regarded as o n e group, or even as o n e 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 �-value, averaged for all values, fairly well

reflects the viscous properties of the Earth's crust in the Carpathian region. 
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Pe3IOMe 

fümeMaTWieCKHe H ,ILHH8MlfqecKne xapaKTepHCTlIBH 
B0�H PEJIER B ,WianasoHe nepH080B 20 - 200 CeK 

O.E. CTAPOB0PiT 1)

477 

IlpHB0MTCH pe3yJII,T8Tl,l_8H8JIH38 rpynn0BHX CKopocTeM li aMnJIHTy�Hmc cneKTP0B B0�H PE­
JIEH, saperH0TpMp0BaHHHX B ceRCMO�OrWie0KOM oöcepBaTopmi: "OÖHHHOR" 0T ,IJ;Byx y�a�eHHHX 
seMJieTpsrceHim ( 0-Ba MallliyopH, 11 MIOHff 1 970 r. , H ICllKHHe CaR,IlllWieBbl 0-Ba, 6 OKT.f!Öp.H 
1973 r.). MonoJII,soBBHH ceitoMorpa� .u.,m:HHonepmo.zmmc ce:ticMorpaqx:>B H annapaTypH rrcc. An­
napaTypa rrcc nosBoMeT pas�eJlfITn HH�epqiepnpyromne R0Reöa.HRfI B noBepXHoCTHblX Bo�ax 
Ha 0T�8JII,Hl,!8 ,Il;l'!0nepl'MpyIDillHe rzyr:i;i: III no.nyqaTl> Henpepb!BHl,l8 ,Il;l'!cnepCH0HHl,!8 KpHBhle K0p0BhlX 
H MaHTHRHHX B0�. Afi8JIH8 ,Ill'I0nepmrnmU,lX KPimhlX Il0K83M B03M0JKH0CTn BblfIMeID'l.fI ropM30H­
T8JII,HHX H80,D,H0p0,IUI00T8M B BepXHeH M8HTHH. ITo 8MilJIHTy,IUiblM oneRTpaM B0� R, H R2 0T
38MJI8Tp.HCeHW'I B pErn.oHe KllKHhlX CaH,IJ;BifCI8Bb1X 0-B0B II0CTpoe:Ha (pyHRIJ;H.fI HanpaMeHH00TH. llirn­
KoqacT0THl,le KOMil0HeHTl,l H8JIY<I810TO.f! 6oRee liHTeHCHBH0 B ceBepo-B0CT0�0M HarrpaBJieHHH 0T 
oqara, qeM B IlJ)0THB0il0�01liJI0M. M�eHHe BHC0KoqacT0THHX (T = 20-25 oeR) R0Mil0HeHT 
IlJX)J/ICXO,Ill'IT ÖORee HHT8HCßBH0 B roro-san�0M HanpaMeHHH. OöcyJK,IJ:aeTCH MH.Rirne Ha (1JYlm­
nmo HarrpaMeHH0CTH BHÖPB.HHHX 8HaqeHroi R08qxpHQH8HTOB 38TyxaHH.R. 

Summary 

The results of the analysis of group velocities and amplitude spectra of RAYLEIGH 
waves recorded at "0bninsk" seismological observatory from two remote earthquakes 
(fflacquarie Islands, June 11, 1970, and South Sandwich Islands, 0ctober 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 cru.st 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) 

11HCTMTYT 0M3}IBH 3eMJil1 HM. 0 .10. IllM11.UTA AH CCCP lleHTpam,Ha.FI cei1cMoJrorwrncr<a.FI 
o6cepBaTopIDI "06HMH0K 11 
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3qxl)eKTHBHOCTI, H3yqemm BHyTpeHHero CTpoemm: 8eMJIJII JII M8:xaBB3MB. oqaroB 88MJI0Tl)liOead 
TeCHO CBII88.Ha c,pacwHpeHMeM ,nmiaM1Ill8CKOro B qacTOTHoro ,llll8Da80H8 ceßOMJ{q8CKOI anua­
paTYJ)bl B CTOpoey HH8Ki'IX qacTOT. 

B noc�e.zume ro,IUiI B lleHTpam,Hol CeäcMoRornecKoA 06cep:eaTopim {UCO) "06mmcR" H�8 AH 
CCCP npOBO,nfITCR pa6oTbl no 003,namIIO H HCDHT8.HHIO celcMOMeTpnecRJIX RaH8JIOB C ram,BSHo­
MeTpH't!eCKOi perHCTpa!U!el, upe,nHa8HaqeH1WX 11,71H. 88IlHCJII celCMH1!8CKBX B0JIH B .zmanasoae 
nepJIIO.D:OB 20 - 200 ceR. K �CJIY TBKJIIX upn6opoB CR8.JJY0T OTH8CTZ celc&mrpa.wu THIIa CJl-2, 
CJlC-300 H rrcc [3, 7, 8] , KOTOpble B COBOeyIIHOCTJII c l'I8B8CTHI:ilMJII celCMOrp8.g)8Mll CK, CKJl 
H IT-ID o6ecueqtmruoT perHCTpanmo KORe68.Hd. C yit838.HH1,IME nepHO.D:aMH OT 80MJI8TJ)f!Cem C 
M > 6,5 .n;o 7,0 Ha 8IlHIJ;8HTpa.,n,Hl,IX paccTORHRRX 6o�me 40 - 50° .

B .n;8.HHon pa6oTe npMBe.n;eHI,J pesy�TaTs aH8Jll'I3a rpynnoBHX cKopocTel u aMIIJllfl'Y.nHUX cneR­
TpoB IlOBepXHOCTHUX BOJIH PEJIEfI B ,nHana30He nepno.n;oB 20 - 200 CeK, saperECTpllpOB8.HHUX 
B 06Hl/IHCK8 OT ;nByx Y'A8JI0HHUX 30MJI8TPffCSHÖ. 

2. AnnapaTypa H MaTepHMH Ha6JTI08eHmt

Ha Pmc. 1 IIOK888.HT,! Kptmble YJ3e;m:qe:nd ceßcMH'!JeCROR annapaTypbl uco "06HmicK" (Bep'l'JiiKaJIE,­
HaR COCTa.BJI.fIJDillaff) • BHe,n,pemrn B npaKTlmy Ha0.100.n;emm HOBOro R8.H8JI8. CJJ,C-300 (RpnruI 5) rL 
IlOMexosam.v.meHlloro ceiicMorp� IT-ID (KpHBBF.t 3) Il08BOJiffeT pacnmpm:TI, 'IJ8CTO'l1Hmt .0: ;i:ummm:­
qec1n-IR .zmarrasoH perncTpanu ce:ticMR1tecrurx:, rJ18l3HbIM o6pasoM noBepXBOCTHEIX, BOJIH • 

.llJm: H8Y1{8HIDI .n;ncnepcHM peReeBCKPIX BOJIH nepcneRTHBHO� HB.,�qeTM IlO�OCOBa.R: 08liCMß'IJ80Raff 
CT8Imilff ( rrcc) • l18BSCTHO, 'IJTO .zmcnepCHOHHM: RJ)PIBaR: rpyrmoBo:tl CKOpoOTlll BOJlli PElIEFI B rm­
Tep�ax cKopocTeß 3,0 - 4,0 KM/ceK E: nep:im.I(oJJ 1 5 - 250 ceK llMeeT .u;Be Henpep!mHO cJie­
.IJYR)!IUie ;a;pyr sa ,n,pyroM B8TBH: HOJ;iMaJr&HyKJ III 8.HO�HyID. IloSTOM'J HS. cefiCMOrpaMMBX IllßPO: 
KOilOJIOCHblX rrp:mfopoB 3ailHCI, 111M88T CJrü]KHI-m HHTeppepeHIJ;IIIOHHHli xapanTep. Ilp11I CllfJll,HHX se­
MJI8Tp!IC8HIDIX ,Il)I.0HHOITepHO,IUible KOJie6aHHR 88IlßCblB8K)TCR Ha q>OHe oqem, IIIHTeHCJmHb!X KOPOT­
KorrepHO,IUIT:DC. Hepe.n;KO SaDMCI, BUXO,IUIT sa upe.n;MH ce1.tCMOI'p8MMbl l'I npHMeHeH.He qmo.no:imx 
cnoco6oB Wl'IJD,TpanRM H cneKTP�Ho-BpeMeHHoro 8.H8JlH8a, pea.,msyeMHX Ha 3BM, npaRTmtJeCKH 
H8B03MOlKHO. Hrur6oJiee li8CTO C TaROß CHTyanJ1Ie:la DpHXO,llllTCR CT8JIK:tlllaThCR Dp.0: aH8Jlß3e pe­
JieeBCKHX BOJIH, upome,IIJilßX no RpaTqail.meM;y nyTH OT an�eHTpa K CTa.Hr(D (BOJIHI:l R1 ) • IICC,
6Raro.nap!l HB.Jmtl:JIIIO OT,UeRDHT:DC K8HMOB, H8CTp08HHblX Ha M8RCl'IM8Jll>HOe YJ3e�em,:e C yqeTOM 
q>OHa IlOMex H HMeJOUUD{ rrpHMeP,HO ,D,ByxOKTaBHble IlOROOH nponyCKaHIDI (KpHBble 6/f , 6/2 z 6/3), 
nosBoJiffeT pas.n;eJifITh IIIHTeppep:PipyIDlllße KOJie68HM Ha oT.n;e�HHe ,mrnneprB.pY!)IIUl[e eyr111. IlpH 
8TOM IlORBJiff8TCR B08MOJKHOCTI, IlO ynpomeHHOß MeTO,IUme (no Bl'I,nßMI,IM KOR068.HWIM) IlORyqaTh 
8KCnepHMeHT8filHHe .zmcnepOHOHHHe KpHBGe rpynrroBott CKOpOGTB B ID.0:pOKOM ,llll8II830He nepz-
0,UOB [7] • 

HaMH 8.H8JIH8HpOB8JIHCD ceßcMorpaMMG peReeBCKHX BOJIH R, III R2, saperHCTPßPOBSHHblX OT ,103yx 
y,naJieHHT:DC 88MJI8TPffC8IDm, rrapaMeTpbl KOTOpb!X npHBe.n;eHbl B Ta6R. 1 (no )];8.HHHM "OnepaTH:Bi>­
Horo ceßcMoRor:0:qecKoro 6JOJIJieTeHR NJCH CCCP"). 

1. 
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1 - cettcMorpaqi CK, 2 - CK.ll, 3 - rr-10, 4 - c.n:-2, 5 - C.UC-300, 6/1 - rrcc1,
6/2 - rrcc2, 6/3 - IICC3

Ta6JI, 1 

Ni \ 
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B o-qare [km]

il. Ri R2
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Ha Pßc_. 2 (a, 6) rroKa3aHH yqacTKH ce:0.cMorpaMM annapaTypu UCO c samrnf.IMR BOJIH R-i H 
R2 OT 3eMJieTpircemm 6 OKTJIOPfI 1973 r. BepTHKBJll,HbJfi Ma.ClliTaO Ha ceRcMorpaMMB.X npHOopoB 
CK ß CR,ll Melil>me B 4, a Ha np.llIOopa.x CJl-2 PI II-10 B 2 pa3a no cpaBHeHmo c BepTHK8.JII,Hl,IM 
MacwTa6oM ce:ta.cMorpaMM C.UC-300 H rrcc. 

Ha ceicMorpa.MMaX CK .III CK.U aanHCaHH KoJie6aHIDi c nepHo,D;aMH .n;o 20 - 25 ceK. EoJiee nrnpo-
1cd cneKTp KOJie6ruurn aaperPrcTpHpOBaH nplllOOpaMPI C.U-2' II-10 H C,UC-300. Ha 8TßX 38IlßMX 
qeTKO BH,U;Ha HHTep({Jepe.HIJ;HOHHM KapTPIHa - pe3yJII,T8T HaJIO�eHHf.I HOpMa.JII,HO PI aHOMa.JII,HO 
MCnepreyyiommc uyroB. 

Ha.HOOJiee ßHTeHCHBI-rne .u,mrnHonepßO,IJ;lIHe KOJie6aHIDI 3aperHCTpßPOB8HH npH6opoM C.UC-300. 
PeBKO BH,IJ;eJimOTM OOJII,illße aMilJIBTy.m,r B HaqaJII,HOM llaCTH BOJIHH R-i , 8TO OT"CiaCTß CBf.138-
HO c H8JIJPißeM "rop6a" Ha KPHBOti yBeJllilieHIDI C.UC-300 npPI nep:PIO,D;ax 80 - 140 ceK. Bo 
Bpe!WI per.llICTPBnßR SToro BeMJieTpirCeHM Ha ce:1:icMorpaMMa.X np:0:6opa C.UC-300 HaOJilO,D;aJIBC!, 
CpaBHRT8JI!,HO IDITeHCHBHHe ;rr.mmHonepßO,IJ;lIHe (T � 80 - 100 ceK) noMeXR, '!JTO xoporno Bß­
,IJ;lIO B XBOCTOBlil '1!8CTJIX 38IIHCH BOJIH R-i ß �. - Ha cettcMorpaMMa.X q>HJII,TpOBHX K8HaJIOB 
rrcc '!JeTKO BH,IJ;eJimOTM .rmcnepr.0:pyionurn nyrn c HOpMaJII,HOM (IICC1 ) M aHOMBJll,HOß. (IICC3)
MCnepcMeß.. 

3. I'pynllOBHe CKOpOCTH

I'pynnoBHe CKOPOCT.1/I BOJIH PEIIEFI 6wm onpe.n;eJieiili ,D;ByMff cnoco6aMß: no Bl'I.II.IDAf,1M Ha 3a.IIHCH 
BpeMeHaM BCTyllJieHID\ BepIII.HH ß Brra.n;m-1 KOJie6aHIDi. [6] JII rro M8TO.IJY cneKTpaJII,HO-BpeMeHHoro 
aH8JIH3a (CBAH) ceHCMOrpaMM [4-]. 

J.{JisI onpe.n;eJieHM CKOPOCT.1/I rro rrepBOMy cnocooy HCIIOJII,30BaJIBC!, ceMCMOrpaMMH BCex npM6o­
poB, '!JTO ,D;aJIO B03MO.lKHOCT!, ouemtTD norpemHOCTH. ,ll.ruI KOpoTKonepMO.n;HOH (17 - 50 CeK) 
B8TB.11I,rmcnepcHOHHOHKPHBOH cpe,'ll,HfIJI ornR6Ka no CKOpOCTM ±o,04.RM/CeK ß no rrepHO.IJY 
±2 ceK; ,lJ,7lfi ,Ir.JIKHHorrepEO,IIJ{OM (80 - 200 ceK) BeTBH - COOTB8TCTB8HHO ±0,02 KM/CeK ß 
±6 ceK. - )I.mI onpe.n;eJieHM CKOpOCTH no M8TO.IJY CBAH HCilOJII,30Ba.iiHCI, BanHCH ceHCMOrpaqia 
Il-10, KOTopue 6wm omzqipoB8lll,l c maroM no BpeMeHJI �t = 2 ceK. Ocpe,Il;lieHH1,Je .n;HcrrepcH­
oHHue KpHBue, llOJJYlieHHHe no rrepBOMy crroco6y, H onpe.n;eJieHHue rro MeTo,n;y CBAH npa.KTH­
'tleCKPI COBIIaJm. 

Ha Pßc, 3 npe.n;cTa.BJieHJ,i peayJII,TaTu onpe.n;eJieHM rpynnoBmc CKopocTefi no BOJIHaM R-i M 
R2, aapernCTpßPOBaHHID/1 B OOHIDICKe (&i 20EH) M B Co'!JH (

R-i 
COlI) OT .n;Byx aeMJieTprrce-

Hd 1' 970 r. ß 1973 r. ( Ta6JI. 1 ) • Ha cTamun1 "Coq.llI" ncrrom,�oBaHu MaTepHaJIH IICC. Ha 
Pill:c. 3 BepT.lllICaJII,HHMJII H ropM30HTaJII,HHMH OTpeBKaMß, paCIIOJIO�eHHHM:PI B03Jie COOTBeTCTBy­
IDIItHX BeTBeH, IIOK838HH B8JIH'!JHHH cpe,IllißX omn6oK no CKOpOCTß M no nepHo.ny. 

PaccMOTpßM IlOJIY'!J8HHHe ,IlHCIIepCHOHHHe KPWHe (PHc. 3) H OCHOBHHe oco6eHHOCTß rryTeH 
pacnpocTpaHeHWI BOJIH (Pnc. 4). Ha Pnc. 4 BepTHK8.Jil,HOH mTplUCOBKOH BH,D;eJieHH 30HH CTa­
OßJU,HlilX KOHTIDieHTaJII,HHX Ma.CCHBOB no E. I'YTEHBEPI'Y H q, PHXTEPY ("Cef.iCMH'qHOCT:b 3e­
MJIE"). 
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,_ R2 05H(70) D-Q R 2 05H (73) 

<>---<> R t C04 (70)

.........,. R2 C04 (70) 

3.00 
T [ceK J 

10 4) BO 120 160 200 

P.rilc. 3. I'pynnoBue CKOpOCTH BOJllI PEJIEfI no HaOJilO,D;8HRIIM B ÜOIU!HCK8 H Co'tlß 38MJI8TpiiCe­

lllm B paiioHe 0-Ba Marucy-opH ( 1970 r.) ß lOl!urax CaH.n;Blill:8BillC 0-BOB ( 1973 r.). 

BepTHKaJII,HEMß H ropH30HT8Jil,Hh1Mß OTp88KaMlf IlOKa3a.HH norpelliHOCTPI onpe.n;e.neHRf! 

cKopocTe� H nepHo.n;oB. 

Pl1lc. 4. IlyTH pacnpocTpaHeHRII BOJllI PEJIE.fI; 1 - ceitcMmeOKafI CTa.HI.J;RII, 2 - Tpacca BOJIHH, 

3 - enm.i;eHTp 88MJI8TpiiC8lllff, 4 - CT80HJll,HUe KOHTHH8HTaJll,HH8 MaCCHBN no B.I'Y­

TEHEEPI'Y PI 11.PMXTEPY ("Ce:liCMJlflIHOCTl, 3eMJIH") 

6 - 1 
- - 2 
-\'> - 3 

D -4 
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B .I(HarrasoHe nepIIIo;a:oB 17 - 50 ceK Ha6JDD;a:aIJTCJI Haz60JI1,mJie paSJ.l.ß'llM .I(HcnepcßoHHHX 1qnmwc, 
06ycJiaB.mrnaeM1,Ie, K8K III3B8CTHO, CTpOeHIIIeM 30MHOi KOpl,l. ,llelcTBJl!TeJil,HO, 60Jll,lllH8 3Ha'tlerum 
CROpocTei1xapaKTepH!i! ,1I)Iff RPIIIBHX R2 OEH (70), R2 OEH (73) .H R2 coq (70). Ilpeo6JIB.­
,naIO!IzylO qacTb nyTIII (85 %, 75 % III 70 % COOTB0TCTB8HHO) 8TH BOJIHl,l npoxo,wrT Tzm H 
ATJlaHTlPI0CRd OK88HH. C yM8HI,lli8HIII8M OReaimtieCKOi 'tlaCTH nyTH SHa'tleHIDI CROpocTeft yMeHD­
maIOTCJI. TaK no BOJIH8M 1t-i OEH (70) .H R1 OEH (73) no.nytreHI,I H8.HM8Hl,IDIII0 8Ha'tleHJIR: CRO­
pooTel. BoJIHa &i OEH ( 70) IIOPff,I(Ka 60 % nyT.H I!pOXO,IJ;J1IT no BOCTO'IIHOI OKpa.HHe l1B,Iurl!c11:oro 
OKeaaa. Ilpl'I'tleM 8TOT yqacTOR nyTH 6JIH8RO pacnoJio�eH K npH6pelKHI,IM 80HaM ABcTpa.mm ß 
llii,noHe8.r.m ß, no-BH,IUiMOMy, He M0'1teT 6IiITb OTHeceH K OK88Hl'I'tl0CKßM CTPYKTypaM. BoJIHa 
&i OEH (73) TOJll,KO 50 % IIyTß IlpOXO,IJ;J1IT 'tlepes ATJlaHTlrtlecrum. OKeaH. 

B ;a:HarraaoHe nepßo,noB 70 - 200 ceK paSJIHqWI Mel!i,ICV Kp.HBiiIMH (11:poMe RpHBoi R1 CO'll (70)) 
npaRTlP!eCRß ßC'tl08aIOT. KpHBa.R: R2 OEH (73) HMeeT HeCROJJl,KO 60JJl,IDß8 CKOpOCTH .no nepl1I­
o.noB 120 ceR. O;a:HaRO Ta.Roe corJ1aCI1Ie M01K,ICV KpßBliMß, no-BJ1!,nl'IMOMy, He .R:BJlfleTCJI OCHOBa­
lm0M ,1I)Iff YTB0PJK.D:0Hß.ff 06 O.D:IIIH8ROBOM CTp00HIIIIII BepXHei o60JIOtIKH no TpaccaM pacnpocTpa� 
H0HWI 8TIIIX BOJIH. M8B0CTHO, qTo CTpoeHJIIe ROpl,l (a OHO pa8Jll{qHO, cy,wr no ,IJ;J1Icnepc:tm B 
.zuranasoHe 17 - 50 ceR) OR881IBaeT cymecTBeHHoe BJIWrHHe Ha CKOpOCT.H peJieeBCKIIIX BOJIH c 
nepno,naMH, no Kpaimeti Mepe, .no 1 30 - 1 50 ceR. 

KpIIIBM 1t-i CO'll (70) B ,IJ;J1IaII880He nep.HO,ll;OB 20 - 50 CeR HMeeT npoMeJKyTO'tlHl,le, a B ,IUiarra­
SOHe 50 - 160 ceK Ha.HMeHI,lllHe 8Haqerum: CKOpocTei no cpaBHemm> c OCT8Jll,HEMH ltpRBblMPI. 
Pa8HOCT:E, CIWPOCTe:ta B al-IOMa.JI:E,HO:ti B8TBH COCTaBJif!eT O '05 - 0 '07 RM/ ceI{ l1I npeBiiiruaeT rror­
pemHOCT:& PIX onpe;neJieHIDI. PaccMoTpffM COBM8CTHO TpaCCl,l BOJIH R-i CO'll ( 70) H R-i 0BH 
( 70) • 3.n;ec:E> HaciJIID}J.alOTC.H pa8JrlP!Rff RD.It B OR8aH.H"q00KßX, TaK RI B KOHTJIII'IeHTaJIE,IraX qacTRX
Tpacc. BoJIHa fLi CO'! npoxomrT 't!eJ: .a ueHTpam,ey:ro -qacTI. Ma.nmicKoro oKeaHa, a BoJIHa
R1 OEH ·- qepelll, ero BOCTO'tlHyJO OKP' :my. IIo KOHTJl!H€HTY BOJIHa 1t-i CO'll JIPOXO,Izy!T TOJJl,KO
-qepes TeKTOHJil�eCilli aKTllBHI:ire SOH11 I1prum H KaBRa3a, Tor.na Kali: BOJIHa R1 OEH 60JJl,myIO
'tl8CTh KOHTHH8HT8Jll,HOro nyTE �..;:i:eT qepe3 CTa6l1IJJl,HHe ROHTßH8HTa.Jll,HH8 MaCCRBhI (8ana,uHaH
01WH8'Il!OCTI:i ABcTpa.,miic1wro IJJY-T8., HH.mmcm llU'IT PI PyccRaR: IIJiaTqiopMa) • COBORyIIHOCT:b
oco6eHHOCTei CTp08HWI ROpH � BepxHeM o60RO'tllCß no.n neHTpa.JI:E,HOfi 'tlaCTI:iID MH.IJ,micKoro OKe­
aRa n cettcMoaKTßBHliMß soHaMn MpaHa n Kamcasa o6yc.Jia.B.JllIBaJO cpaB1mTeJI1,Ho MaJThie saaqe­
Hlif.l rpynrroBoß CROPOCTR np:0: rrepim.uax 50 - 60 ceR, IIOJIY1I8HHbJ'e no BOJIHe R1 coi:r.

IlpoBe}J.eHHLlfi Ka'tleCTB8HHHH aH8.JIIII3 yica31,IB80T Ha Heo6XO,nl'IMOCTI:i npl1I pemerum: o6paTHO� sa­
,naqz HCilOJJl,,80BaTI:i }J.IIICnepcROHHiiie KpHBHe B ,:zi:HanasoHe nepßO}J.OB, OXBaTl'iSamt8M ROpOBhie H 
MaHT:imHhie BOJIHl,l O,nHOBpeMeHHO. MBJl8Hße HeO,nHOpO,nHOCTeÜ BepXHea 060RO'tlltl1I 6oJiee rrep­
cneKTßBHO no }J.IIICilepcIIIß BOJIH R1 , 'tl8M no BOJIHaM � , R3 RI T • .n. , Ror;n:a xapaxTepHhie
oco6eHHocTß cTpoeHHR ycpe,mm10Terr c RaJK,Il;I,IM nocJie,DyIOIIIHM o6errumeM BoJIHoß 3eMHoro mapa. 

KoJIWieCTB€HH8.fl HHTepnpeTaD;lif.l (no,n6op Mo;a:eJieR cpe,IJ;I,I) HaÖJIR),U0HHHX HaMH ,na.HHI,IX MOZ0T 
6HTI:i BWOJIHeHa Ha 6ase MeTO,UOB TeopeTH'tl8CKOR R Bl,l'tlJIICJIHT0Jll,HOfi cencMOJIOrmt l1I Tpe6yeT 
CaMOCTORT8Jll,HOro RCCJle}J.OBaHWI. 
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4. AMnJUI1:YJUU,1e cneRTpH

CrreKTpBJil,HOMy 8HamISy no,IJ;BeprHyTJ,I BOJll{l,1 Ri H � ' sapel'HCTpßPOBaHHHe B OciHIDICRe 
npn6opoM Il-ID OT seMJieTpiiCeHWI 6 ORTHC>Pff 1973 r. 3anßcH 6mm OTnll<m)OB8HJ,I c maroM IIO 
BpeMeHß �t = 2 ceR. ,lJ,JrnTeJII,HOCTß 8H8.JIBSßJ)yeMmC IDITepBaJ.IOB paBHJ,I 1200 ceR (BOJilfa 
1ti OT 16 'q. 05 MHlI .no 16 'q. 25 MIDI) H 1320 ceR (BOJIHa R2 - OT 16 't!. 57 MIDI .no
17 -q. '19 MmI). CneRTPH pacc't!HT8Hl,I no MeTo,ny 6HcTporo npeocipaso:aamm: �YPL.I!: [ 5] B mm""".

nasoHe -qacToT w oT O .no 0,46 n c maroM no -qacToTe dw = 15,34•10-4. 

PesyJII,TaTJ,I aHamrna npe]J.CT8BJ18Hhl Ha Pnc. 5a. KpIIBiiie cneRTpa.JU,HQH I17IOTHOCTH CMJII,HO 
(Il7IYKTY.HJ)yIDT • Paspeme�OCTl, CileICTp8JII,HOro 8.H8JIH3a no 'tlaCTOTe W , PaBHaH TC/ dT (dT -
JJ)llfl'eJII,HOCTl> aHa.J.Iß3npyeMoro IDITepBaJ.Ia), He ociecrre't!IIBaeT YBepeHHoe BH]J.eJieime MHorm: 
IIJlli. IloaTOMy RPIIBHe cneKTpaJ.II:,HOH I17IOTHOCTH ocpe,IJ.HffJIHCJ, IIO 11 TO't!RaM nyTeM BJ,I'tlllCJieHRl! 
apn�MeT.0:t1:ec1toro cpe,IJ;Hero. Ocpe,D;HeHHJ,Ie TaRHM o6pa3OM cneKTPH noKa3amr Ha Pnc. 56 B 
,nHana3oHe rrepno,noB 17 - 400 ceK.Hacimo,naeTCH 't!eTRoe pa3,neJieHHe cneKTpoB aa ,103a �acT­
Ka: lil'I3KO'tlaCTOTHmi - B ,nHana3OHe rrepHO]J.OB 400 - 70 ceK, H BHCOl{O'q8CTOTHID1 - B ,I(Hana-
3OHe nepHO]J.OB 70 - 17 ceK. EcJIH B OOJiaCTli HH3KID: -qacTOT OTHomeHHe cneKTpaJ.II:,Hl,JX IlJIOT-
OHOCT8M Ri/R2 IIOpii,mta. ,IJ;Byx, TO B ociJiaCTll BHCOKHX 'tlaCTOT B cp.e,D;HeM OHO OJlß3KO K
e�e • 

.Il,Jm ]J.aJIJ,Hemnero aHaJIB3a. npID3e.ne:rr cneKTp Bomrn R2 (d2 t 26 200 KM) R paccTrurn:mo,
npoii.neHHOMy BOJIHOR lti (d1 = 13 830 m1,1). l-1cnoJII,3yeM I13BeCTHOe COOTHO11JeHI1e:

= SR (w)
2 

r.ne SR (w) - Ha6mo,neHHhrn crreRTP BOJIHJ:l: R2, sR�(w) - crreKTP BOJIHbI R2 npHBe]J.eHHHH
2 2 

K paCCTO.HHMIO R1, y(w) - ICOajxl)ImH8HT 3aTyxamm. OTHOlllelil'Ie reoMeTpH'tl
/
eCKHX pacxoJK

/
-

�� �2 �3
.nemm ( sin d 2Jsin d1) paBHO e,I(HHHI.J;e, rrorrpaBKa 3a ]J.Hcnepcmo � HJIH � 
He BBO,I(HTCH, TaK Kalt aH8Jiß3ßJ)yIOTCH cneKTpbI. 

Bbrdop ,ITJIJI pac'tleTa WYHKnPIB y(w), npe.ncTaBJilleT orrpe.neJieHHiiie Tpy,D;HocTH, TaR RaR ony-
6JIHRoBaHHh!e ]J.8HHHe xapaRTepii3yIOTC.fl OOJIJ,IIIBMH pa36pocaMH. HCITOJI1,3OB8HbI ]].Be Kpl1BI,Je 
y(w), IlOR838HHI,Je B HPDKHeiii qacTH Pnc. 6. CnJIOillli8.f.[ JlliHM.fl COOTBeTCTByeT ]J.aRHhlM H3 pa­
ÖOT [1], [2], (13] ,TJ,JI.fI nepHO]J.OB 200 - 9o ceR, 80 - 60 ceK I1 22 - 24 ceK COOTBeT­
CTBeHHO. IlpH 8TOM npoMeJKyTO'qHble 3Ha't!eHM Y ()J,IJIH IIOJIY'qeHbl nyTeM JII1HeiiiHOH I1HTf?PITOJI­
.fll(HI1, HCXO;n;I H3 npe,II;IIOJIOJK8HI1.H 06 YBeJIHqeHHH Y C 't!aCTOTOM. IlyHl<THpHO:i! JIHHMeiii rro­
Ka3aHa 3aBI1CHMOCTI, y(w) npHBe,n;eHH8.fl B [12]. 

Ha PMC. 6 IlOK83aHa IlOJIY'tl8HH8.fl 38BI1CHMOCTI, OT qacT:OTbl OTHOllieHM.H crreRTpOB R1 H �-
3To TaK H83hlBaeM8.fl cpyHICUI1.H nanpaBJieHHOCTH, xapa1tTepn3y10m8.fl 113�eH11e ceiiicMli'tlecKoiii 
aHeprMvI FI3 oqara 38IVIJI8TP.f!CeHI1.H. CilJIOIIJHOli H IlyHKT:0:pHoiii JIHHß.fIMI1 I130cipa.lKeHbl qJyH1tWU1 
Harrpa.BJieHHOCTH, paCC'tfßTaHHHe npH COOTB8TCTBytomHX KpID3b!X y(w).

OCHOBH8.fl ococieHHOCTI, CIT8I{'l'pam,Horo OTHOlll8HI1.fl COCTOßT B TOM, 'tlTO Htl38BMCI1MO OT np11:­
H.HTb!X y(w) B o6JiaCTM H.113KMX 'tfaCTOT OHO npeBhlliJaeT 1 (B cpe,n,HeM 1,4) , a B ociJiacTrr 
BblCOirnx qacTOT YM8HI,IIJ38TCH M ;noxo.I(MT ;no O, 1 - 0 ,2 rrpM rrep11O,nax 20 - 25 ceK. 3'1'0 YKa-
3b!BaeT Ha accHJVIeTpllI� M3.Jiy'tJ:8Hß.fl HH3RO- I1 BHCOKO'tl8CTOTHb!X KOMilOH8HT. HI13KO'tJ:8CTOTHHe 
ICOMITOHeHTJ.,I (T = 80 - 200 ceK) cioJiee li!HTeHCIIIBHO I1!3Jiy1.J:aJ0TCJI :113 O1-ra.ra B ceBepO-BOCTO'tf-
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Pßc. 5. AMnJIHTy,D;iu,1e cneKTpl,I BOJIH PFJIEff, aaperHCTpPipOBaHHHX B 06mmc:ite IIpH 8eMJieTpa­
ceHmr 6 OKTR6pa 19?3 r.; a - cneKTPJ:,I �o ocpe,D,HeHIDI, 6 cneKTPJ:,I noc�e ocpe­
,D,Herum no 11 TOllltaM 
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Pßc. 6. �FI BanpaBJieHHOCTH ,Il)lff 3eMJieTpJICeHIDI 6 OKTJI6pJI 1973 r., IlOJIY't!eHHaFI IIO OT­
HOllleHIDO crreKTpOB BOJIH PEJIFJI. B HIDKHefi 1:mcTH pncymta IIOKa.3aHa 38BMCHMOCTI:, 
KOajxpmJ,MeHTa. 3aTyXaHIDI y(w) OT 'tJ:aCTOTH, rrpmmTIDI !Ipß pac'tJ:eTe (pyHKIUIB Ha­
rrpaBJieHHOCTM 

HOM HarrpaBJieHMM (a3HMyT 'i'paccu BOJIHH R.i C amru;eHTpa Ha C'I'3Hll;I1IO 36° ), a BnlCOIW'tJ:8C­
TOTHHe (T = 20 - 25 CeR) - B 10ro-8ana,IJ,HOM. Mexa.HM3M TaKoro H3JIYt.IeHIDI Tpy.mro o6'bfl:CHMM. 

PaCCMOTPHM BJIHfIHHe Ha crreKTpaJIJ:,HOe OTHOllleHHe pa3JllftIHillC qJaKTOpOB, He CBf!3aHHb!X 
C MexalllI3MOM H3JIYlleHIDI. BHa'tJ:aJie OCTaHOBßMCR Ha o6JiaCTH BHCOKH..� 'tJ:aCTOT. 
B OOJiaCTH rrepHO�OB 20 - 25 ceK !Ipß pac'tJ:eTax Ha.MM rrpHHHTO (y = 1,2 - 1,5),10 KM-1

C yMHeJ:,meHPieM y ( w) OTHOIIleHJIIe Ri/R2 pacTeT' HO �aJKe rrpH y = 0, 1 .1 o-4 KM -1

CTa.HOBHTCR paBHHM 0,7, T.e. OCTaeTCR MeHI:,llleM 1. �aKT aHOMaJIJ:,HO HH3KHX y B TaKOM 
,IUlanasoHe nepPIO�OB peJieeBCKßX BOJIH PI3BeCTeH. HanpHMep, B [11)rro.nyqeHo y = 0,2.10-4 

rrpH T = 17 - 20 ceK. 0,IUiaKo, 8TH HaOJlID�eHWI rrpOBO,!UmHCI:, Ha cpaBHßTeJII:,HO HeOOJII:,llißX 
8IIHn8HTpaJII:,Hb!X pacCTO.fIHß.fIX (cTaJmMH H arr1meHTp pacrroJioxeHH B rrpe�eJiax CeBepo-AMepPI­
KaHCKOro KOHTmieHTa.). Tpy,Illlo rrpe�OJIOJKHTJ:,, 'tJ:TO TaKoe Hß3KOe )' xa.paKTepHO ,JJ)lff rrpo­
T.f!llteHHoro rryTPI, KOTOpblli rrpolliJia BOJIHa R2 - C ,upyrofi CTOpOHH, ß3BeCTHH �a.HHHe 06 
a.MIIJißTy,IUIOI BapHauIDI peJieeBCKHX BOJIH rrpM pacrrpocTpaHeHMM MX qepe3 KOHTMHeHTaJIJ:,Hhle 
rp9.lll'IUH [9] H B ycJIOBIDIX ropM30HTaJII:,HOfi paj)pa.KJJ;HM [10]. 

B [9] OHJIO rro.nyqeHo, 'tJ:TO !Ipß pacrrpocTpaHeHHPI peJieeBCKHX BOJIH c OReaHa Ha KOHTillleHT 
rrpOMCXO,IUiT YB8Jiß'tJ:8HHe a.MITJIHTY� ROJiedarum. c rrepMo�aMH 20 - 25 ceK npHMepHO B 2 pasa. 
B Halll8M c.nyqae ode BOJIHhl R1 H R2 rrepeceRaIOT ROHTMHeHTaJIJ:,HHe rpa.Hm.u,I M, ecJIH 8TOT
ajxpeRT ßMeeT MeCTO, TO Ha OTHOllieHMe crreKTpOB OH, IIO-BH,IUIMOMy, He Mor CMJII:,HO ITOBJIH­
JITI:, • 
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BoJiee BBlKHl:IM JJ.]Iff. Hac RBJIR:eTCR ajxlleKT rop:llI30HT8Jil>HOro rrpeJIOMJieHH!l IlOBepXHOCTHh!X BOJIH, 
nplmO,nfill(d K (jx)KyCHI)OBKe 8Heprim: BOJIH, pacrrpoeTp8HRIOIUHXCR 'l!epes 80Hbl C 8HOM8.Jll,HO 
BHCOKHMH CKopocTruvm. B [ 10] QJ,IJIO OC>HapYJl{eHO, 'IITO IIpß no,noC>HblX ycJIOBH!IX npo1mxo,n�IT 
YB0JmlleHze aMDJIIdTY.n KOJieC>aH:mi c nepHo,naMJI 20 ceK rrpHMepHO Ha IlOJ)ff,nOK no cpaBHeHmo 
C 8MIIJIZTy,naMJI Ha 0JIH8KHX CTam.1:imx, HO pacnOJIOJKeHHhlX B ,n;pyrHX 88HMyT8X. IlpmeM aHO­
MaJil,HO OOJil>lliße 8MI17IHTy,n;u H80JIIO,n8IOTCR B cpaBHHT8Jll,HO ysROM 88HMyT8Jil>HOM CTBOpe. Ilo­
,noomm ajxpeKT MOlKeT cymecTBeHHO H8MeHHTJ, HaOJIIO,n;aeMYJ() H8Mli cpyHKr:rmo HanpaBJieHHOCTß. 
EcJIH BOJIHa R2 pacrrpocTpaHReTCR B aHaJiorß'l!Hh!X ycJIOBHHX H npoxoxmeHße ee 'l!epes soey
<p<)KyCHJ)OBKH MOJKeT rrplmeCTß K YB8JIWieHHJO aMIIJIHTy,n Ha IlOpH,nOK, TO cneKTpaJil>HOe OTHO­
meHHe npH nepHO)laX IlOJ)ff,IJ;Ka 20 ceK B03pacTeT .no 1 - 2. TaKyio B08M02KHOCTJ, HCKJIIO'IIßTJ, 
H8Jll,8.ff. 

B OOJI8CTH HH8KHX tJaCTOT BJIIDIHHe KOHTHHeHT8Jil>HOi1. rpaHHI.l;Il HJIH ropH30HTaJII:,HOro 

rrpeJioMJieHIDI, IlO-BH,IU'IMOMy, 8H8'tIHTeJIJ,HO MeH1,mee. PaccMOTpHM BapHa[(Hß y(w). Ha rrepH­
o.nax 90 - 140 ceK npH pac'l!eTe SR� HaMH npHHRTO y = (0,3 - 0,5),·10-4 KM-1• YBeJrn­
'l!eHHe y ,no (0,6 - 0,7),10-4 rrpHBO.nHT K yMeH1,meHHID cneKTpaJil>Horo oTHomeHIDI ,no 1 ,04. 
ToJil>RO npH y > o, 7.10-4 OTHO!IleHHe CT8HOBHTCR M8lil,lllHM 1 H To\..na HC'tlesaeT YJ(83aHHaff
Bl,llile acHMMeTpH'IIHOCTJ, ß8.JryqeHHJI HH3KO- H BHCOKO'tJ:aCTOTHhlX KOMIIOHeHT. Ho 8H8'tJ:eHHe 
y > 0,7.10-4 RBJIR:8TCR aHOMaJJl,HO OOJil>llißM. Ilo,nTBep,ir,n:eHHe SToro yK88bIB8JIO OH Ha H8JIH­
'l{ß8 CHJlliHOro saTyxaHHll B Bepxaen OOOJIO'l!Ke B,nom, TpaCCH BOJIHH R2· 

TaKmM o6pa80M, no;ryqeHHoe no Ha6JIIO,neHIDIM B OOHHHCRe OT 8eMJieTPffC0HM.fl 6 ORTHOP.ff 

'1973 r. cneRTpaJil>Hoe oTRomeHHe }½� B ,nHanasoHe nepno,noB 20 - 200 ceK xapaKTepH­
syeTCR ocoC>eHHOCTRMm:, CB.ff38HHI,IMII JIHOO C 8HOM8JlbHHMH 80HaMH B cpe,ne, 'tlepes ROTOPYJO 
IIpOXO,nfiT BOJIHbl PEJIEH I Jll7ICiO CO CJIOF'Jil:IM M8Xa.HH3MOM H8JIY1!8HIDI ynpyro:ii1 SHeprHH J/13 O'tlara. 
BoJiee O,D;H08Ha'l!Hllfi Brmo,n M0'1teT OHTJ, c,neJiaH IlO.CJie HSyqeHHR BOJIHOBOH KapTmrn Ha ,n;pyr.RX 
ceicMHtJeCKHX CTa.JmßRX. 
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Funktionentheoretische Gesichtspunkte für die Verwirklichung von 
SeismometeDn mit vorgegebener Charakteristik 

von 

W. BUCIIBEIM 1)

Zusammenfassung 

489 

Es wird gezeigt, daß ein Ensemble von gekoppelten "konjugierten", d.h. paarweise 
aufeinander hinsichtlich der Dämpfungsgrößen ("Dämpfungsinversion") abgestimmten
linearen Kreisen, von denen zwei den Charakter von konventionellen Seismographen ha­
ben müssen, ein reelles Schwingungsspektrum haben kann. Durch passende Wahl von Kopp­
lungsparametern läßt sich die Polfolge der Übertragungsfunktionen in die untere kom­
plexe Halbebene ziehen und Gleichheit und Reellität der Residuen erzielen. Das bedeu­
tet um so bessere Annäherung an die sowohl amplituden- als auch phasentreue Anzeige 
eines seismischen Signals, je länger und dichter die Polfolge ist. Das "Festkörper­
Seismometer" mit Streckonspektrum wird mathematisch als Ideal vorgestellt. 

Swnmary 

lt is shown that a system of l.'.near coupled circuits, two of them being conven­
tional seismometers, can have a spectrum of real eigenfrequencies only if there exist 
pairs of "conjugated" circui ts ,'li th 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 gebräuchlichen Seismometer, abgesehen von 
Strain-Seismographen,Systeme von gekoppelten Kreisen dar, von denen mindestens einer 
ein massetragender mechanischer "Schwinger" sein muß. Eine der mechanischen bzw, 
elektrischen Schwinggrößen dient dabei als Anzeige. Den - sehr unterschiedlichen -
Anforderunge�, 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 genügt [1, 2, 3]. Als Leitstern für 
die Wiedergabe dürfte 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 Beschleunigllllg des Gestells innerhalb eines vorgegebenen 
Frequenzbandes dienen. Ein in diesem Sinne ideales Seismometer wäre dann eines, für 
das die Übertragung innerhalb eines gewissen Bandes durch eine frequenzunabhängige, 
u,U, komplexe Zahl charakterisiert würde. 

Einige in dieser Hinsicht bemerkenswerte Eigenschaften haben Seismometer, die aus 
einer theoretisch nicht begrenzten Zahl n von Paaren solcher Kreise bestehen, die 
bezüglich ihrer Parameter besonders aufeinander abgestimmt sind ("konjugierte Krei­
se"). Mindestens eines dieser Paare muß dabei zwei mechanische Schwinger darstellen. 
Es trage im folgenden den Index 1, die Schwinggrößen konjugierter Kreise seien mit 
�
i 

und ryi bezeichnet (i = 1, 2, ••• , n ). Die spezielle Abstimmung konjugierter Krei­
se aufeinander besteht darin, daß die Koeffizienten von �i und �i gleich und von
entgegengesetztem Vorzeichen, die von l;i und ryi dagegen von gleichem Vorzeichen
sind. Eine solche Abstimmung mit "Dämpfungsinversion" ließe sich wahrscheinlich elek­
tronisch realisieren.· Damit lautet das System der Bewegungsgleichungen des Seismome­
ters (in dimensionslosen Variablen und Koeffizienten) im einfachsten Falle: 

�1 + 8111;1 + b111;1 + 1J1 + 011�1 + d111J1 + 8121;2 + b121;2 + C121')2 + d121J2 + . . .

1;1 - a111;1 + b111;1 + 711 - c111J1 + d111J1 -
8121;2 + b121;2 - 0121J2 + d12712 + . . .

(1a) 
8211;1 + b211;1 + c211J1 + d2·1711 + 822,;2 + b221;2 + 0221J2 + d221J2 +

.. 

- a211;1 + b211;1 - c21711 + d211J1 - a22,;2 + b221;2 ,.. c221J2 + d22712 + • • •

Das Frequenzspektrum wk ergibt sich aus der charakteristischen Gleichung D(w) = O 
mit 

(1b) D(w) = 

2 . b -w +1wa11+ 11

2 . b -w ,-1wa11+ 11

iwa21+b21

-iwa21+b21

2 . d -W +J.WC11+ 11

2 . d -w -1wc11+ 11

iwc21+d21 

-iwc21+d21

iwa12+b12 iwc12+d12

-iwa12+b12 -iwc12+d12

iwa22+ll22 iwc22+d22

-iwa22+b22 -iwc22+d22

D(w) bat einige wichtige Eigenschaften, die auch zutreffen, wenn die(quadratische) 
Koeffizientenstruktur der ersten bej_den Zeilen bzw, Spalten in beliebig vielen wei­
teren - zueinander konjugierten - Zeilenpaaren vorliegt: 

= 

= 

= 

= 

-x

-x

0 

0 
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I. Aus D(O) = O (Zeilen zu konjugierten Kreisen sind dann gleich) folgt, daß
w = 0 stets eine n-fache Wurzel ist.

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

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

491 

Nach II. ist insbesondere D(w) ein Polynom mit rein imaginären Koeffizienten, wenn
n ungerade, mit reellen Koeffizienten, wenn n gerade ist. In beiden Fällen sind 
die Wurzeln wk reell oder konjugiert komplex. Es' gibt drei verschiedene Möglichkei­
ten für ihre Verteilung in der komplexen Zahlenebene: 

1. Sämtliche Wurzeln sind komplex.

2. Die Wurzeln sind teilweise reell, teilweise konjugiert komplex.

3. Sämtliche Wurzeln sind reell.

In den beiden ersten Fällen 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 ungedämpfte� 
SchwingUDgen fähig. In allen Fällen jedoch hat es wegen I. keine definierte Gleich­
gewichtslage. 

Der dritte Fall ist von besonderem Interesse. Sämtliche Wurzeln liegen wegen III. 
symmetrisch auf der reellen Achse zum Nullpunkt, der selbst stets Wurzel ist. Wählt 
man z.B. �2 als Anzeigegröße, so resultiert im allgemeinsten Falle (sämtliche Ko­
effizienten quadratisch in w) � .t Y(t) = Y0 eiwt und �2(t) = y

0 
R�1)(w) eiwt 

(2a) R11)(w) =l

2 . b -W +a11l.W+ 11

2 . b -W -a11l.W+ 11

2 . b -W +a21 l.W+ 21

2 . b -W -a21l.W+ 21

2 . d -W +c11l.W+ 11

2 . d -W -C11l.W+ 11 

2 . d -W +c21l.W+ 21 

2 . d 
-W -c21 l.W+ 21

w
2 

w
2 

0 

0 

2 . d 
--W +C12l.W+ 12

2 . d -W -C12l.W+ 12

2 . d -W +c22l.W+ 22

2 . d -W -C22l.W+ 22 

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

(2b) = = 

j = 2, 3, •.. , n , 1 = 1, 2 

wie man durch gleichzeitige Vertauschung sämtlicher konjugierten Zeilen in Zähler und 
Nenner von (2a) verifiziert. Aus (2a) liest man sofort ab, daß jede Resolvente 
R31)(w) eine gebrochen rationale Funktion mit nur reellen Koeffizienten ist. Ihre

_Partialbruchzerlegung lautet formal 

(2c) = 

4n r(l)
B(l) 

+ E jk 
j k=1 w - wk 

(wk sind die maximal 4 n Eigenfrequenzen,von denen n stets gleich Null sind).
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Im Falle von nur reellen wurzeln wk sind auch die B(l) und sämtliche r (l) reell, 
J 

(1) jk 
und zu symmetrisch gelegenen Wurzeln gehört der gleiche Wert rjk (s.Abb.1), 

Wj 

0 0 

e----+--4�1--...,__....,__.._�._----1�► Wr 

0 0 

• erwünschte

o unerwünschte
Lag! von Polen 

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
hängen, läßt sich ein "Vielkreis-Seismometer" denken, für das die Pole jeder Resol­
venten R31)(w) eine äquidistante 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 größer dieser Abstand ist. 

• • 

Wj 

• • • •  • • • • • 

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

Da im ganzen 4 n2 Koeffizienten zur Verfügung stehen, lassen sich noch weitere 
Nebenbedingungen erfüllen, z.B. die, daß die maximal 3 n + 1 Residuen r��) sämt­
lich gleich und reell sind (insgesamt 6 n Bedingungen). Die Zahl der freien Para­
meter reicht hierfür bereits für n � 2 Paare konjugierter Kreise aus. 

Ist F(w), w reell, die FOURIERsche Spektraldichte des einwirkenden seismischen 
Signals, so wird die Anzeige A31)(t) (1 = 1, 2) dieses Signals durch die Anzeige­
größe �j bzw. ryj dargestellt in der Form 

1 

---+-T:7"d--- Wr 
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(3a) = j dw F(w) R�1)(w) eiwt 

� 

4-93 

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

(3b) = const 

für dasjenige Frequenzband zutrifft ; in welchem F(w) wesentlich von Null verschie­
den ist . Diese Bedingwig wird für ein zu w = 0 symmetrisches Frequenzband offenkun­
dig mit einer Polverteilung der oben dargestellten Art um so besser erfüllt, 

a) je länger die Polstrecke ist,

b) je dichter die Polfolge bezüglich des Abstandes von der reellen Achse ist.

Ein Optimum würde schließlich für ein Ensemble von quasi unendlich vielen gekoppelten 
Kreisen mit dichter Polfolge, also mit einem Streckenspektrum,erreicht (s. Abb, 3), 
das sich von Q- bis Q+ horizontal in der komplexen w-Ebene ausbreitet und funk­
tionentheoretisch einem Verzweigwigsschnitt der Resolventen R�1)(w) entspricht .
Solche Streckenspektren sind in der Festkörperphysik bisher nur f'iir Frequenzen 
v � 1014 Hz bekannt, z.B. von den Bandstrukturen der Halbleiter.1) Für die Seismo­
meter wäre die Realisierung für weit niedrigere Frequenzen, nämlich von Obis 103 Hz, 
notwendig. Wenn es gelingen würde, "Festkörper-Seismometer" dieser Art außerdem in 
den festen Gesteinsverband einzuschließen, würden gleichzeitig mehrere alte und 
drückende Probleme der Seismometrie eine Lösung finden. 

Wj 

Abb, 3, Polstrecke nach Abb. 2, dicht 

Es wäre also,nötig, einen auf Stress genügend empfindlichen, zur Anzeige ausnutz­
baren Festkörpereffekt zu finden, der in der unteren komplexen w-Halbebene einen zur 
reellen Achse möglichst parallelen Verzweigungsschnitt zwischen -103 und 103 Hz auf­
weist, auf dessen beiden Ufern die Funktionswerte eine möglichst gleichbleibende Dif­
ferenz haben. Es läßt sich natürlich die Frage diskutieren, ob die Realisierung nicht 

besser über ein vielkreisiges "Computer-Seismometer" erfolgen könnte, das damit eine 
äußerst vielseitig auszuwertende "Ur-Information" über das Signal bereitstellen würde. 

1) Diesen Hinweise verdanke ich Herrn Dozent Dr. MONECKE, Sektion Physik der Bergaka-
demie Freiberg. 

d 
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Hochverstärkender langperiodischer elektronischer Seismograph 
an der station Moxa

von 

Zusammenfassung 

495 

Systematische Untersuchungen seit 1966 an langperiodischen Seismographen vom Typ C 
(30-s-Seismograph / 90-s-Galvanometer) an der station Moxa über den Einfluß dynami­
scher Umweltstörungen (Luftdruckveränderungen etc.) auf die Registrierungen f'ührten 
zu einer verbesserten Aufstellung und Abschirmung und zu einem neuen elektronischen 
langperiodischen Seismographen. Das gibt die Möglichkeit :für einen Betrieb mit hohen 
Vergrößerungen bei langen Perioden. Das Musterge.rät (vertikal) hat eine spitze Cha­
rakteristik mit einer Vergrößerung von 22 k bei T = 30 s. Störungen durch Luftdruck­
änderungen sind aus den Registrierimgen verschwunden. Der Seismographenbehälter hat 
bei einer Eckperiode von TB.., 33 h bei T � 100 s eine Unterdrückung von �103.
Für den Routinebetrieb werden Seismographen vom Typ SSJ-I/L (Ts = 30 s) _mit einem
kapazitiven Wandlersystem vom Typ esau und mit dem neuen Seismographenbehälter 
SB-1200 eingesetzt. Das Ausgangssignal des Seismographensatzes erlaubt direkte Di­
gitalisierung für ereignisselektive Lochbandregistrierung oder für digitale Speiche­
rung. Das frequenzmodulierte Trägersignal läßt sich in jedem Telefoniekanal übertra­
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 1!18gnification 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 pressu.re 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 transducer,
esau, each comppnent 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. 

1) Zentralinstitut für Physik der Erde der AdW der DDR, Institutsteil Jena, 69-Jena
(DDR), Burgweg 11 
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Die Realisierung hochverstärkender langperiodischer Seismographen in dem für den 
Nachweis schwacher Ereignisse besonders interessierenden [1 1 2] Periodenbereich um 
30 s ist nicht so sehr eine Frage besonderer Wandlersysteme als der Beherrschung 
simultaner Störeinflüsse nichtseismischen Ursprungs am Aufstellungsort des Seismo­
graphensystems. 

Gemeinsam mit der Eingangsgröße XE greifen die Störungen si(t) am Seismo­
graphen S an (Abb. 1). Es sind dies die zeitlich veränderlichen Differenzen von 
Temperatur �, Luftdruck p, Feuchte F gegenüber den Anfangswerten bei Inbetrieb­
setzung. Sie werden vom Seismographen echt empfangen und verstärkt und gehen in die 
Registrierung XA mit ein (6]. Für sinusförmige kleine Änderungen gilt im einge­
schwungenen Zustand: 

= W(T) {XE -

= = dp = dF . . . , 
= t • 

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 Übertragungscharakteristik wegen des 
Zusatzgliedes (T/T

8
)

2 übertragen. Dadurch hat jede Breitbandcharakteristik bei 
T

8 
bzw. Tg ein Maximum für die Störübertragung. Die maximale Auslenkung am Seis­

mographen ist 

(2) =

Der Betrag wächst mit dem Quadrat des Periodenverlängerungskoeffizienten N und 
kann nur durch einen verminderten Durchgriff D der Störungen auf den Seismographen 
herabgesetzt werden. 

Seit 1966 wurde in Jena und an der Station Moxa diesen störenden Umwelteinflüssen 
bei langperiodischen Seismographen nachgegangen, und es wurden einige Möglichkeiten 
für die Verbesserung der Störfreiheit der Registrierung gefunden und erprobt [7]. 

Diese wurden auch bei dem elektronischen vertikalen Mustergerät angewendet. Abb. 2 

zeigt das Schema der Seismographenaufstellung mit den auf das Gerät einwirkenden· 
physikalischen Größen. 

1. Zur Verbesserung des Langzeittemperaturverhaltens und ähnlicher langperiodi­
scher Vorgänge wurde der Parameter c�, die Empfindlichkeit des Seismographen gegen­
über Temperaturänderungen, durch eine spezielle Wahl und Steuerung des Temperatur­
koeffizienten der Federkonstante der Schraubenfeder im vertikalen Gerät verringert. 
Die neue, verringerte Empfindlichkeit ist 

(3) c� � 0,01 ••· 0,1 c�

und schwankt mit den Exemplaren einer Federserie [4-, 7]. Außerdem kann durch eine 
elektronische Rückführung [ 2] der Koeffizient N fiir sehr langperiodische Vorgänge 
auch bei diesem Gerät herabgesetzt werden. 

.11' ' 
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i---i•�x 
A

Abb. 1 

2. Zur Erhöhung der Stabilitft gegenüber kurzzeitigen Temperatureinflüssen 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 �s konnte für die erforderlichen Beob­
achtungszeiträume eine sehr gute Konstanz nachgewiesen werden (Abb. 2): �s ist bis
auf 0,01 °c über mehrere Stunden konstant •. 

3. Zur Abschirmung atmosphärischer Störungen wurde ein stabiles Stahlgehäuse ver­
wendet, das sich unter den vorkommenden Druckschwankungen nicht wesentlich deformiert 
und eine hohe Zeitkonstante TB der Unterdrückung D-1 besitzt. Für TB� 33 h bei
T = 30 s ist die Unterdrückung D-1 > 104 • Die Bestimmung von TB wurde mit Hilfe
eines elektronischen Mikrobarographen durchgeführt. Die Methodik der Messung und die 
speziellen Fragen der Abschirmcharakteristik eines druckdichten Behälters werden in 
(B] 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 möglich. Uber einen Tiefpaß im 
Rückführungszweig lassen sich Driften ausregeln. Im zweistufigen Signalzweig mit Ope­
rationsverstärkern (OV) erfolgt die Formung der Übertragu.ngscharak·�eristik, die ihr 
Maximum bei T = 30 s hat. Die Flankensteilheit läßt sich in gewissen Grenzen vari­

ieren. Im unteren Teil der Abbildung sind die Einflüsse dargestellt, die von der Kon­
struktion her und vom auftretenden Rauschen den Nachweisbereich einengen. Das Wand­
lerrauschen ist, auf den Eingang bezogen, 

C~!--D 

s 
XA - WIT) { XE- S; ns N2 ci} 

S 1 = Lltt, S2 - Llp, . . .. , Sn ... t 

~ST N2c .(Max[Ts,Tg])2 S, XD 
1 1 T , ' s 

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



4-98 

LUFT 

KABEL 

, 

�s 

[ oc]

c' ,9,,.. 0,01 ... O, 1 C,e. 

Abb. 2 

s. 

„L --P 
*o a 

s c� 

SOCKEL. 

.. 

X
E 

D 

10
4 

10
2

1 

-1

\ 

' 

1 

I 

10-4 10-2 

DOI: https://doi.org/10.2312/zipe.1975.031.02
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bei einer Nichtlinearität von <1 % beim Maximalausschlag. Der Testbetrieb des Systems 
wurde mit Vergrößerungen im Bereich V= 3,3 k ••• 22 k ab Herbst 1972 durchgeführt. 
Eine Erhöhung der Vergrößerung der Bodenverrückung in der Analogregistrierung bis 
auf V� 105 ist nach (4) möglich, jedoch wegen der örtlichen Gegebenheiten wahr­
scheinlich an der Station Moxa nicht sinnvoll. 

Der mechanische Empfänger mit einem Teil des Wandlersystems ist in der eingangs 
angeführten Weise (Abb. 2) gekapselt. Die Wirksamkeit der Seismographenabschirmung 
ist aus, den Antworten von vier verschiedenen Seismographen der Station Moxa auf 
einen Luftdruckstoß (Klimaanlage) zu erkennen (Abb. 4). Das elektronische Gerät mit 
V =  10 k (5 ') zeigt einen ungestörten Verlauf, ebenso das 20-s-Gerät (4), während 
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 wäre rechnerisch auf Spur 5 ' der doppelte Be­
trag der Reaktion auf Spur 1 zu erwarten. Alle Geräte benutzen den gleichen verti­
kalen Empfänger VSJ-I, die Geräte 1, 3, 4 haben nur Plexiglashauben und darüber 
Glaskästen. 

Abb. 5 zeigt zwei Ausschnitte aus Registrierungen des elektronischen Seismographen 
aus den Jahren 1971 (unten) und 1973 (oben). Man erkennt klar die Verbesserung gegen­
über dem ursprünglichen, ungekapselten Zustand. Die obere Registrierung hat eine ca. 

(5) 

1000Hz 

1HZ 

1mHz 

s 
D 

1 ...___ __ --11 
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3- -------

\ 50 / Ts=25s 

/ 
Tg=330s 

\/ 
1,3k Ts::20s 

4�------- 5 Tt= s 

10k Ts=30s,RF 
S' _,..,.,.._.__... ___ abgeschirmt 

6 ein
-··7 aus K I imaanlage 

++
Luftdruck 

Abb. 4 

104fache Vergrößerung gegenüber ca. 103 in der unteren bei etwa gleichen Störeinflüs­
sen aus der Luftumwälzung während des Arbeitens der Klimaanlage. Das untere Gerät war 
im damaligen Zustand nur mit einer Plexiglashaube geschützt. In Abb, 6 sind als Ver­
gleich die simultanen Registrierungen eines 20-s-Gerätes (V""' 103 ) zwischen 5 s und
20 s und des 30-s-Gerätes (V""' 104) bei 30 s gezeigt. Die Gegenüberstellung beweist
die weitaus größere Auflösung und die Steigerung der Anzahl der Ereignisse gegenüber 
der Standardabstimmung. 

Ein Dreikomponentensatz langperiodischer Geräte mit wahlweise Breitband- oder 
$chmalbandcharakterlstiken ist für Moxa in Vorbereitung. Als Seismographen werden Ge­
räte des Typs SSJ-I/L mit Ts = 30 s mit einem miniaturisierten Wandlersystem esau
mit fernübertragbarem Wandlersignal eingesetzt. Die Kapselung erfolgt mit Seismo­
graphenbehältern SB-1200, die aus einem Zylinderunterteil mit einer gewölbten Haube 
bestehen. Diese Behälter werden auch für 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 Ausgänge besitzen. 

Im Rahmen der Arbeiten zu gemeinsam geplanten Themen im RGW erfolgt außerdem ein 

Einsatz der Seismographenbehälter an der Sta·tion KHC (Kasperske Hory) des GU Praha 
der CSAV. 

Für freundliche Unterstützung 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 Behälter SB-1200 für den Seriensatz übernahm der VEB Rohrleitungs­
un_d Behälterbau Pössneck, dessen technischem Leiter, Herrn Ing, GÖBEL, hier für die 
gute und konstruktive Zusammenarbeit gedankt sei. 

07.04 ur MOX 73 MAR 26. 

1 -\ ~;;---: c-- Ts=30s-
/ ., · Tg= 90s 

D 
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PesYMe 

BorrpocH HMIIyJII,CHOH KaJIB6poBKH ceRCMORorwi:ecruuc TpaKTOB 

3,M. APAHOBWI, 8.M. 3EJIMKMAH, A.H.. MEJI.AMY.IT,, 
- 1) C.A. HEI'PEEEilKifil. A.B. Ph!KOB. H.E. IIM1IOBA

505 

PaccMaTp:r.maJDTCJI BOllpOCH ßMIIYJil,CHOÖ KaJIH6pOBKIII ceÖCMOROrH1IeCKOÖ annapaTypH. Ha 
OCHOBe 8R8KTPOM8XaHH1!8CKHX aHMOrPIÖ ycTaHOBJieHa CB!i8b MeJK,Ily qacTOTHHMH xapaKTepßCTH­
KaMH ceäcMorpa(pa. BOS6yE,IW.eMoro qepes �ono.mmTeJII,HyIO KaTylIJKy III Kopnyc. MeTo� im­
cReHHoro M0�8JmpOB8HHH paccMoTpeHI,I norpemHOCTJII ßMIIYJil,CHOÖ KaJIH6pomm. o6yCROBJI8HHHe 
npoue,uypoä ,IJ;HCKpeTHSaum,: peruanm ceflcMORorH1IeoKoro TpaKTa Ha Boa6� HMIJYJII,C 
no BpeMeHH III ypOBHil III orpaHH1IeHHKJ ee ,IJJIHTeJII,HOCTIII, Ilp:r.mo,IUITCJI pesym,TaTH onpo6oBa­
Hlm HSKOTOpHX cnoco6oB no�emm myMOB t BOSHHKaonHX B pesym,TaTe HMnyJII,CHOÖ K8JIH-
6pomm. 

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 wi th respect to the harmonic or impulse func­

tions applied. The connections o� the seismograph response curves obtained by an im­

pulse excitement both through ..,he calibration coil and the grou.nd 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 factors; its low-frequency part is calculated with sufficient accuracy. Soma 

methods of suppressing the perturbing factors indicated above are suggested for the 

increasing of the impulse cali�ration 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, 

1) HliCTIIITyT hsmm 3eMRH AH CCCP, MocKBa n-242, I'pySHHCKM 10 
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1 • B:eeJleHMe 

B CBH3H C BHe�p8HH8U B ceäcMOJJOrHqecKyID npaKTHKY �RHHHOnepHO�HI:ilX ceßcMorpaqJOB H Ya­
mHHIThlX cnoco6o:e HHTepnpeTaUHH aanKceä 38MJI8TpHC8HKä npHo6peTaeT B8.l!H08 3HaqeHH8 
HUDYRDOHaH KMH6pOBKa TpaKTOB perHCTpaUHH. H�eH HMDYRDCHO� KanH6pOBKH He HOBa. ÜHa 
HeO�HOKpaTHO o6cy•�anaCD H ODHCI:ilBanaCD B RHTepaType (cM.Hanp. [3 - 6, 11 - 13] , 
O�HaKO �o nocne�Hero BP8M8HH 8TOT cnoco6 ICOHTPOJJH H oco6eHHO onpe�eJJeHHH qacTOTHO­
qiaSOBI:ilX xapaKTepHCTKK ceäcuonorHt18CKOtt annapaTyp1:,1 B mHpOKOM '118CTOTHOM �HanaaoHe He 
HameJJ npzueHeBHH. 8To, no-BH�lrßlOMy, o6ycno:eneHO PH�OM TPY�HOCTeß ee peMH88UHH H, 
KaK cne�cTBHe,oTcyTcTBHeM oTpa6oTaHHO� ueTo�HKH TaKoß KMH�POBKH. 

M'A8H HMnYRDCHOß KaJJH6pOBKH OCHOBaHa Ha TOM H3B8CTHOM qiaKT8 [9], 'IITO, ecJJH B036y­
�HTD JJHH8äHYJ) CMCTeuy, a B Hameu cny-qae ceßcMorpaqi, yaKHM HMTIYHDCOM THna ö-qiyHKUHH, 
HMem�HM, KaK H3B8CTHO, panHOMepHI:ilä cneKTP, TO MO�YJJD cneKTpa peaKUHH ceßcMonorHt1ec­
KOro TpaKTa Ha TaKOß HMßYJJDC 6y�eT HBHHTDCH '118CTHOß xapaKTepHCTHKOß 8Toro TP8KTa; 
qiaSOBI:ilä cneKTp peaKUHH Ha STOT 1.nmyJII,C ßBJJH8TCH qiaaOBOß xapru<TepHCTHKOß SToro TP8KTa. 
MMDYJJDCH8H K8JJH6poBKa uo•eT pea�HSOBaTDCH no�at1eä ö-q>yHKUHH nH60 Ha �ODOJJHHT8H»HYJO 
KaTymKy, HH60 Ha pa6o-qy� KaTymKy. PaccMOTPHM CBHS» M8:KJtY '118CTOTHI:ilMH xapaKTepHCTHKa­
UH, noJJy-qeHHI:ilMH :e peayJJDTaTe :eos6yz�eHHH cettcuorpaqia qepea �ononHHTenoHYJO KaTymKy c 
qacTOTHoä xapaKTepHcTHKoß ceäcuorpawa, :eos6��eHHoro t1epes Kopnyc ceßcuorpaqia. 

]lJIH Toro, 'IIT06H ycTaHOBHTD CBHSD ue��y �aCTOTHOi xapaKT8PHCT0KOä ceßcuorpa�a, B086�­
�aeMoro t1epes �ononHMTen»Hym KaTymKy c �aoTOTHo� xapaKTep�cTHKO� ceßcuorpaqia, :eos6Y7E­
�aeuoro t1epea Kopnyc, MOJIBO CR8'AYH [1] paCCMOTP8TD aneKTpoMexaHH�ecKyE CHCTeMy cett­
cuorpaqia C pa6o�e� H �ODOHHHT8JJ»BOß KaTymKaMH. TB.Koe paccMOTpeHHe npHBO�HT K cne�y­
mmeuy BHpaJteHHm �JJH KOUßR8KCHOä '118CTOTHO-q>aSOBOä xapaKTepHCTHKH CHCTew: 

( 1 )1 �
1 

= '.1111 !12 ____ k
1
---�.--

. ,., + h + _gJ w m 
j w + 

ze 

B (1) npRHHW cne�ymmue o6oaua�eBHH: m - uacca ßO'ABHMHoM cHcTeMN ceßcMorpaqia; 
k - ynpyrocT» no�Beca no�BHEHOß cHcTew; h - saTyxaHHe ceßcuonpHeMHHKa; 

11 
- KOail>wH�HeBT 8JJ8KTpOMexaHHqecKoß CBH3ß �OßOJJHHT8JJ»HOä KaTymKH ce�cuonpHeM­

HHKa; �2 - KOaiM>HUH8HT 8JJ8KTPOM8X8HH'll8CKOß CBH8H pa6o�eß KaTyDIKH ceßcMonpHeM­
BHKa; r1 - TOK, npoTeKammHß �epe3 �ononBmTen»HYJl KaTymKy; e - HanpHX8HHe Ma
HarpysKe ceßcuonpaeUHHKa. 

2. TeopeTHqecKHe OCHOEG HunyRnCHO~ KaJIH6pOBKH 

- . 
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(2) 

Mo]lynn OTB0■8HHft (1) HnH qacTOTH&ft xapaKTepHCTHKa CHCT81W OTIHCHBaeTCH BHpaaeHH8M

1 � = "'1 12 --:::====================
2
=

j
(h + '11�)2 

+ w2 m2 '(1 - �)2 

z
e w 

IlOCKOnbKY BUpaaeBHe ]lnH 'IJaCTOTHOI xapaKTepmCTHKH aneETpO}lJ,fflaMH'IJ8CKOro cettcMonpe-

8MHBKa HMeeT BB}lt 
a) npH TIOCTOHBBHX cuemeHHHX

(3) B = 
X 

2 
no 2

(1 - w2
) 

6) llpH IlOCTOfIHHHX CKOpQCTRX

(4) B, = 
X 

,n2 w m --,..-.:_-.:_-_-_-_-.:_-_..;;;;_ .... _-_-_-_-_-_-_-_-_-_-_-_

j
(h + '11�)2 

+ w2 m2 (1 - �) 2 

z
e w 

B) npH IlOCTORHHHX YCKOpOHHRX

2 ; 
+ W H 

MO�BO aanHC8Tn cne]lyDDUfe BUpa�eHMfl, CBH3Ynammee qacTOTHlie xapaKTepHCTHKH CHCTeNI,J, 
B086�aeMott qepea }lOnonBHTenbHym uaTymKy c qacTOTHott xapaxTepzcTHKott cettcuorpa�a, 
Boa6y1t}laeuoro -qepea Kopuyc: 

(6) 

2.3. �aSOBaff xapaKTepHCTHKa 

�aaOBaff xapaKTepBCTHKa paccuaTpHBaeMott CHCT8Mli onpe]lenHeTCH BHpazeBHeM 

2 
no w m (1 - -)

(?) f() = arctan 
w2 

[- �2 ] 
h + _g 

z
e 

KoTopoe oTnHqaeTcH oT �aaoä xapaKTepHCTHKH cettcuorpa�a,Boaeiya}laeuoro -qepea Kopnyc, 
Ha 1ao0 ]lnH cuemeBHä, Ba 90° ]lnH cKopocTeä, a }lnH ycKopeumä 8TH cpasoBon xapaKTepe­
CTHKH COBß8.,1{8IDTo 

(5) 

2 m2 
w m --,=-_-_-_-_-_:_-_-_-_:_..;;;;_'-_-_-_-_-_-_-_-_-_-_-_:-_ 

/ ,R2 
✓ (h + .,f-)2 + w2 m2 

E: 

3112 
m - -,....-_-_-_:_-_-_-_-_::-_-_"""_-_-..::-.=::.-.::.-::..-::..-::..-_-_-:= 

/(h + ill~)2 z; 

B z: w2 m B 
X ;[j° 1 

2 
no 2 

(1 - w2) 
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2.4. qacToTHaH xapaKTepHCTHKa ceäcuorpa�a, B086yz�aeuoro qepea �ononHHTeJIDHYJI KaTym­
KY, C Y'i8TOM TpaHC�OpMaTOpHoro 8q)q)8KTa 

B pH�e ceßcuorpa�oB �ononue,enDHaH H pa6oqa.H o6uoTKa o6pasymT Tpasc�opuaTop. B CBRBW 
C 8THM BO BTOpHqHOä pa6oqeä 06UOTK8 BOSBHKaeT �Oß0JIHHT8JIDH8.H 9nC, o6yCJIOBJI8BBM TJ)aHC­
qx>pMaTOpHHM �eKTOM. 9Ta anc HBJIHeTCH HCTOqHHKOM omH60K IlpH K8JIH6pOBlC8 cencuonorB­
qecKoro TpBJCTa nro61,1u cnoco6ou, B TOM qHcne H npH HMDYJIDCBOä KMH6pOBKe. B CBß8H c 
8THM BaJ.HO Bl,lqHCJIHTD qacTOTHYIO xapa1tTepHC'rHRY ceäcUOJIOrnecKoro TpaKTa C Y'i8TOY TpaHC-­

cpopM8TOpHoro ��8KTa. ]lJIH BbNHCJI8BHH T8KOÜ xapaKTepHCTWJ'.m Heo6xo�BMO npocyWHpOB8TD 

KoMnneKcHl>le qacTOTHNe xapa1tTepzcTHJm ceäcuorpa�a 6es Y'ieia TpaHc�opuaTopHoro 8qlq)eKTa 

C KOMßJI8KCBOä qacTOTHOä xapaICTepHCTHKOl �paHC�OplPATOpa. 

PacqeTU npHBOÄHT K cne�ym�euy BHP8ll:8Bml �JIH qacTOTHOä xapaKTe�HCTMKH ceäcuorpa�a 
c Y'{eToM TpaHc�opuaTopa, 06pasoB8.BRoro 06uoTK811B: 

(8) 

11 e = K(w)
Li""" 

2.5. Pa6oqaH KaTymKa 

r. .= -v' i J 

B cnyqae B086yJQteHHH CHCTew qepea pa6oqYJ) KaTymRy UO:IHO nonyqBTD 8.BaJIOrnHWe BHBe­
�8HHHM Bl>lme COOTHomeHHH. � B 8TOU CJIY'iae CBß8D uez�y �aCTOTBOß xapaKT8PHCTHKOä CHCTe-
141,1, Bos6ya�aeuoä qepes Kopnyc ceäcuorpawa H pa6oqyti KaTymKy, onpe�enHeTcH cooTBo■e-­
HHHMH aHMOrlNHWMH (6). Cne�yeT O�HaRO no�epKHyTD, qTO KBJIH6pOBKa qepes pa6oqym Ka­
TymKy HMeeT TOT CYllteCTB8HHhll B8�0CTaTOK, qTo BOB6y:1,1.tamIIU1ä TOK nona,naeT uenocpe�C!BeB­
HO B nenD perHcTpannn, coa�aBaß �OßOJIHHT8JIDHH8 HCTOqHHKß omH60K. IlOSTOYy peBJiß88UHH 
KMH6pOBKH qepea padoqyti KaTymKy CBH8aHa c Heo6xo�HUOCT�E npHM8H8HHH cnenHMDHhlX pas­
BH8HBam�HX nenen, HCKJimqaIO�HX BOSMOKHOCTD ßOßa,l{aHHH B086ya,nammero TOKa B perHCTpHpy­
mmym qacTD cHcTew. 
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CooTHomeHHH (6), CBHBHBamll!He qacToTHHe xapaKTepHCTIIIKlf ceßcMorpawa, Boa6y:11Qtaeuoro 11e­
pes ,nononHHTenDHYID KaTymKy III qepea Kopnyc, nonyqeHH .nnH rapMOHH1IecKoro c111rHana. �nH 
Toro, 1IT06bl nony,iHTD COOTBeTCTByDmllle COOTBOmeHHH npe B036yJK,neHHH ceßcMorpa�a ö-<pYHK­
Ullleß lllnH CTyDeH11aTHM HanpHzeBllleM, Heo6XO,l,IHMO B BHp8.llteHHH (1) aaueHlllTD aaaqeHHH .nnH 
e - •HanpJIJKemm Ha HarpysKe H r

1 
- ToKa B036y,imeHM � cneKTpaMH. Tor,n;a B c.nyqae

B036YJK.neHWI ö--q,y�.0:eß, T.e. KOr,n;a I1 
.HBJIHeTCfI Ö�Ileia, CIIeKTp ROTOpoß 

I1(w) = Io T MOJKHO 3aßHC8TD

(9) �t�� = ��
w

f =

B cnyqae B086yz.neHHH cTyneaqaTHM aanpHzeH111eM, cnexTp KOToporo paBeH I
8 

= 1
0
/j w ,  

MOlKHO sam1caTD: 

(10) tl_w )_

�
= w e(w) = 

Io

-'ts BaßlllCaHHHX �opuyn cne,nyeT, 'IITO CBRSD M8lEJ.IY qacTO'l'Hb!Mlf xapaKTeplllCTIIIKaJIU'l' cettc:1.wrpa­

�a, BOS6yz.naeMoro qepe3 ,nononHJ/ITenDHYE KaTymKy lll qepea KOpnyc, B CRY1J8e IIIMßYRDCHOro 
B036yll,1l8HIIIH OTIHCHBaeTCH cne,nyIDmlllMIII BHpazeHIIIHMIII: 
B cny,1ae Boa6y:l,lleHHH ö-WYllKllllleit 

(11)
w2 m B, w m B„ m 

Bx = --B = 
i71Cj 

B1 = T7iC B1T 'Jl11 1 X X 1 
B CRY1Jae BO a6yz.nemrn CTyneaqaTHM HanpH�eHHeM 

(12) Bx w3 m B B, 
2 m B„ m = = w ffl:j B1 = w r, B1iIT:j 1 X X 1 

ToqHOCTD HMTIYRDCHOß KMH6pOBKIII ceßcMonor111qecKoro TpaKTa orpaHHtJlllBa8TCH .llBYMH TlllßaMlll 
noMex. 

3.1. MHKpoce�CMH 

IlepBHß Tlllß nouex CBH3aH C TeM, 'IITO IIICIThlTyew� TpaKT H8XO,l,IHTCH ':e pa6o�eM 8KCTIRyaTa­
IllllOHHOll COCTOHH!ßH III :e npouecce perHcTpauvrn peaKllllllß ClßCTeMH Ha ö-�yHKllllllO MnH crry­
neH11aToe HanpHmeHH8 O�HOBpeMeHHO perHCTPMPYIDTCH MHKpoceßcw. Ilplll cneKTPMDHOM aHaJIM­
se IDtlTIYRDCHOä peaKUHM C uenbID nonytreHmH �aCTOTHOß xapaxTepHCTHKIII ClllCTeMH CTI8KTP no­
Mex MHKpoceßCMHll8CKOro xapaKTepa HaKRa,l,IM:eaeTCH Ha cneKTp IDßTiyRDCHOß peaKUHlll, saTpy�­
HHR onpe�eneHHe TO�Hoß wopw xapaKTepHcTHKH. 

2.6. Munyn»CHOe B086ys~eHHe 

8. 0 TOqHOCTH m1nyn»CHO~ K8JIB6poBRH 
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Eopn6a c nouexaw YHKpoce"CMHqecKoro THna CBO,ZlHTCH K qacTOTHOl ceReKUHH. TaKaH: ceRe­

KUHH MOZeT 6HTb BYßORH8Ha pa3RHqHNMH cnoco6aMH: 1. ueTO,ZlOM CBepTKH BpeMeHHO� xapaK­
TepHCTWKH CHCTeMlil C H8JiogeHHYMH MHKpocelcMHqeCKHYH TIOM8X8.14H C BP8M0HHOU xapaKTepHc­
THKO" �HRbTpa c COOTBeTCTBYl)mHM o6pasou no.no6paH:HI,iMH napaueTpaMH; 2. MeTO,ZlOM ocpe.n­
HeHHR PH.zta HeSaBHCHIWX HMITYRbCHl,IX KMH6pOBOK; 3. nyTeM paapH.ztKH qacTOTY OTcqeTOB c 
TaKHM pacqeTOM, qTo6u Ha BpeueHHOU xapaKTepHCTHKe HCKJI�qHTb MHKpocelCMHqecxHe nouexe 
H T • .zt. 

3.2. IlouexH, o6ycROBR8HHY8 MeTO,ZlHKOU KMH6pOBKH 

BTopoä THIT IlOMeX CBHSaH C M8TO,ZlHKO� H TeXHHKOß HMITyRhCHOß KMH6pOBKH. neRO B TOM, 
qTO BYqHcneHHe cneKTPOB BpeMeHHOl xapaKTepHCTHKH CHCT8M!,1 o6yqHo npOH8BO,ZlHTCH npe no­
MOmM 8UBM. �R BBO.zta HH�OpuauMH B 8UBM c uenhro cqeTa cneKTPOB, BP6M6HHYe xapaKTepec­
THICH QHCTeMlil ITO.Z(BepraroTCH aHSJIOrO-,ZlHCKpeTHOMy npeo6pa80BaHHro. AHMOrO-,ZlHCKpeTHOe npe­
o6pa80BaHHe BKJiroqaeT .Z(B8 npoue.nypy. IlepBaH COCTOMT B TOM, qTQ npOH8BO,ZlHTCH npeo6pa-
30BaHHe BpeMeHHO� xapaKTepHCTHKH CHCTeMY f(t) HenpepYBHOro apryMeHTa t B WYHKUHID 
f{tk) ,ZlHCKpeTHOro apryMeHTa, tk, npHHHMaromero 8HaqeHHH to, t1, t2, ••• BTopaH npo­
ue.nypa aHaJIOro-.ztHCKpeTHOro npeo6pa80BaHHH CBR8aHa C KBaHTOBaHHeM op,II,MHaTHhlX 3HaqeIDIH 
cpyma:orn f( tk) B qJHKCl1pOBaHHh!X IIO BpeMeHH ToqKax tk IIO ypoBHIO. - mm nepBall' TaR
!1 BToprur rrpol(e,nypa IIpl1BOMT R rrorpellll-IOCT.ffM, 

Bonpocy o norpemHOCTRX, o6ycROBR8HHl,IX ,ZlHCKpeTHaaueeß HenpepYBH1iIX WYHKUHl ßOCBRmeHa 

o6mHpHaR �HTepaTypa (cM. Hanp. [2, 10]. ÜCHOBHOe BHHMaHHe B 3THX pa6oTax Y.zt8RH8TCH 
TQqHOCTH wopMHpOBaHHH HCXO,ZlHOro cv.rHMa no ero ,ZlHCKP6Tlll,JM op.ztHHaTHb!M 8HaqeHHHM. B Ha­
meM cnyqae npHXO,llHTCR pemaTh aa,naqy He O norpeWHOCTRX B cHrHaJiax, a O norpemHOCTHX B 
CII8KTpax. Heo6xo,I1.HMOCTb HMeHHO B T8IWH IIOCT8HOBKe 38,Il,8tJ:J,1 ,II,MKTyeTCB: TeM, tJ:TO KOHeq­
HOM I(em,10 1111myJibCHOH I<aJI116ponR11 JIDJiffeTcB: ue BpervreHHaB: qJyttRI(IDI, a crreKTp, IIoaToMY 
paCCMOTpV.M BJlliHHHe Ka)K,Il.oro ),13 Ha3BaHHhlX HCToqmmoB rrorpelUHOCTeH Ha crreKTpb!, 

3. 8. ]lHCKpeTH3fllU1fl no BpeMeHH

B C8l!OM o6meM CJiyt1ae npouecc ,llHCKpeTH3aUHH HenpepYBHOä WYHKUHH U(t) no BP8M6HM
sanHc�naeTcH cJie�JfilmHM o6paaoM: 

(1.3) 
00 

U = E U(t) ö(t - k t ) ,g le=-«> g 

r�e I\,; - HHTepBaJl ,!J,JICKpe•r1rnal(HH; ö - ö-cpyHRI(lliI )U1PAKA. CJie,ny.ff [7] IIOJIY1!ID'II Bb!paJKe­
HYe )J)IH CI18I<'l'pa ,LIYICKp8TH3HpOB8HHOH no BpeMeHß qiyHKUHI� ( 13). 

Bhlp8lit6HVre (13) !.IO)!(HO nepenecaTI, D BH.zte npoH8B6,Zl6HHfl .ztBYX BpeMeHHYX WYHKU}I�: 

('14) 
00 

U(t) E ö(t - k t ) .
k::-D:J g 

TaJC Kai( YMHOiT.8IHm BO BpeMeHHOä OÖJJBC:T..11 COOTB6TCTBY6T CBepTKa B qacTOTHO� o6�acTH, 
cm:-mTp l.lO)iO!O 'fll-l1it1CM!T1 qepes HHTerpaJI CllCPTRH 

ll ( t) g 
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(16) S(w)

J U(w - g) S(g) dg, 
-00 

00 00 
= J E ö( t - k t ) 

-jwt dt =...oo k=-oo g e 

HO TB.K KaK 

(17) 

TO 

(18) 

oo -jwkt 
J ö(t - k t ) e-jwt dt = e g 

-00 
g 

S(w) 
oo -jwkt 

= E e g
= 

k=-oo 

_00 
E cos w k t 

k=-oo g 

00 ooJ ) e-jWt dt,E ö(t - k t
g k:-oo -eo 

00 

= 2 TC E ö(w - m w ) ,
m=-oo g 
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r�e wg= 2n/tg - KpyrOB8Ji qacTOTa �HCKpeTH88UHH. - Ilocne TIO�CTa.HOBKH B (15) 3Ha11e­
HBH (18) nony,JHM 

00 00 00 
(19) Ug(w) = 2 n .1, U(w - g) m!-oo ö(g - m � TC) dg = ; n E U(w - m; n) •

w.-: g g m:..oo g 

Ma (1 9) cJie�yeT, 11'1'0 B peayn:r.TaTe �HcxpeTHaauHH cHrHa.Jia, a B aameM cnyqae - BpeMeH­
Hoä xapaK'l'epHCTHKH CHCT8Yl,l l o6pasyeTCH nepmo�HqecKH IlOBTOpHromH"CH cneKTp. qaCTOTa 
DOBTOpeBHft cnexTpa paBBa 1/tg, T.e. o6paTHO� BenHtJHHe HHTepBana �HCKpeTH38Il,HH. Ha
PHc. 1 npBBO�ft'l'Cft nepuo�MlleetcH TIOBTOpHromHecR, TeopeTH110CKH paCC'IHTaHH�e cneKTP� HM­
nyn:r.ca BEPJIAl'E lJlft Pß�a 3Ha11eHH� nepHo�a ßOBTOpeHHH (npHBO�ftTCH TOR:&KO no O�HOMY no­
BTOPHOlfY cneKTPY), T.e. �Jlfl paaJIH'IHOro HHTepBana �HCKpeTH38UHH HCXO�Horo CHrHa.Jia. 
PaccuoTpeHHe B'l'Oro pmcyHKa, a Taltl!te aH8.JIH3 (19) Il08BOJIH6T aaKJIIDtfHT:&, tfTO COCT8BnH­
IDmH6 pesyn:r.THpymmero cneKTpa �OJIZ� RBJJ.fITbM HTOrOM cyMMHPOB8HHR COCTaBJIHromHx nepH­
O�H118CKH DOB'l'OpHm�HXCft CD8K'l'POB. XapaKTep peayJI:&THpymmero cneKTpa cymecTBeHHHM 06-

paaou saBHCH'l', C O�HOA CTOpo�, OT tg - HHTepBa.Jia �HCKP8TH88UHH, a C �pyroä CTO­
POHH, O'l' mHpHIIW eneKTpa MCXO�Horo CHrHana. 011eBH�HO, qTQ 118M 6on:r.me HHTepBan �HC­
xpeTH88UHH H mHpe CD8K'l'P c■rH&Jia, TeM 6on:r.me nepeKpHTHe (HaJIOZ8HHe) nepHO�Htf8CKH 
noBTOPHE�IIXCH cneKTPOB H Teu 6on:r.me norpemHocT:r. B peayn:r.Tapymmeu cneKTpe no cpaB­
aeam c HCTHBBliM. Ü"ll8BH�HO T&ne, tJTO B cnyqae, ecJIH CßBKTp BpeueHHO� xapaKTepHCTH-
KW o6pa�aeTcH B Hyn:r, npm lfl � 1/2tg , To nepeKpHTHH cneKTPOB He npoHcxo�MT H KaK
cne�CTBHe He npOHCXO�HT HanozeHBft 11aCTOT. B 8TOM cnyqae HMeeT MeCTO npocToe nepHO­
�M"ll8CKOe IlOBTOpeHHe cneKTPOB H He B03HHKaeT norpemHOCTe� aa cqeT HanoMeHHft qacTOT. 
8TH�· WKPOKO non:r.ByETCft B cMel:HliX o6nacTHX TeXHHKH. lJ.;IH ycTpaHeHHH norpemHOCTeä �HC­
KpeTH88UHH HCXO�Hwe CMrHaJili IlO�BepramTCH HH3KOqacTOTHO� �Hn:&TP8UHH �o �HCKpeTMBSUHH 
C TSJ!:HU pac-qeTOM, 11T06U HCKJIE'IHT:& HaJIOl:eHHe qacTOT. TaKHe cpMJII,'l'pbl HOCf!T H83BaH1r1e 
8HTHMHäCHHrOBHX. 

00 

r~e u (w) - cneKTP ~YHKUH~ U(t) , a g 
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P.14c. 1 • IlepHO,Il;lfCl8CKß IIOBTOpsIJOIIIMeCH crreKTpli ßMIIYJII,Ca BEPJIAI'E C 'C{8CTOTOÖ IlOBTOpemm 1 

m ( tg = 1 ceK); o.s m (tg = 2 ce1t); 0.3 m ( tg = 3 ce1<) 

Ta1tm� o6pa30M rrepeKpI,JTHe ClleKTpOB • OÖyCJIOBJieHHOe ;nHCKpeTH3aIU'IeÜ BpeMeHHHX 
�IUJ;lffi t .fIBJlffeTCR HCTO'C{Hfil\OM rrorpelllHOCTefi rrpH onpe,u;eJieHHH 't!aCTOTHO:ti xapaKTepHCTHKli 
MeTO,IJ;OM HMITYfilCHO:ti KaJIH�pOBKH • .IJ.IDr Toro. 't!TOÖI,J ycTaHOBHTn xapaKTep H CTenem, 8THX 
norpelllHOCTeH t Ha PHC. 2 rrp.tmO,niITCR cneKTpI,J t BI,J't{HCJieHHJ:Ie Ha 31.l;I3M no ;nHCKpeTH3HpOBaH­
HI,JM 3Ha't!eHH.fIM TeopeTH't!eCKH pacc't!HTaHHOro HMnyJII,Ca EEPJIAI'E. Pac't!eTl:I npoBe,IJ;eHU ,IJ,7lfI 
Tex �e 3Ha't!eHH:ti HHTepBaJia ,IJ;HCKpeTH3aI.Um:. ,IJ,7lfI KOTOpHX IlOCTpoeH PHC. 1. Ha 8TOM �e 
pliCyHKe npHBe.u;eH TeopeTH't!eCKH paCC't!HTaHHI,JH cneKTp HMnyJinCa BEPJIAI'E. PaccMOTpeHHe 
8TOro pHCyHKa H crreUHaJII,Hhle pac't!eTl:I Il03BOJI.f!IOT 3aRJJIO't!HTn: 1 • 13 o6JiaCTH HH3KHX 't!aCTOT 
,u;o 't!aCTOTH H.A½KBYICTA 1/(2tg) crreKTphl ,IJ;HCRpeTH3HpOBaHHO:ti cpyH�HH rrpaRTH't!eCirn: He OTJIH­
't!aIDTC.fI OT liCTHHHhlX crreKTPOB; B OÖJiaCTli -qacTOT Bl,Jllle -qacTOThl HAl1KBMCTA 8TH cneKTphl 
pa3JIH't{aIOTCR CY1118CTBeHH1:IM o6pa3oM; B 8TOH OÖJiaCTH crreKTpH �1CKpeTH3HpOBaHHIDC �Hii 
HOCRT KOJie6aTeJII,Hhrn xapaRTep. B TO BpeM.fI KaK HCTHHHIDi crreKTp He HMeeT 8THX KOJie6a­
HIIB. 2. �acTo1a KOJI86aHHH crreKTPOB ,IJ;HCKp8TH3HpOBaHHHX �Hii B o6JiaCTH Bl,JCOKHX 't!ac­
TOT COBrra.u;aeT c 't!aCTOTOH HAflKBYICTA. 3. IIepvIO,IJ;H't!eCKOe IlOBTopemre crreitTpOB Herrpepl,IBHhlX 
rro BpeMeHH �ma. Bl:IT8KaIOll.{ee ß3 rrpHBe,IJ;eHHOH Bhlllle TeopHH, He OTMe't!aeTC.fI. CneuHaJin­
Hl:Ie pac't!eTH IlOKa3I,JBaroT. 't!TO OTCyTCTBHe nepHO,IJ;H't!HOCTH B crreRTpax ,IJ;HCKp8TH3HpOBaHHHX 
rro BpeMeHH BpeMeHHHX <liYHKUIIB o6yCJIOBJieHO TeM. 't!TO C't!eT crreRTpOB Ha 3I.lllM IIpOH3BO,Il;HTCR 
rro rrporpaMMaM. OCHOB8HHHM Ha rrapa60JIWI8CROH (IDillIOHA) arrrrpOKCHMauHH OTC't!8THI,JX 3Ha't{eHHH. 
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!'He. 2. 'CJa.CTOTHl,le cneKTpl,I m,mym,ca BEPJIA.rE npH HHTepB8Jle ,Il;liCiq)eTHSaIUm 1 ceK (A), 
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2 ceK (B), 3 ceK (C), 0,1 ceR (E); TeopeTßlleCM pacctmT� cneKTp l'IMIIYm,ca 
BEPJIAI'E (D ) 

Ha PHc. 3 IlpMBO,Ii,ffTCff cneKTpH BpeMeHHblX xapaKTepHCTHK (A) H qacTOTHHe xapaKTepß­
CTHKß KaHaJia CR.n (B), IlOJrytI8HHble M8TO�OM HMIIyJII,CHOH KaJIH6pOBKH IlpH H0CKOJibKßX SHati:e­
HIDIX ID:ITepBMa �CKpeTH3�lfä ß aMIIJil1Ty,lJ.h! B03ClyJK..Ua101.l1ero mmym,ca. CorrocTaBJieHße IlpHBe­
�eHHblX Ha STOM pHCYßK8 xapaKTepHCTßK l1O3BOJifI0T OTM8TßTI, Te lKe SaKOHOMepHOCTH, KOTOpb!e 
6h!Jlß CWCPMYJIHPOBaHH rrpH paccMoTpeHHM crreKTpoB loozyJII,ca EEPJIAI'E. MB �aHHOM c.nytiae 
ßMeeT M8CTO xopomee COBrra�eHHe Hß3KoqacTOTHOH (�JißHHOITepHOMO:lil.) qacTH 3KcrrepHM8HTaJII,­
HO:lil. xapaKTepHCTlmß c ,Il,JIBHHOrrepHOMO:lil. qacTI,ID xapaitTepHCTßl{, IlOJJY'I8HHblX MeTO�OM HMITYJII,C­
HOH KaJIH6poBim. B Bb!COI<OqacTOTHO:lil. lK€ (ItopOTl{OilepHOMOH) ti:aCTH ßMeeT M€CTO I<OJie6aTeJII,­
HI:Ili xapaKTep xapaRTepHCTHK, no.n:ytreHHhlX MeTo�oM HMIIYJII,CHo:lil. KaJIH6poBKH. Ms ccix>PMYJIHPO­
BaHHHX 3aKOHOMepHOCTefi CJie,nyeT, qTo IlpH COOTB€TCTByIDl.l1€M Bb!Clope qacTO'rh! KBaHTOBaHIDI 
CJie,nyeT, .tJTO· Ilpß rrorpemHOCTß 3TOro po�a MOryT CJHTI, OTH€C€Hbl B OCJJiaCTI, ti:aCTOT sa npe­
�eJiawr IlOJIOCH nporrycKaHIDI. 
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PHc. 3. CneRTpH BpeMemrnx xapaxTepHCTHK (A) H l!aCTOTHHe xapaxTepHCTHKß (B} R8H8JI8. 

CK.II, no.nyqemme MeTO.I{aMH ßMilYJil,CHOii KaJm6pOBKl'I np:ra: HeCKOJil,RRX HHTepBBJiaX 

,Ill,icxpeTH3aIUm H pa3.7m"moi aWIJIHTy.I{e B036YJK,naD�ero m.mym,ca 

\J1 ..., 

7 _I 

41~ ] 
2 

1 ; i \-Jflll' 

1 F [r\li] 
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3.4. IlorpemHOCTß KB8BTOB8HHR no YPOBHE 

IlorpemBOCTI», o6ycJIOBJI8HHaR omH6KaMH B OTC'leTax op�mHaT, MOllteT 6NTI, oueHeHa no paaHoc­
TH ues�y TO'IImU oneKTpou H cneKTpOM, BH'IMCJI8HHHM no pesym,TaTy �HCKpeTH38UHH C omH-
60'lf'1,IMH OTO'l8TaMH op�HH&'l'. 

ßycTI» BP8M8HHaR xap8.KT8PHCTHK8 CHOTeULI f(t). Ee eneKTP HJIH 11acTOTHaR xapaKTepH­
C'l'HKa CHCT81W onpe�eJIReTOR HHTerpaJIOU .tYPbi: 

(20) K(w) 
00 

• t= J f(t) e-JW dt.

B OJiyt1ae �HCKP8TBOrO npe�CT8BJieHJ4R (20) nepennmeTCR B OJie�ymmeM BH�e: 

(21) K(w) = At � f(k At) e-jwk.1t.
k=O 

PaSHOCTI, uea�y TO'IHHU H �aKTH'l80KH noJiy11eHHHM cneKTpauH aanHmeTCH CJie�y�mHM o6pasou: 

(22) K(w) - K'(w) = At � [f(k .1t) - f' (k At)] e-jwk.1t •
k=n 

B BNpazeHHH (22) f(k At) H !'(k At) TO'IHNe H omH6011Ime J48UepeHHHe 3Ha11eHHH op�H­
HaT BP8M8HHOl xapaKTepHCTIIIKH 6epyTCH B TO'IKax k At. 

B COOT:B8TO'l'B1U'I C HepaBeHCTBOM IllBAPUA-BYHHBCIWro ( CM, [ 13]) MOlltHO aanH08'l'I, 

(23) L1K(w) �
N 

M At E lfk - fkl 2
•

lc:n 

YUHOZQH H �eJIH npaBym '18CTI, (23) :Ja M - 'IHCJIO OTC'18'l'OB, BHpaseHHe (23) MOlltHO sanH­
caTI, cne�yt0m1u o6paaou: 

.1K(w) f At M2 a2 • 

OTH0CHT8JII,H9.R norpemHOC'fI, onpe�eJIR6TCR BHpa:eHH8M 

(24-) ö 
_ AK�w � $. M <1

2 

- Kw - P • 

IloJiy11eHHOe BHpa�eHHe Il03BOJIReT oueHHBaTI, norpelliHOCTI,, o6ycJIOBJI6HHyID OWM6KaMM B 
OTC'leTax op�HHaT �MCKpeTH3HpOBaHHOM BpeMeHHO� xapaKTepHCTHKH. 8Ta norpeWHOCTb npo­
ITOPUl10HaJII,Ha M - 11HCJIY OTC'16TOB, a - 'AHCnepCl1H OTC'l6TOB M o6paTHO nponopuMoHaJJh­
Ha P-aHeprMH 'AHCKpeTM3HpyeMoM BpeMeHHOti xapaKTepMCTHKM. PacqeTbJ no l1MTIYJibCHOM KaJIM-
6pOBK8 ITOKa3bJBaroT, 'ITO norpemHOCTI, 3Toro po�a MOmeT 'AOCTHraTI, 60JII,lliMX 3Ha'leHl1M. nJIH 
HJIJIIDCTpaUHl1 8Toro Ha PMc. 4 npHBO'ARTCH cneKTph! MMITyn1,ca EEP]ArE C HaJiomeHHNM no HOp­
MaJJI,HOMY aaKOHY CJiy11atiHb!M myMOM. Eb1m1 P?-CCMOTpeHb! '16Th!pe cny11aR I np11 IWTOPblX TOtJ­
HOCTI, OTC'l6TOB 6h!Jia 1 %, 5 %, 10 % M 100 %- Ha 3TOM me PHCyHKe npHBO'AßTCR TeopeTH­
'16CKH� crreKTp HMTIYJibCa EEP]AI'E, KOTOpb!ti TI03BOJIReT oueHHBaTI, TOtJHOCTI, cneKTPOB, rro­
Jiy'leHHh!X no HCKameHHh!M CJiytJaMHh!MM rnyMaMM OTCtJeTaM. PaCCMOTpeHMe a·roro PHCyHKa IT03-
BOJIReT 3aKJIIO'IHTI, 1 tJTO: 1. IlorpelliHOCTI, B cneICTpax qiyHKUM}i, OCJIOlKH8HHbJX CJiy11atiHh!MH wy­
MaMM, HOCHT KOJie6aT0JII,HbJU xapaKTep.2. C yBeJJM'leHMeM rrorpelliHOCTeM B OTCtJeTax OP'AMHaT 
pacTeT norpemHOCTI, B cneKTpax.3. 3HB'l8HMe 11BCT0Thl, Haqw�aR C ICO�opo� cneKTphl, paCC'IM­
'ramrne no omM60'1HbJM u PAfü!UTHb!M OTC'l0TaM' Ha11;.rnaIOT 3aMe'l'HO OTKJIOHHTI,CH OT l1CTMHHOro 
crreKTpa, o6paTHO rrponOp]i,lOHaJ;MIO B8JIM'll1H8 OWJI6I<M, Tam1M o6pa30M 06ll(l1ti xapaKTep no­
rpell!HOCT0M B cnewrp.'iX 3'..:'0rG J)OiW 6JJ!130l\ K nor;:elliHOC'.rfü.;, o6yc:.r.üi3JICHHb!M ,1l�lCICIJ8TM3at].Heti. 
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S(w) 
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PHc. 4. CneitTpH' BWIHCJI0HHHe no m.mym.c8M EEPJIAI'E C TO'l'.lHOCTl,IO op,IUIBaTHIDC OTCi:reTOB: 
1 % (A); 5 % (B); 10 % (C); 100 % (D); _E - TeopeTß'l'.Iecrurn Cil8KTp m,mym.ca. 
EEPJIAI'E 
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9.5. ßorpemHOCTB, o6ycJJOBJJ6HHl,18 orp8.BBqeuueu �JJRTeJJI,HOCTH BpeueHHO� xapaKTepHCTHKH 
CBCT811H 

llpH �HCRpeTB8aUHB Bp8M8BHOß xapaKTepHCTHKH npmco�HTCH orpauuqHB8TI, ee nJJHT8JJI,HOCTI,. 

TaKoe orpaBaqeaue B o6meu CJJY'{ae uomeT npoucxonHTI, KaK aa c,reT HeyqeTa pH�a opnu­
HaTHYX 3Ha,reRHM D O�JJaCTU nepB!iX BCTynneHuä, T8K H aa c,reT HeyqeTa opnHHaTH�X 8Ha­
qeHHA B KOHUe BP8M0HHOA xapaKTepHCTHKH. 

CneKTP �BCKpeTH3HpOB8HBOi BpeueHHOä xapaKTepHCTHKH OßHCliB88TCH BUpruiteHHeM: 

(25) K(w) = �t � f(k .1t) e-jwlwt.
k=O 

�3-38 orpaamqeHm� �YHKUHH f(t) B CBHBH C ee �HCKpeTH38UH0�, BM0CTO (25) npHXO�HTCH 
HM0TI, �eJJO C BliP8.llt8HHeM �JJH cneKTpa% 

N 
(26) K(w) = .1t E f(k .1t) e-jwk.1t. 

k=n 

IlorpeumocTI, TaKO� annpOKCHM8ll;I·rn: NOE0T c51iTI, Bli'IIHCJJeHa no pa3HOCTH Mel!t�Y (25) H (26), 
KOTopaH aanijmOTCH cnenyromuu oc5paaoM: 

(27) .1K(w) = K(w) - K(,11) = .1t � f(k .1t) e-jwkllt + .1t � f(k .1t) 
k=O k=N 

-jwlalt
e • 

TaKHM o6paaou, HS (27) CJJe�yeT, qTO norpemHOCTI, COCTOHT H3 �Byx ,racTe": ö1 - rrep­
BOro 'qJl8Ha, o6yCJJODJJ8HHOro Hey,reTOM HaqaJII,HO" ,racTH BP8M8HHO" xapaKTepHCTHKH, H ö2 
- BTOporo 'qJl0Ha, o6ycJJODJJ0HHOro HeyqeTOM 11XllOCTa11 BpeMeHHOil xapaKTepHCTJ,'IKH:

OueHHM K8.llC.ztYID H8 norpeWHOCTe�. ilpHM8HHfi HepaBeHCTBO IIIBAPUA-EYHHKOBCKOro K nep­
BOMy qneay, DOJJY1{HM: 

(28) 
n 

= .1t E f(k .1t) 
k:O 

-jwMte 
n · n

< .1t E f2(k .1t) E 
lc:O k:O 

= n .1t i f2(k üt) •
k:O 

= 

SaMeHHH �JUi npOCTOTli 6ecKOH8'11HHil npenen KOH8'11HNM, MOlltHO ßOJIY1{HT1, aaruroruquoe Blipa­
meHHe M �JJH BToporo qneua: 

00 

(29) o2 = .1t E f(k .1t) e-jwkllt
k:N 

M 

= .1t L E f2(k .1t) , 
k=N 

r�e M - N = L. 

BrapameHHff �JJH cyMMbl E (28) H. (29) eCTb BliP8Jlt8HH8 ,ItJJH aHeprHß OT6pomeHHblX ,racTeß Bpe­
ue1rnoi1 xap8.ItTep.HCTl1Jm. B C:BH8Jd C 3TßM UOii(HO C,It8JJ8TI, oqeBH�Hbl� BNBO� 0 TOU, 'qTO no­
rpemHOCTb orpaHH'll8HHH npeueHHOß xapaKTepHCTßKH nponopuHOHaJJI,Ha aueprHM OT6pomeHHliX 
qacTe� HMnyn1,ca. 
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(30) 
< 

ö06� = 2 L ßt ßP. 

0THOCHTeHDH8R norpemHOCTD, ooyonoBneHHaH orpaHHqeHHeM �nHTenDHOCTH BpeMeHHOß xapaK­
TepHCTHKH, uoseT 6NTD nonY1JeHa B peaynDTaTe �eneHHR (80) Ha oueHKY'HCTHHHOrO cneK­
Tpa (21) no HepaBeHCTBY WBAPUA-BYHffKOBCKoro. B 8TOM cnyqae ßORJ'lJHM 

(31) 6 ßKtw� '5 2 ßP L
= Kw 

-
PM ' 0TH 

TaKHM o6pasou, OTHOCHTenLH8R norpemHOCTL B cneKTpe BpeMeHHOä xapaKTepHCTHKH CHCTeM 
88BHCHT OT.OTHOmeHHH 8HeprHH OT6pomeHHOtt qacTH cneKTpa K nonHOä BHeprHH cneKTpa. 

Ha PHc.5 npHBO�RTCR CD8KTPN HMnynLca BEPJIAI'E, orpaHWCl8HHOro c KOHua. 06maH �nHTenL­
BOCTD HCXO�Horo 1™DYRDC8 6Nna BNOpaua paBHOä 40 ceK. PacqeTN npoHSBO�HHHCL �nH �nH­
TenLHOCTeä HMnynLca B 80, 26 H 20 ceK. �s paccuoTp8HHH PHCYHKa BH�Ho, qTO H B �aH-
HOM CHY1J88 HCK8lt8HHR B cneKTpax, o6ycnOBH8HHN8 orpaHHqeHH8M �nHT8RLHOCTH HCXO�Hoä_ 
�YBKUHH, HOORT T8KOß se xapaKTep, KaK H B cnY1{aRX HMOS8HHR qaoTOT, norpemHOOTH B 
OTcqeTax no YPOBHfil: IlorpemHOCTL pacTeT C POCTOM �nHT8HDHOOTH OTOpomeHHoro "xBOOTa", 
qacToTa, HaqHHaR C KOTOpoä B08HHKamT HaH6onLmHe norpemHOOTH, o6paTHO nponopuHOHMLHa 
�nHT8RDHOCTH OT6pomeHHOä qacTH BpeueBHOß xapaKTepHCTHKH, norpemHOOTH HOORT KOne6a­
T8RLHNß xapaKTep H pacTyT C qacTOTOä. 

2-

10 - ---

1 
5 

1 

2-

10-1

10·2

10-2 2 

j -

s 10�1 'Z 5 1 F [ ru, J 

PHc. 5. CneRTPN ßMIIYJll,Ca BEPJIAI'E pa8JIH1IB0:l.t ,IJ)IßT8J11,H0CTIII: 30 ceR (A),
26 CeR (B), 20 ceR (C); D - TeopeTH"CreCRH paCC"tJIIITaHHN:l.t cneKTP 

~onycKaR ~nR ~anLHeämero ynpomeHen, ~To o1 = o2, Tor~a: 
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4. MeTO@ oueHOK �aCTOTHOjl>aBOBHX xapaKT8pHCTHK ceäcwonorH11eCKlrfX TD8KTOB

Bsme 6sno noKasSJio, �To B nponecce mmynicHoä KaJIH6poBKK ceäcuonor•�ecKoro 

TpaKTa BOSHHKaDT Il0M8XH, 06ycnoBneHHJ,1e H8.JIOE8HHeU �aCTOT, omH6KaMK KBaHTOBaBHR,

orpaHH�8BHeM no nnHTeniHOCTH BP8U8HHOÜ xapaKT8PHCTHRH CHCTeMI:,1. B 60JiimBHCTB8 on�a­

eB 8TH noMexH Tpynuo ycTpaHm.w, a HX xapaETep TaKoB, �To saTpynHaeT scnoniaoBaHHe

no.nyqeHHbIX xapaKTepHCTHK K8R nna KOHTPORR napaueTpOB annapaTypH, TaK H nna c�eTa Ha 

8UBM IlPH pemeHHH paaJIH�HHX ceßcMOJIOr�ecKHX aana�. C nenim ycTaHOBHTb BOSUOSBOCTD

CHH21'.8Hl'lff ypOBHfl ST!r1X nouex H ß0Jly,18HHH ,nocTaTO'tfHO TO'tfHhIX OIJ.8HOR BTlifX xapaETeplllCHK 

6HJIH onpo60BaHH: 1. �HJ!nTP8nl'!ff nl'lcKpeTH8HJ)OB8.HHl,IX BP8M8HlmX xapaxTepHCTHR; 2. wmnn­

TpanHH cneKTPOB BP8M8HHHX xapaKTepHOTHR H �aCTOTHI,JX xapaKTepHCTHR CHCTeu; 8. ocpe�­

H8HHe nucxpeTHSHPOBaHHNX BP8M8HHl:,IX xap8.RT8PHCTHK B �aCTOTHHX xapaxTepHCTHK CKCTeu;

4. HHTepnoJIRUHH �HCRp8THBHPOBaHBOß BpeueHHOß xapaKT8PHCTHRH Hip. OoTaHOBHUCH Ba

OßHCSJIHH H8ROTOPHX peayJibTSTOB onpo60B8JiHR nepe�HCJI8HHHX nponenyp.

B npenn0nOK8HHH, �TO norpeWHOCTH B oneKTpax H qacTOTHHX xapa.KTepHCTHKax O(jyCJIOBJI81W 
omz6KaMZ KBaHTOB8HHH no ypOBBn, IlPHBO�H�eMy R H8JIOE8BHE COCTaBnHm�n, 6nH8DX K qa­
CTOT8 KBaHTOBaHHR no BP8M8HH (B HaJll8M cn�ae nopR�Ka 10 ru), HCXOlHHM DIDynic Bpe­
M8HHOß xapaKTepzcTZKH CHCTeWil CK,7.{ 6HJI nonBeprHyT UH�POBOl WHJiiTpaUHH �ffll r• - 8 rn. 

IlORj"18HHH� nocne �MJ!nTpauHH KMnynbC 6HJI no�»eprHyT �aCTOTHOMY auannay. Ha P•c. 
6 npHBOnHTCH Cß8KTPH HCXO�Horo H_OT�HRbTPOB8JlHOro zunynicoB. PaccwoTpeBne BTIIIX PH­
cyHROB Il03BOJIHeT 38KRD�ZTb t �TO npouenypa �MJI�TPB.UHH HCXOlHOro CJ.n'H8.JI8 B l8lIBOM c�y­
qae He �a�a ITORO)KJIIT8JII,HhlX pe8yJII,TaToB. ilCXO,nHHe H OT�H.7I1,TpOB8HHHe crreKTPH rrpaKTlftiec� 
KM He OTJilFiaIOTCfl .n;pyr OT .n;pyra B llOROCe lfüCTOT �o 1 m l!I HM8IOT npaKT:l![ll80IUI O,nHliaKO­
BHe rrorpelllHOCTH. 

4.2. !Plim,Tpau;IDI l!aCTOTHhlX xapaKT8pHCTl!IK 

C uem,10 no�aBJiemm noMex, o6ycRoBJieHHbIX npoueccar.rn:,IU1cKpeTH8aIUIBBPeMeHHoil xapaxTepß­

CTIIBz, 6HRa onpo6oBaHa npouema qacTOTHOM �HJibTpaIJ;lrn Ha MO,nem,Hoil qacTOTHOtt xapaK­
TepMCTm<e • .1LIDI Toro, l!To6H Ha6eiK8.Tn crRaxrnBaHHe cpeaa xapaKTepHcTm<H, 6WI npoBe�eH 
cqeT, npH KOTOpOM liCXO,IUrne �aHHHe ,Il)lfI �HJII,Tpa BH6Hp8JlßCn no qacTOTHO� xapaKTepHCTH­
Ke, IlOCTpoeHHOM B 6HRorapH<Ir,rnlleCKOM M8Cll1Ta6e B npe,Il,IIOR0�8HHH, l!TO OHa ITOCTpoeHa B 
Jilffi8MHOM MaClllTa6e. Truco� npHeM o6ecne'lliBaJI l!8TKOe paa,neReHHe rro qacTOTHOMY COCTIIBY 
cpesa H llOMeXlt. Ha Flic. 7 A npHBO,nHTCR qacTOTHM xapaKTepHCTHKa, llOCTpoeHHaH y-Ka8aH-
HhlM o6pa80M, H peaym,TaT ee �Hm,TpaIJ;HH (7 B). PacCMOTpeHHe pHCyHRa llOKa8HB8.8T, l!TO 

B ,naHHOM c.nyqae �OCTHrHyTo 8H8l!HT8J11,HOe crRrumBrurn:e HCXO,nHOÜ xaprucTepHCTIIBH, npß 
STOM cpes xapaKT8pHCTHKM rrpaKTHqecKH OCTaRCR HeH8MeHHblM. Ilo.nyqeHHIDi pe8yJII,TaT IlOK8.-
8ml8.8T, l!TO B p.ff�e c.nyqaeB ,Il)lfI oueHOK tiaCTOTHblX xaprucTepHCTmt ueRecoo6pa8HO npHMeH­
RTn ©IDII,Tpau;:mo no orm:caHHoil MeTo,nHKe. 
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Pßc, 6. CneKTp1,1 BpeMeHHoll xapru<TepncTIIKII 110 �Tpai.lHll (A) H DOCJie lf,l!J!I,Tpamm (B) 
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PHc. 7. lfacTOTHM xapaRTepMCTMKa, IlOCTpoeHHM B JiorapMqJtvrntrecKOM MaCmTa6e (A) ß pesym.­
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4.3, ÜCpe,ll,HeHH8 Bp8M8HHHX xapaRTepHCTHK 

füIB H B c.nyqae �WII,Tpruum: BpeMeHHHX xapaRTepHCTHK �eRaJIOC» npe,IUIOROReHHe O HaRo�eHHH 
c.nyqaßHHX IlOMex, ROTOplie ß HBJISIIOTCH npH'l!ßHOß HCiraJKeH� B cneRTpax BpeMeHHHX xapaR-

1 TepHCTHK H qacTOTHHX xapaKTepHCTHK HCilHTyeMHX CHCTeM • .IJ,m:r no�aBJleHHH TaKHX noMex 6H-
Ra onpo6oBaHa npoue,nypa ocpe,IJ,HeHHH BpeMeHHblX xapaKTepncTHK no p� mc peaRHsau1m. 
Pe3yR»TaT ocpe,IJ,HeHHH no�epraRCH qacTOTHOMY aHaRHsy. Ha PHc. 8 A npHBO,IUiTCH cneKTp 
ocpe,ll,HeHHoro MaCCßBa, a Ha PJIIc. 9 A qacTOTHM xapaKTepHCTHKa CHCTeMH ,Il)IH IlOCTO.ffHHHX 
cMemem,no.nyqeHHaR: B pesyR»TaTe YMHOReHHH ocpe,IJ,HeHHoro cne1,Tpa Ha w2

• PaccMoTpeHHe 
pHCYHKOB Il03BOMeT OTMeTHT», qTo XOTH ocpe,ll,HeHHe H npHBeRO K HSKOTOPOMY crRaRHBaHHIO
cneKTpa H qacTOTllOß xapaKTepHCTHKH, O,ll,HaKO MaKCHMyM cneKTpa BpeMeHHOfi xapaKTepHCTHKß
CMeCTHJICH B o6RaCT» 6oRee BHCOKHX qacTOT, a ,IT)IHHHonepHO,IJ,Hufi cpe3 qacTOTHOH xapaKTep­
HCTHKH CMeCTHJICH B o6RaCT» 6oRee KOPOTKHX nepHO�OB no cpaBHeHmo C aiwncpHMeHTaR»HOß
qacTOTHOfi xapaKTepHCTHKOfi. KpoMe 8Toro CRe,DyeT OTM8THT» HCKaReHHe �pMH cneKTpa H 

qacTOTHOß xapaKTepHCTHKH: Ilo cpaBHeHHIO C 8KCnepHMeHTaR»HO CHHTblMCileKTpOM Ha qacTOT­
HOß xapaKTepHCTHKe B ocpe,IJ,HeHHHX crreKTpax (PHc. 8 A) H qacTOTHOli xapaKTepHCTHKe
(PHc. 9 A) ßMeeTCH nporH6 Ha rrepHo�ax 1 - 9 ceK,

5 

2 
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2 - -· 
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Pßc. 8. 
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10-1 F [ ro,J 1

CneKTP ocpe,IJ,HeHHOR BpeMeH­
HOß xapaKTepHCTHKH (A), 
pe3yR»TaT ocpe,IJ,HeHHH crreR­
TpOB BP8M8HHblX xapaKTepH­
CTßK (B), aRcrrepHMeHTaJil,­
HM xapaKTepHCTHKa (D) H

cneRTP Henocpe�cTBeHHofi 
O�HHoqHoß BpeMeHHOH xa­
paKTepHCTJIKH (C) 
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P1m. 9. 1IaCTOTHNe xapaKTepHCTHKH, rrocTpOeHHHe 
rro cneKTpy Ha PHc. 8 (A), B pesyR»­
TaTe ocpe;u;HeHIDI 8-MR xapaKTepHCTHK (B); 
aRcnepHMeHTaR»HaH (C) 

2 
10-2 
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CMemeHHe crreKTpa H xapa.KTepHCTHKH MOiKHO, IIO-BH,zm:MOMY, 06'bffCHßTb TeM, qTo op­

,I!,I1HaTHH8 OTcqeTH ocpe.D;HRBIIIlDCC.fl HCXO,Il;IIblX MaCCHBOB He TOWO COBIIa,lJ,aJ.lß IIO BpeMeHH (Ha­
IIOMHHM, qTo OUH@OB!Ql rrpOH3BO,I!,I1JiaCn Ha YUC). 1ITO '1{8 KacaeTCR rrporH6a xapaKTepHCTHK, 
TO ßX c�eCTBOBaHHe CBR3aHO C rrorpelllHOCTRMH, o6ycJIOBJieHHHMH OrpaHßqeHHeM m,my.m,ca 
rro BpeMeHH ß He,D,OCTaToqHoil qacTOTOH ,I!,I10KpeTß3aI.Uill:. 

4.4. Ocpe,Il;IIeHße crreKTPOB H 1:J:aCTOTHblX xapaKTepHCTHK 

B CBR3H C TeM, 1:J:TO ocpe,Il;IIeHße BpeMeHHblX xapaKTepHCTHK He o6ecneqßJIO IlOJIOJKHTeJII,HOro 
acWJeKTa Hs-sa HecoBrra.n,emm rro BpeMeHH HX op.mma'l'.HHX saaqemm, 6:wro rrpoBe,D,eHo ocpe.n:­
HeHHe crreKTPOB H qacToTHHX xapaKTepHcTHK. 

Ocpe,Il;IIeHße crreKTpOB ß 1:J:aCTOTHblX xapaKTepHCTHK HMeeT TO rrpe�eCTBO nepe,D, ocpe.n:­

HeHßeM BpeMeHHblX xapaKTepHCTHK, qTo B ,D,aHHblX c.nyg:amc 06ecne1:J:HB88T TOWOe COBna.n;eHHe 
rro qacTOTe ocpe,IJ,HJieMb!X COCT8BJIFIIO!UßX. Jljm 3Toro ,D,OCTaTO't!HO B�CJIHTn ßX )1,)IR O,Il;IIHX ß 
Tex '1te sHa1:J:eHIDi: qacToT. Ha PHc. 8 BH 9 B rrpHBOMTCR ocpe,Il;IIeHHhlli rro 8-MH xapaKTepH­
CTHKaM crreKTP BpeMeHHOH xapaKTepHCTHKß H qacTOTHM xapaKTepßCTHKa CHCTeMH CK.U COOT­
B8TCTBeHHO. 

PaccMOTpeHHe pHcyttKa IlOKa3blB88T, qTo B ,D,aHHOM c.n:yqae He IlpOH301llJIO CMememrli xa­

paKTepHCTHK; ocpe,Il;II8Hß8 crreKTPOB ß xapaKTepßCTHK npHBeJIO K ßX crJiammaHmD (cpaBHH­
Te, HanpHMep, crreKTPH Ha PHc. 9 B - ocpe,Il;IIeHHhlli H 9 C - o.mm H3 Heocpe,Il;IIeHHHX Hc­
xo,Il;IIblX; BM8CTe C TeM H B ,D,aHHOM c.n:yqae D crreKTpaJC H xapaKTepHCTßKax HMeeTCR rrporH6, 
cymecTBOB8HH8 KOToporo KaK H Bllpe�eM c.nyg:ae M0'1<eT 6HTb 06'hffCHeHO rrpoue,nypoil ,I!,I1-
CKP8Tl138UHH. 

4.5. l1HTeprroJIHIUIB 

IlpH pacCMOTpeHHH cneKpTa ,Il,HCKp8TH3HpOB8HHoro CHrHaJia 6hlJIO ycTaHOBJieHo, 1:J:TO ypoBeHb 

IlOM8X B cneKTpax H 1I8CTOTHHX xapaKTepHCTl1Kax orrpe,D,eJiffeTCR qacTOTOH onpocoB HCXO,Illil,!X 
BpeMeHHHX xapaKTepHCTßK, Ilpe,D,eJibHHe HHTepBa.Jlli onpocoB BpeMeHHHX xapaKTepl1CTHK ceil­
CMOMeTpon, KOTQpb!e MOryT npaKTH1IGCKH OHT:O peaJIH30B8Hbl Bpy1IHYJO l1Jlß Ha YUC, 6JIH3KH 
K 0,1 CeK (10 ru). Ilo3TOMY C U8JI:bID IlOHIDK8HH.fl ypOBH.fl IlOMex 6hlJia rrpoBe,D,eHa ßHTepnoJI­
.fIUM HCXO,Il;IIOro M8CCHBa OTC1:J:8THblX 3H81I8HHH BpeMeHHOH xapaKT8pHCTHKl1 Cl{,U. B pe3yJlbTa­
Te TaKOM HHTepITOJIRUHH HHTepBaJI ,Il,HCKpeTH38UHH 6HJI IIOHIDKGH c 0,08 ceK ,D,O 0,016 ceK. 
l1HTepnOJI.filUIB IlpOBO,UHJiaCb IIO crreuHaJI:bHOH rrporpaMMe rrpH rrapa60JIH1IeCKOM arrrrpOKCHMBUHH 
MeJK,Ily COC8,D,Hl1Mß OTC1I8THb!Mß 3Ha1IeHIDJ:Ml1. B pesyJI:oTaTe Ta.KOM HHTeprrOJ!ffUHl1 BM8CTO MaC­

c:irna B 605 OTC1I8THhlX �H81I8HHM OhlJ.I rro.n:yqeH MaCCHB C 3025 OTC'l:J:eTHHX 3Ha1:J:emrn .• 

Ha PHc. 10 rrpHBO,I!,I1TC.fl Cil8KTp BpeMeHHOM xapaKT8pl1CTHKl1 CHCTeMH, BhltflICJI8HHhlli rro 
rro.nyg:eHHOMY B pesyJibTaTe HHTepITOJIRUllH MaCCl1BY OTC'l:J:eToB. Ha 3TOM ]K8 pHcyHKe rrp1rno­
,UHTCR crreKTP BpeMeHHOM xapaKTepHCTHKl1 CHCT8MH, Bh[1IHCJieHHblli rrp HCXO,D,HOMy H8HHTeprro­
JIHpOB8HHOMy MaCCHBy op,D,HHaTHHX 3H81:J:8HHH. ConocTaBJieHHe crreKTpOB IlOK83HB88T HX rrpaK­
TH1I8CKOe COBil8,D,8HH8, Ilo.nyg:eHI-Ihlll pesyJI:oTaT CBH,U8T8JI:bCTBY8T O TOM, 1:J:TO YB8JIH1:J:8Hße 1m­
CJia OTC1I8TOB rryTeM HHTepITOJIRUHH HCXO,Il,Hb!X MaCCHBOB He npHBO,Il,HT K IIOHH'1<8HHIO ypOBHR 
IlOMex. IlpH1:IHHOH TaKoro pesyJI:bTaTa .flBJiff8TC.fl TOT qiBKT, qTo B OCHOBe HCITOJlb30B8HHblX 
nporpaMM rrpHMeHeHa rrapa60JIH1I8CKaR arrrrpOKCHMBUH.fl M8JK,Dy T01:J:KaMH OTC'l:J:eTa. IloaTOMy YB8-
JIH1:J:8HH8 1:J:HCJia OTC1:J:8TOB M8TO,D,OM HHTeprrOJIRllllH He rrpHB8JIO K IlOBlllil8HHlO T01IHOCTH C'l:J:eTa 
crreKTpOB. 
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PHc. 1 O. CneKTp .llO ( A) l'I nocJie (B) HHTepno.JIHI.Um 

5 • 3aRJDoqerurn . 

1 • lIOJiylleHI,I COOTHOllleHIDI, CBff3NBgIOIIUrn qacTOTHl,18 xapaKTepHCTmKH CHCTeMl,I, B036yJK,IJ;aeMOR 
- qepe3 ,llOilOJIHRTeJII,HyJO KaTyll!Ky R Kopnyc ceitCMOMeTpa.

2. Ha MO,lleJII,HOM K aKcnepm.1eHT8Jil,HOM MaTepHaJie IlpOBe,lleHo pacCMOTpeHHe HeKOTOPHX liCTO­
'lfiUffiOB llOMex l'I norpemHOCTe�, xapaKTepirnX ,n:Jlff HMIIYJII,CHOH KaJIB6poBKH ceRCMOMGTpR­
qecmnc itaHMOB.

3. Onpo60B8Hhl HeKOTOpHe npHeMbl l1O,ll8BJI8HIDI IlOMex R ou;eHKH tiaCTOTHblX xapaKTepHCTHK,
IlOJiyll8HHillC M8TO,llaMR HMIIyJII,CHOH KaJIB6poBKH. HaH6oJiee a<JxiieKTHBHblMH H3 HIDC RBJiffIOT­
CR �l'Lm,Tpau;M H ocpe,llHeHl'Ie cneKTpOB H tI8CTOTHblX xapaKTepHCTmt. Ü,D;HaKO, H3-38
HeycTpalilIMWC HCKa�eHHH cpopMhl cneKTpOB H qacTOTHblX xapaKTepHCTHK, BH3BaHHb!X ,llHC­
KperH3ar(Hel BpeMeHirnX xapaRTepHCTHK,Y.X npHMeHeHHe orparurqeHO.

ABTOPH Bl,lpalKalOT 6JiarO,ll8pHOCTJ, HaY•IHOMy COTpy,llHHKy o6cepBaTop.tm "O6Hl1HCK 11 

B.R. JKEPhIRYHOBY 38 IlOMOUU, B IlOJIY1I0HHR aKcnepHMeHTaJIJ,HOrO MaTepnaJia .

•

5 
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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. 

PesroMe 

.Il;.rll!HHOTiepH0,11,Hhrn lllHp0KOIJ0JIOCHb!M ceticMorpacp C ,IU18TI830H0M nepH0;IJ:0B 10 - 100 ce1c H 
ycT8H0BK8 ,IJ,IDI perncTpau;irn Ha nepq:oJieHTy B u;HcppüBOH cpopMe npe;n:cTa.BJieHbl. Ce:ikMorpaqi 
pa6oTaeT B pe)KJ1Me CTapT - CT0II. Ceti.CMOMeTp KOHTpoJIBpyeTCH o6paTHOß CB/I3I,IO "<IT06hl 
TIOJIY"<IBTI> nep:im,Il,b! ;n:o 150 ceIC H cooTH0111eH11e saTyxamrn: paBHo 0.6. IlapaMeTpWiecrnrn npe­
o6pasoBaTeJII> np0B0,IUrT II0JI0ryio KPHByIO 0TICJIHKY ,IJ,IDI rrepno;n:oB ceti.CMH"<IeCKHX B0JIH 0T 
1 ;n:o 100 ceK. PerHCTpau;wi: ocymeCTMeTCfl T8XHll!"<I8CK0ß I.J;lllcppoBOH ycTaHOBKOM C ,IUrHaMmec­
KHM ;n:11!8Il830H0M paBeH 80 db . HeKOTOphle pesyJII>TaTahl UlllqJpOBOß o6pa60TKII! TI0IC838Hhl. 

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 Ea:rth, Acad. of Sciences of the USSR, Moscow D-242,
B. Gruzinskaya 10

2) Central Seismological 0bservatory of the IFZ 0bninsk, 0bninsk (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. 

The 

Crystal 
Oscillator 

Analog 
multiplexer 

Control 
impulse 

generator 

Digital 
voltmeter 

(converter) 

Pulse 
shaper 

Paper tape
punch 

Digital 
analog 

converter 

Timing 
block 

Output 

Recorder 

Fig. 1. Block diagram of the digital long-period seismograph 

s e i s m o m e t e r s c h e m e 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 LACOSTE

type. The movement x of the inertial mass M is 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 

r --7 
IH2s-----~ 
L __ .J 
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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 mro/0
c.

Electromagnetic Tc 
transducer .l. 

Signal V.. 
Damping > AdJ'ustmentperiod 

Stabilization 

Fig. 2. Vertical seismometer with a flat 
response within 1 - 150 s, ±1,5 db 

Fhe feedback circuit Cp Rp Cp increases the seismometer period 6 - 7 times, and

tbe 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). 
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Fig. 3, Response curve of the digital long-period seismograph 
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The dynamic range of the di splacement tran sducer i s approximately ±100 db and is 
defined a s the ratio between the maximum and minimum linear displacements, ±1,5 mm 
and +1,5 x 10-5 mm, re spectively, corresponding to the electrical output noise.

The sei smometer with it s electric circuits i s tightly encased in a rigid container 
capable to shield it from microvariations of the atmo spheric pressure, 

·rhe d i g i t a l v o 1 t m e t e r 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, re spectively. In the sei smograph the measuring range of 10 V has been 
used. The reading s can be seen on the display and are available as parallel binary­
decimal impulses, too, 

The a n  a 1 o g m u 1 t i p 1 e x  e r  i s especially designed . It switches 
three independent channels successively to the voltmeter input . The time of switching 
is 0,6 s . Thus the sampling rate i s 1,8 s for every channel. 

The p u 1 s e s h a p e r amplifies the impul se s obtained from the volt­
meter and the timing block. It also forms suitable impul se s for the paper tape punch 
PL-20. ·:rhe format of the tape i s presented in Fig. · 4. 

Channel s 

1 l=I t=1 HOver� 
load 

,--A---.. � \ � 

1 st line 0 0 0 0 O• 0 

O O O O O• O O 0 

Digital code 

O O O O O• O O 0 

1 st line • • • • •·• • • 

hour s 12 minute s 

2nd Une 0 0 0 0 O•O 0 0 

Time code 

3rd Une 0 0 0 0 O•O 0 0 

tape No. tens of hours 

Fig. 4. Format of the tape 

+ 
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The t i m i n g  b 1 o c k delivers the mark impulses for the 12 minutes time 
subfiles; each subfile includes 1200 measurements. ·rhe 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 c r y s t a 1 o s c i 1 1 a t o r
has a stability of 5 x 10-7 s.

F-590 is commercially available and

The c o n- t r o 1 i m p u 1 s e g e n e r a t o r is synchronized by the 
crystal oscillator and generates command pulses for the analog multiplexer, the 
digital voltmeter and the timing block, 

The d i g i t a 1 - a n a 1 o g c o n v e r t e r a n  d t h e r e -
c o r d e r  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. lt 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 0bninsk 
Seismological 0bservatory, The seismometer was installed in a gallery in a depth of 
25 meters under the daylight surface. The power supply and seismometer output signal 
were transmi tted by a cable ,c onnecting the gallery wi th the observatory room where 
the digital recording part of the ;eismograph has been installed. The long-term drift 
of the seismometer position did rot exceed a few microns. The background noise having 
periods above 150 s allowed to us a magnification of 250 on the monitoring record. 

•rhe 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 

( 1) V = 

4 n2 K R y 
1 GE T2 

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 
(2 ) V = B ,1t [ ( E 

;3 n=0

B 6 Jl'3 KR = 
G 1 E 

Rn sin 2 n 
T n ,1t) 2 + (: R cos 2 n n ,1t)2]1/2 

n=0 n � 1 

- - -- ' 
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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, 

roo 200 t[s] 

Fig, 5, Step vesponse 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 pa�sband of the digital 

filters are given in the following figures showing the results of filtering. 0ne 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 R1 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 becaus� the 

epicentral distance is not large enough for a good dispersion. The mantle waves R2
travellin3 to the station by the opposite way are shown in Fig. 13, They indicate 

the necessi ty 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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108 s

Fig. 7 

F [Hz] 
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108 s 

Fig. 8 
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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 Ausgfl.Ilgssignale eines kurzpr�iodischen Vertikalseismographen werden von einem 
aktiven RC-Filter verstärkt. Diesfl .. ' Verstärker besitzt zwei Kanäle. Die Gesamtcha­
rakteristik des ersten Kanals ent,0pricht dem 'l.'yp A der in der KAPG standardisier­
ten Geräte, Diese Signale werden u�gitalisiert, in einen Kernspeicher eingelesen und 
mit einer Zeitverzögerung von 1,7 min auf Lochstreifen ausgegeben. Die Datenausgabe 
wird von einem Ereignisselektor ausgelöst, 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 

1) 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 �ith an ohmic resistance to get the desired damping. The following 
stage, a second-order active RC filter with a low-pass transfer function, simulates 
the damping D = 2 and the period T = 1 s of the galvanometer usually applied 

g g 
to obtain the type IV characteristic. As drift ,voltages and bias currents are fully 
runplified 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 0.4 and 10 cps. 
In this interval the frequency response of the whole channel corresponds nearly to 
tbe demanded one and the sonsitivity is 50 mV/µm. The output noise voltage is smaller 
than 30 µV p-p corresponding to a ground motion of 0.6 nm 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/µm, The narrow-band channel nearly simulates 
the frequency response of the triggering equipment used in our long-period system. 
Tne sensitivity peaks at 1 s with 10 V/µm. Taking into account that an earthquake 
with a magnitude greater than 6 causes a ground motion of more than 0,1 µm 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 tban 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 µm. 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 µV per unit corresponding to a ground displacement of
2 run 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
formation. 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 ward.
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 star"b-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 6th or the 7th 

track and the symbol 'carriage return and line feed' has a hole in the ath 
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 für wissenschaftlichen Gerätebau 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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The inste.llation 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 
atructure of the aeismic 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
sche als auch durch systemtheoretische Randbedingungen bestimmt. Insbesondere ver­
langen seismologische Daten von brP-itbandigen Aufnehmern nach neuen Überlegungen bei 
der Datenerfassung. Die komplizierGe Struktur des seismischen Rauschens im .Bereich 
von 0,1 s bis 50 s erfordert eine, hohe Auflösung und einen großen Dynamikumfang des 
Gesamtsystems, zu dem Seismometer, Übertragung und Speichermedfum gehören. 

Digital data acquisition is not only a new technical approach in seismology but 
it also requires a careful discussion of tbe 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 
apectral 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 tbe 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 Gräfenberg, 851 Erlangen, Krankenhausstr. 1
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should control a dynamic range of 80 db wi thin 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 1/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-0.aly-Memories (PR0M)" 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 

AD C ----1/ 0 CO NT RO Lr---------, MODEM ,___ 

MULTI P LEXER 1 CLOCKI 

AM PLI FIER 
1 1 

FILTER FILTER 

r-1,_ - - - - - - - - - - - - - - _r-1, 
v SEIS MOME TER ·v 

Fig. 1. Data aquisi tion system 

The second technical conclusion from the preceding statements is the format of 

A/D conversion. Because of the different levels of seismic aignals 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 sig�al is digitized in three different am­

plification ranges (Fig. 1). 

1 
1 1 

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 eynthetic aignal, The uppermoat line of the picture shows the aignal in three 
different amplification ranges, whereaa in the centre the binary representation of 

the aignal ia marked by dots. At tbe bottom of the picture ·the final value is ae­

lected by the control unit, This value consists of two parts: the mantissa (M) and 

the gain (G), which together represent the seiamometer 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. 

BIT 15 - - - -- - - 0 0 SAM PLE 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 SAM PLE 2 
2 SAMPLE3 

1 EXPONENT! 
3 

MANT ISSA 12BIT 
RECORD 

--- -----

1 BLOCK= 21 RECORDS 1 
1 
4 SAMPLE 15 

= 336 SAMPLES+42 PARITY-WORDS 

TARNSMISSION TI ME FOR 1BLOCK(2400BD)= 
= 2,24S 

5 
6 

7 

SAM PLE 16 
CROS S·PARITY 
LONG. - PARI TV 

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" (.!!!Qdulator �odulators), 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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JI. H. MAJl.Vll10BCKAfI, JI. M. P08EHKH0II 1 ) 
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C 1968 r. B Cpe,IUie-aamaTCKOM per111OHe CCCP pa6oTalOT H0CKOJII,KO cettCMOROrJ1IlleCKHX CTaH­
Ulrn C u111cppOBOH MarHHTHOii perHCTpruurnii. B CT8TI>e OilHC!\IB80TCH MeTO,IUIK8. M8illJlHHOÖ o6pa­

ÖOTKH UH(ppOBblX ceilcMorpaMM, rro.nyqeHHblX 8THMH CT8HUHHMJI, r�HaR ueJII, o6pa6oTKiI - rro­
JIY'tl0HJl!e cneKTpam,Hoil H crreKTp8JII,HO-BpeMeHHOH HHcpüpMBU111111 0 pa8Jll'Il!HblX cettcMJllieCKHX BOR­
Hax. ÖTO ,UOCT1IraeTCH rrpH ITOMOIIUI CHCTeMH "IlOJiyaBTOMaT 11

' BhlIIOJIHfIIOllleÜ CRe,IJyIOnua:e OCHOBHHe 
orrepaUPIH: qTeHHe umcppoBmc aarrHcett, crRrutrnBa.HJie, paape�eHHe, yt1HO�eHHe Ha oKHo, ycTpa­
HeHHe HyReBott JllllllIB, crreKTpaJII,HOe H crreKTp8JII,HO-BpeMeHHOe (CBAH) npeo6paSOBaHie c 
nonpaBKOH sa qacTOTHYJO xapaKTep111cTmcy, BH,n:aqa.peayJII,T8TOB B pa3HHX cpopMax. IlpHBe,n:eHB 
npllIMepB o6pa6oTKH UH(ppOBblX ceÜCMOrpaMM o6�eMHIDC H ITOBepXHOCTHblX BOJill Cl!JII,HOro KaM­
l!aTcKoro seMJieTJ)f.[CeHHR 24 HOROJ)f.[ 1974 r. 

1 

Summary 

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 obtaining spectral and spectral-temporal 
information about different seismic waves. This is done by means of the software 
computer system "Semiautoinat", 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 forma, Examples of processing of real di­
gital seismograms for body and surface waves from the streng Kamchatka earthquake 
of November 24, 1971, are given. 

1) MHCTHTYT �H3HKH 3eunH AH CCCP, MocKBa n-242, B, rpy3HHCK8.JI 10
'1 
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1. BBe,p,eHHe

Uiir�pOBM MarHl'ITHM perHcTpaD;IDI [1,4] OTKp!IBaeT B03M0'1tHOCTH ,IJ,JifI �eTaJII,HOro crreK­
'l'pam.Horo H crreKTpam.Ho-BpeMeHHoro aHa,rnsa ceficMlf<lecmn Ko.ne6amm Ha 3IW!. Heo6xo�­
MOCTl> B TaKOM 8.HaJIH3e B03HHKaeT rrpl'I H3ytl0HHH pacrrpe,n;e.neHIDI CKOpocTefi, IIJIOTHOCTH l'I 
�CCliIIIaTHBHI,IX rrapaMeTpOB B 3eM.ne, orrpe.n;e.neHHl'I MexaHWieCKIDC xapaKTepHCT.HK l'ICToqHHROB 
l'I B ,npyrIDC 3�aqax. B CBH3l'I C pa3H006pa3H8M pemaeMmc 3�a� MeTO� aHaJIH38 ,Il;OJDKHa 
6h!TJ:, ,Il;OCTaTOqffQ rH6Kofi, qToON Il03BOJIRTJ:, llil'IpOKO Bapbl'IpOB8TI, ,II,JIHT8JII,HOCTI, l'I ,n;eTa.JU,HOCTJ:, 
OITHCaHWI aHaJiß:3l'IpyeMmc CHrHMOB, qacTOTH!ffi �arra30H, yql'ITIIB8TJ:, qacTOTHNe xapaKTepl'IC­
TmIUI pa3JmqHI,IX perHCTpl'IpYJOIIIHX K8HMOB, rrpe,D;CTaBJIRTI, pe3yJII,T8Thl aHa.nH3a B y,n;o6HOH ,IJ,Jill 
l'IHTeprrpeTaTopa rpa�l[l!8CKOR qX>pMe H T,,Il;. Trume Tpe6oBaHIDI Tpy�o y,n;oBJleTBOpl'ITI, C rro­
MOUU,ID O,D;HOfi KaKOH-,lll'IOO rrporpaMMh!; STO rrpHBe.no K paspa6oTKe paccMOTpeHHoro HRJKe KOM­
IIJI0KCa rrporpaMM "IIo.nyaBTOMaT0• CTaThH co,n;epJKHT KpaTKOe OIUICa.HHe KOMIT.neKca, MeTo,II.m<a 
ero HCITOJII,30BaHIDI npl'I crreKTpaJII,HOM 8H8,1IH30 l.U'I�POBl:DC ceticMorpaMM H rrpHMeph! crreKTpaJII,-

,fforo aHMH3a lUl�poBmc ceficMorpaMM Kaw!aTcKoro seM.neTpi:rcemm: 24/XI-1971 r. 

2. KoMrmeKC "IIo.rryaBTOMaT" H BXo,n;irne ,p,aHHNe K Hel@:

2.1. UH�pOBM cefiCMOrpaMMa H ee BBO,Il; B 3BM

CeficMorpaMMH 30M.n€TPf!C€HIDi BBO.IT,R:TCR B 3BM C LU!�POBI,IX MarHHTHl:DC .neRT -rreperrHce�, no-
.nyqaeMmc BH6op1wfi C rrepBWillhIX 38ITJIIC8ß C0HCMI[l!0CIUDC CT8HI.Ulli CMCT8Ml,I 11Tpeyr0Jn,mm11 

[ 1] , 
pa60Ta101.11IDC B Herrpep!IBHOM pei!00.1e. 8arurc1, seM.neTpi:rcem o6pasyeT Ha IU'IqJPOBOH ceticMo­
rpaMMe noc.ne.n;oBaTeJII,HOCTI, 30H t !{fü!i,Il;M :im KOTOpllX COOTBeTCTByeT 30 cert peaJII,HOro Bpe­
M0Hl'I, 3oHa co.n;epJKMT IW,IU,l BpeMem1, OTcqeTh! aMII.nHTy,Il; rro 5 oeHCMI[l!0CKIIIM IC8.HaJiaM C rua­
roM Bhl6opKH ät = 0,03 ceK H c.ny�e6HI,Je Ko,Il;bl; RaJK,Ill,lß oTcqeT rrpe.n;cTaBJieH 11-pasp�_.u;­
Hh!M ,IlBOßqHh!M RO,Il;OM. IIocrtOJII,Ky ,l.T,m,ITeJII,HOC'l'!, CMHIDC 3eM.neTpncemm COCTaBJI.fieT '18CH H 
,n;a�e cyTKH, RaJK,ll;M sannen co.n;epJKHT OOJII,lllOll o6�eM HHqX>pMarum (�6-106 OHT/qac). l{a,r.,n;o:0. 
3aITIIICH rrpe.IJJlleCTByeT Ra.nH6pOBO'IHhM CHrHEVI [2], no.nyqaeMh!H IlOCI:lJIKOH ö-o6pa3HOI'O MMIIyJII,­
ca B ,Il;OITOJIBI11T0.nbHhle l'IH,IlyICI.lllIOHHhle I<aTynn,::: cei1:CMOI'p8qX>B. ,lT,JIBT8JII,HOCTJ:, ICamI6pOBQ'IHOro 
CHrHa.na ,Il;O 4-x MIIIHYT, 

BBO,Il; cettcMorpaMM B 3BM E3CM-4 OCYll1€CTBJIReTCR qepe3 crreUH8.Jil'I3l'IpOBaIIHOe ycTpofi­
CTBO [1] rrpH IlOMOIIUf Cil0IU'I8.nbHOH nporpaMMhl UB-1 (paspa6oTaHa E.M. HM1MAPKOM, H.A. 
IIOJIETAEBOM, B.M. lllAPblTIIHbIM). 3Ta nporpaMMa rrosBoJISieT HaHTH Ha ceficMorpaMMe Hy;KHblH 
BpeMeHHOH HHTepBaJI, BH6paTI, IDlqX>PM/li\JilJO ,IJ,Jill 3a�aHHOro KaHMa.M, ycrpaH.11:B B03MOJKHI:le 
.n;eweitTH, neperrHcaT1, ee B qiopMaTe 3BM Ha o6ITTHYJO MarHHTiiYJO .neHTy soHaMH rro 100010
RO,Il;OB, CH86MB K8'1iJJYIO 30HY rracnopTOM B BH,Il;e rre�aTH ee HOMepa, Ha�am.Horo BpeMeIIB, 
q:110.na ycTpa.IieHHIDC ,n;eqieKTOB, 8KCTpeMa.JU,HHX 3HaqeHHH CHrHa.noB H rpaqimtoM <pyHimHM B 
y,n;o6HOM MaClliTa6e. Pe3y,1II:,THpyromaJI Mallll'IHHM .neHTa M RBJiffeTC.fI OCHOBHHM BXO,Il;OM B KOM­
nJieRC "IIo.nyaBTOMaT", 

2.2. KoMII.neRc "IIo.nyaBToMaT" 

3ToT KoMDJieKc 66ecrreqHBaeT Bmro.nHeHHe pa3JIWIHIDC rroc.ne.n;oBaTe.nbHocTeti orrepauHH 

rro o6pa6oTKe �I11qipOBOH ßHqJOPMaUIDI (BKJIIOqaff cneRTpam.HHe npeo6pa30Ba.HIDI), 3aITOMIIIH8-
HHe H Bhl,Il;alflJ pesyJII,TaToB Ha rpaqiHR H rreqan. 38,Il;aHHe rc KOMIIJierwy, co,nepJKameeCR Ha 
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rrepq>oKapTax, YJ{a3HBaeT IIOCJie,IJ;OBaTeJII,HOCTI, BHIIOJIH8HHR: orrepall;Iffl H co.nepiKMT HeOOXO.nM­
Mble ,Il,JIJI KaJK,Il;OH orrepaunH ,IJ;aHHhle, .Krult,IJ;aH orrepaurui: BHIIOJIH.fl8TCH COOTBeTCTByromefi rro.nrrpo­
rpaMMOH (OJIOKOM): rracrropThl 6JIOKOB, co.nep1Kauu,re MHcpopMaI..J;:mo O pa3MemeHMH ÖJIOK8 B orre­
paTlIBHOfi II8MRTH, ero BXO,IlJIHX H BHXO,IJ;HhlX ,Il;aHHHX, oopa3yIOT KaTaJior, xpa.H.IIIUIDlCH Ha 
Ma.I'HHTHOß JI8HTe, �orrycKaeTCR HCIIOJII,3QBaHMe BHXO,Il;HHX .naHHHX o,nHoro 6JIOKa B KaqecTBe 
BXO,nHHX ,Il;8HHHX ,IIJ)yroro. DJIOKH B OCHOBHOM paOOT8JOT C MaCClffiaMM, HaJCO,Il;Rll{MMMCH BO 
BHelllHeH IlaMRTH 8BM: Ha MarHHTHOfi JI8HTe (Mil) MJm: oapaOaHe (MB), PesyJII,TaTH TaIOKe ,IJ;OJI­
JKHhl pa3MemaTI>CH BO BH811lHefi IIaMRTH. Pacrrpe,neJieHHe 8TOH IlaMRTH ,IJ;OJDKHO ocymecTBJIRTI,CH 
IIOJI1,30B8TeJI8M (o,IUIH pa3 ,Il,JIJI Kam.non TMIIOBOH sa,naqH, 'ITO H OO'hffCHReT Ha3BaHHe KOMIIJieK­
ca - "IloJiyaBTOMaT"). 

R H8CTORmeMy MOM8HTy B KOMIIJISKC BXO,w[T CJie.nyJOIIlRie OJIOKH: 

1, BBO,IJ; � ME 
2. M03Y

.. ) 
MB 

3. M03Y .. > 

4. ME

MJI 

MJI 

BJrorur BBOM, OOMeHa, BHBOM 

ß CTJ.qlrum.R: PIHcpopMamrn 

5. I'PA<I>l1I<

6. IJE1IAT1

7. O'tlliCTKA

8. Ha.no'1teHl'!e "oKHa"

9. CrJialKPIB8.Hl1Ie 111 paape1KeHne

10. .furnefu!M KOMOIDial�F"JI ;n;e�CTBHT8JII,Hbi..':r M8CCIDlOB

11 • JlmießHM KoM6m-rarum: KC>?vmJieKCHID" MacmrnoB

12. CKJieHBrurne

13 . ,UeJierme

14. I3HJiorapmµ,mpoBBHKe

15. CIIEKTP

16. CBAH } 

MOKH o6pa60TKH BXO,I\Hb!X 

H IIpOMeJKYTOqHhlX M8CCMBOB 

ÜCHOBHHe onepau;Hl'I 8HaJiß3a 

Crm:COK 6JIOKOB OTKphlT ,1J)III pacmHpeHll!ff. OcTaIIOBHMCR I<paTKO Ha sa,na'Iax OT,Il;8JII,HHX OJIOKOB.

MOKH 1 - 7 ocymecTBJIIIJOT o6MeH Mem,IJ;y pasJIMqHHMM HOCHT8JIRMß HHcpopMauMH: 1 - BBO­
,IUIT ;n;aHHHe c rrepqxmapT tnocJie,noBaTem,HocTI> orrepaI..J;MH, rrapaMeTphl cqeTa) B onepa'rMBHyro 
UaMRTI, (M03Y) H nepeHOCHT MX B Hy)KHOM cpopMaTe Ha Ml:i; 2 H 3 - OCYlil8CTM.fllOT oCiMeH MeJK­
'JJY M03Y H ME (Mil) B HYJKHOM HarrpaBJieHHH; 4 - rrpOBO,Il;MT OOMeH Mem.ny ME H MJI B HylKHOM 
HarrpaBJieHHH, MHHyfl M03Y-O ('Iepe3 M03Y-1); 5 - BITT:epqHBaeT Ha rpacporrocTpOHTeJie "ATJIAC" 
,nMCKpeTH0-38,IJ;aHHyIO q>yHKUMIO f(xi) (xi= �xi, i = 0, 1 ,2 ••• ,N) ,IJ;ByMH crroco6a�m: 
a) B IlPflMOyrom,mme 38,IJ;aHHhlX pa3MepoB, 6) C sa,uaHHHMH M8ClllTa6awr rro OCRM; 6 - Bh!BO- \
,IUIT HH<1JC)pMauillD Ha neqaTI> B y,nooHOM (llüpMa'1'e; '/ - sanoJIHReT HyJJHM11 JII06oH y•mcTuI{ one­
paTMBHOH HJIM BH811JH8H IlaMRTH.

MOIUI 8 - 14 ocymecTBJIBlOT orrepauHM rro 8JI8M8HTapHOM o6pa60TKe BXO,IJ;Hh!X MaCCHBOB' 
HJIM M8CClIBOB, rro�aeM11X B rrpouecce oTqeTa. MOK 8 rrpu113BO.n;MT yMHOJK8HHe M8CCI1Ba 
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0
' 

;[1 - cos

(1) a(x) = 1 ' 

;[1 +·cos

0 ' 

n(x - x1) a1
x2 -

x1 ]

n(x - X3)

]

a2 
X4 -

X3

X< x1 , 

X1 �X< 

� �x2 - X -

�x3 < X -

X> x4 ,

x2 ' 

X3' 

X4' 

r,IJ,e rrapaMeTpb! "oKHa" X1, x2' X3, X4, a1, a2 3a,IJ,8IOTCH BO BXO,Il,HblX ,Il,8HHIDC. TaKoe OK­
HO II03BOJlfleT ycTpaHHTn BJIIDIHKe oOpl:ffia 8HaJil[3ßl)yeMo:0. qJyHRUH.111 Ha crreKTpam,Hoe H crreK­
Tpam,Ho-BpeMeHHOe rrpeo6pa30BaHH8, MOK 9 II03BOJlfl8T rrpoH3BO,Il,HTn MHOI'OKpaTHOe crJiaJJUI­
B8HH8 K paspa�eHHe MaccHBa, Haxo,M:meroCH/Ha MJI� CrJiruirn:BaHHe ocymecTBJIHeTCR saMeHo:0. 
qiyHKI.Ufä {f(xi)) Ha {cp(xi�) 

(2) = 1 i+N 
2 N + 1 

E f(xj) j=i-N 

r,IJ,e N - sa,IJ,aHHoe ueJioe "tJ:ßCJio. Paspe�eHHe - sTo rrpeoopasoBaHHe MaccHBa {f(xi)) 
B M8CCl11B {�(yj)) r,IJ,e �(yj) = f(xik) (k - 38,Il,8HH8H U€JI8H KOHCT8HTa � 1).E.noK 
10 B�lllCJlfleT JiliHSHHYID KOMOJ.rnaIJ;mo {Z(x. )} Tpex BXO,lUiblX ,JJ,8HCTBHT8JinHIDC MaCCHBOB 

{yk(xi))' xpaHSlllUOCCR Ha ME 

(i = 1, 2, , •• , N) ,

r,IJ,e N, (tk' «o - 3a,IJ,8HHb!e IWHCT8HTb!. 3ToT OJIOK II03BOJlfl8T B '!J:8CTHOCTH npoeKTHpOB8Tn 
IIOJIHhrn B8KTOp CMememm IIO'!J:Bb! Ha JIIOOoe sa,IJ,aHHOe HarrpaMeHHe, MOK 11 Bl,J'!J:.ßCJlfleT JIHHeH­
HyIO KOMOßHaIJ;mo ,IJ,Byx KOMIIJI€KCHb!X MaCCHBOB, 3a,IJ,8HHHX CBOßMß MO,DyJlfIMl'l .111 ap:ryMeHTaMl'J Ha 
lv'IE PI, B 'tlaCTHOCTH, H8XO,Il,HT cneKTpam,Hoe npeo6pa30BaH.lrn pa,Ii.H8JI1,HblX H TaHreIDJ,H8JI1,HblX 
KOMIIOH€HT B€KTOpa CMememm. MOK 12 Bb!IIOJIHH€T cnen;PigiPI'!J:eCKyIO onepan;mo 1

1CM8HB8HIDI11 

,IJ,Byx KOMIIJI€KCHb!X MaCCHBOB: 

• • •  t N , 

3a,IJ,8HHHX CBOHMH MO,IJ,yJlfIMl'l H apryMeHT8Ml'l C pa3Hb!MH maraMM /Jx H /Jy (/Jx � /Jy) H 

nepeKphlB8IOmßMl'lC.ff 3Ha"tJ:eHMJIMM ap:ryMeHTa (y1 < XN) B 8,Il,HHb!H KOMIIJI8KCHhlß MaCCHB Z(u,) 
i = 1, 2, • • • , L, C TIOCTO.fIHHb!M rnaroM no aprYM8HTy /Ju = /Jx (x1 = u1 ; y; = uL). 

l­

"CMeHBaHHe" ocymecTBJIH€TCff B 38,Il,8HH0:0. TO'!J:Ke x1 < uj < UM. 

KaK Oy,JJ,eT TIOK838HO HIDKe, H800XO,Il,HMOCTn TaKOH onepaIJ;Hß B03HHK88T npH pac"tJ:eTe 
'!J:8CTOTHblX xapaKTepPICTHK no KaRMOpOBO't!HhlM HMTiyJI1,CaM MOK 13 ocymeCTBJIHeT ,JJ,8JI8HH8
,IJ;Byx ,Il,8MCTBHT8JibHblX MaCCMBOB {Z(xi)), {u(xi)}, i = 1,2, ••• ,N ,  ,IJ,JlfI Il0JIY'9:8HIDI 

cneKTpam,Horo MaccHBa {W(xi)) 

-1 = Z(xi) u (xi) , 

I 

1 

(3) Z(x) 
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11:crrpaBJieHHoro sa qacTOTHYJO xapaKTepHcTmcy annapaTypH. Bxo,IJ,HHe H BblXO,IJ,HHe Macc:r.mH pac­
rroJiomeHH Ha ME. HaKOH8U 6JIOK 14 BHilOJllUleT ,nBOfuioe JiorapHqMRpOBaHHe lJ,e:liiCTBHT8Jll,HOro 
MaccHBa C uemro B�a'tßl: 8.MIIJIHTy,mnilX cneKTpOB I W(xi) 1 H aMIIJm:Ty,Il,HblX 'II8CTOTHblX xapaK-

TepRCTHK lu(xi)I Ha rpa�HK H ne'tlaTD B Yll.06Ho:lii ,IJ,1Ill HHTepnpeTaTopa �pMe, 

EJroKI.!: 15 :a 16 ocymeoTBJIHIDT ocHOBHI,Je orrepauu cneKTpamHoro H crreKTpamHo-BpeMeJF 
HOro aHaJIH38, Mx rro�o6Hoe OnHCaHHe lJ,8HO paHee, B pa6oTax [3, 5]. JI.)Iff IIORHOTH H3JI0-
)!(8Hllil OTMeTRM, 'IITO 6JIOK 15 Il08BOJlfieT BH'tlßCJIHTD MeTOlJ,OM BITID npeo6pa8oBaHHe �YP1E KOM­
MeKCHOro Macc:r,ma {f(xi)}

(5) F(y)
x +Llx 

. 2 
= 

0J f(x) ei nyx dx
xo

c npaKTß'II8CKR Jil06RM 3�HHM lllarOM no y; MaCCHl3 {f(xi)} .n.mmoii lJ.0 1638410 pacnoJio­
)!(8H Ha MB; Bb!XO,IJ,HO:lii M8CCKB F(y) TaRJKe aammHBaeTCH Ha ME. EJroK 16 Bbit{HCJlfI8T cneI{­
TpamHO-BpeMeHHOe npeo6pa80BaHHe S(x, y) lJ,8ftCTBZT8Jll,HOro MaCCHBa f(x) 

(6) S(x1 - y)
. -a(A-y)

= 1 j [(J f(x) ei2nAx dx) e y ]cLt ' 
rr O 0 

rlJ,e a - 3alJ,aHH8R KOHCT8HTa. 

3. MeToma cneKTpamHoro aHa.JIRaa µRppOBl,IX ce:liicMorpaMM

ÜITHCaHHlitt KOMIIJieKC Il03BOJlfI8T BW. iCJifITD CD8KTPH ce:liiCMJrlieCIDDC BORH H KoppeKTRpOB8TD HJC
sa qacTOTHYJO xapaKTepHCTHKy annape�ypH. IlpH H8MepeHHH CII8KTPOB CHrHaJIOB 60J11,IIIO:lii ,IJ,}IH-
T8Jll,HOCTli BXO,[(HO:t:i MaCCßB OK88b!B88'l.''Jfl CJIHIIIKOM 60J11,lllßM ,IJ,1Ill Henocpel1,CTB8HHOro H8MepeHlm: 
CII8KTpa; B TO me BpeMfl HHTepeCYJ(l!UID1 HHTepnpeTa'TOP ,IU{anasoH 'II8CTOT JI8JKRT 8Ha'IIHT8Jll,HO 
JieBee Hafurn1110T0Bo:lii qacTOTH BXO,IJ,Horo c:arHaJia (v

H ... 2lt ,.. 17 �). 3To nosBoJlfieT Boc­

nomsoBaTDCH 6JIOKOM "cr.118.lK.lffiaHHe H paspeJKemre" ,IJ,1I1I pelJ.YIUIPOBBRIDI BXO,IJ,Horo MaCCHBa B 
Maccn npH8MJI8MOM ,IJ.JIHHH C 6omlllßM ßHTep:saJIOM BpeMeHH Me,iozy- OTC'II8THID,ra TO'IIKaMH. BH6op 
onTMMamHoro cnoco6a pe.IJ.YI.U1POBaHIDI noTpe6oBaJI 'IIRCJieHHoro aKcnepHMeHTa. 

3.1. ap:JieKTH crJiruKHBa.HIDI H paspeJKeHwr 

IlyTeM aHa.JIR8a CHrHaJIOB, BH6paHHbIX H3 UH�POBblX ce:liicMorpaMM, 6an:a ycTaHoBJieHa CJie;nyro­
�aR: 8MnHpß'II8CKaH 3aKOHOM8pHOCTD: 8MnJIHTy,Il,Hl:l:lii cneKTp BXO,IJ,Horo CHrHaJia B IlOJIOCe 'II8CTOT 
O < v = vr MeHee, 'IIeM Ha 1 % OTJIH'tlaeTCH OT aMnJIHTy,IJ,Horo cneKTpa cHrHaJia, paspeJKeHHo­
ro B k pas, ecJIH npH 8TOM BHIIORHeHO COOTHOill8HRe 

k < 
VH 

o, 4 
v•r 

rlJ,e VH 
- HmBHCTOBa qacTOTa BXO,IU:loro C.HI'.HaJia; 06H'IIHO 6paJIHCD k n = 2 ,  n = 1,2,3, ..•
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IlpOM7IIOCTPJPY8M ajxpeRT cr�aJKHBaHM H paspeiKeHM Ha cneKTpe BepTimam,Hoi ROMIIO­
HeHTH BOJIB P l<aMqaTCROro seMJieTJ)fICeHM 24/XI-1971 r., sapermCTpMpOBaHHOrO UHqJpOBOi 
CTafil.U!ett B Hapmrn (A = 6090 RM). AHaJDI3RpOBa7ICH BpeMeHHOfi IIBTepBa71 ,IJ)ll,IPlOH 32 ceK, 
HatmHaJI c nepBoro BCTyruieHHff. Ha PHc •. 1 npne,n:eHl,I cneRTpH RCXO�oro CID'Ha.na H Toro 
ze cnrHa.na, paspeiKeHHoro B 8 H 16 pas. TaM iKe noRasaH cneKTp cHrHana, npome.umero 
TpHJK,D;H cr�rume H paspe�elille c ROHCTaHTaMH N1 = 8, N2 = 4, N3 = 2, k1 = k2 = k3 =

2 

(HHTepBan cr�aJKHBaHM 0,48 ceR, pesyJll,TH!)yIOmm\ Roaqxpm.uieBT paspeJKeIUUJ: k1,k2,k3 = 8).
BH,IJ.Ho, �TO B o6�aCTH RHTepecyiomIDC Hac �aCTOT paspeJKeHJlle 6es crJIBJltlIB8.HIDl BHÖOHT Melil>-
rne HcRa.JKeHd, �eM RoM6mmpoBrume cr�aJKHBamm H paspeJKem. IToaToMy B �Heßmn 
pac�eTa:x: npMMeHIIROCb TOJll,RO paspeJKeHHe, npPNeM paSHOe ,IJ)Ifl pa3HHX yqaCTROB 3allHCH 
( 6p�CI, k = 4 ;uJ.tH BOJIH P, k = 8 ,ll)III BOJIH S H k = 16 ;uJ.tH nonepXHOCTHHX BOJIH).
Trutrur o6paöoTRa ,n:onycTMMa, no-BH.ImMOMy, ,IJ)Ifl TeReceiic�ecruoc CID'HMOB, sanHcaHHHX 
MHHl:ilM BliI,UOM annapaTypH; npH aH8.Jll'I8e sanKceß 6Jll'l3KHX 80MJl0Tp.ilCemrlt Will: HCllOJll,30BaHHß 
,llJ)yrKX, 6oRee BHCOKO�aCTOTHHX xapaKTepHCTHK OllTHMaJil,HHH peJKHM pe.IJYIUlpOBaHJm MOiKeT 
6HTI, cynieCTBeHHO HHI™, 
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PJa:c. 1, B.lmRHHe crRBJKKBaHM 11 paspeJKeHM aHaJ1H8HpyeMoti qiyHKUHH f(t) Ha ee 8.MllJIH­
Ty� cneKTP IF(v)I • CrreKTpH He HcnpaMeHH sa �acToTHHe xapaKTepacTPIKH. 
JKiipHrur Jll'IHIDI - cneKTP HepaapemeHHott ceicMorpaMMH (At=0,03 ceK); nyHKTH!) -
crreKTp cettcMorpaMMH, rrpome,umeii TpexKpaTHoe crRaJKHBaHHe H paspeiKeHHe; TOl!KH -
cneKTP cellCMOrpaMMH� paape'1teHHOll B 8 pas; KP� - cneKTp cellCMOrpaMMH, pas­
peJKeHHOli B 16 pas. vReBa np:ime,n:eH aHaJll'ISRpyeMIDi yqacToK cettcMorpaMMH. 

1 

"' 

6 
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3. 2. PactreT traC'l'OTHHX xapaRTepHCTmt annapaTypI,I

qaCTOTHaH xapaRTepHC'l'mta annapaTypix A (V) TeopeTR1I0CKH MOJKeT 6UTI, Hai,i,neHa R3 cneK­
Tpa F( v) KaJm6pOBOtJHOro HMIIyJIJ,Ca f ( t) no 4JOPMYJie 

(7) A(v) = -(2 n v) 2 M F(v) ,

r.ne v- tJaCTOTa, M - KOHCTaHTa, xaprutTepH3YJO�M 8Heprmo B086YJK,lJ.8.IOIUero HMIIyJII:>Ca.

O,nHaKO Ilpß npaKTß"!IeCKOit peaJIH3aIJ;Hß 4JOPMYJill (7) 6wm BCTpetreHH Tpy;n;HOCTH, o6yCJIO­
BJieHHUe qx>pMoii KaJIH6poB01IHOro HMIIyJIJ,Ca H tJaCTOTHHM COCTaBOM MmtpoceiicM, perHCTpHpy-
0Ml,IX KaHaJIOM B MOMeHT KaJIH6poBKH. Ka.7m6pOB01IHhlß CHrHaJI IDAeeT BH.n, IlOKa3aHHhlß Ha P:0:c. 
2. Ero BHCOKO1IaCTOTH8H tJaCTI, cocpe,noTO1IeHa B KOpOTKOM BpeMeHHOM IDITepBaJie (Mem,rne 5
ceK), a IIOJIHM ;rr,JIHTeJIJ,HOCTI, ,llOCTH!'aeT 240 ceK. ITpH cneKTpa7Il,HOM npeo6pa30BaID'IH Bcero
CErHaJia f(t) 8HepreT�ecKmi BKJia,n MmtpocettcM B o6JiaCTH nepHO,llOB 4 - 6 CeK OKa3J:IDa­
eTCf! cpaBHHMHM c BKJia,llOM KaJIH6pOBO'IlI,Oro CHrI-IaJia liI COOTBeTCTBYJO!IlaH tJaCTI, crreKTpa
F (V) Ilpll V > 0, 1 I'U HCKaJKeHa MKKpoceiiCMaMH • B CB!I 3H C 8THM H3MepeHHe F( V) npo­
BO,IUIJIOCI, B ;uBa BTana:
BHatJaJie Hax:O,lJ.WICR crreKTP F(v) (cneltTp 11,IJ.JllIBHOH" Ka7lli6pOBKid) ,Ir,1Iff IIOJIHOro CHrHaJia
f( t) , a 3aTeM - cneRTP F 1 ( v) ( cneKTp 1

1KOpOTKOR" KaJIH6pOBKH) - 1IJI.ff. YKOPO1IeHHOro CH­
rHaJia f1(t), IlOJJY'10HHOrO YMHOiKeHMeM f(t) Ha cpy100:rmo a(t) (cM.qJOPMYJJY (1) ), C
napaMeTpaMH x1 = o, x2 = 0,03, x3 = 30, x4 = 60; a1 = a

2 
= 1.Ha Pnc. 3 npHBe.ne-

HH MO,D.yJIH I F( V) 1 H I F 1 (V) 1 ll,]IFI O;n;Horo H Toro JKe JdCXO,IUIOro Ka7ll'I6pOB01IHOro CHI'HaJia.
Hs PHc. 3 BH;n;HO, 1ITO crreKTpix BeCI:>Ma 6JIH8KH B o6JiaCTH 1I8CTOTH vc � 0,05 m; IIPH

V < V 
C 

.nytnIIee npe.ncTaBJieHHe 06 HCTJIHHOM crreKTpe .naeT F( V), a npH V > V C -
F i v). EJroR 1

1CKJI0Hl3a.Hl{e11 ocymecT.BJlffeT CKJieHBaHHe 8THX KOMIT.JieKCHWC MaCCHBOB B O,nHH 
~ 

MaCCHB F( V), COBIIMaill!IIDi IlpliI V < V 
C 

C F( V) , a IlpH V > V c C F 1 (V)• 

MaccBB F(v) ß HCilOJII:>SyeTM .IT,]Iff BlitJ:ßCJieHIDI 1IaCTOTHOÜ xapaRTepHCTHKß no 4JOPMYJI0 
(7). IlpHMep ru.mJlllITY,IUIOÜ H q>a30BOÜ 1IaCTOTHlilX xapaKTepHCTmt Ka.HaJia npne,neH Ha Pmc. 4.

Pllc. 2. KaJIH6poBO1IHixtt HMIIyJII:>C BepTmtaJil,HOil KOMIIOH0HTH CTB.HUIIH Hapb!H 24/XI-71 r. 

1r-tuHyma 
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o.o+ 0,06 o,oa o,ta 0, 12 0,1, q IG 0, 18 o,20 0,22 q21, 0,26 0,28 0,3 V [ r ¼] 

PMc. ::l. AMnJIMTYMh!e crreKTph! KaJrnc5poBKM, rroKasrurnofi Ha 1-'Ylc. ::! • lllHICTHp - crreKTp
",IJ)IBHHOM" KaJll'ldpoBKM; CIIJIOWHaJ:I Jll'IH.IDI - crreKTp "KOPOTKOH" KaJIMOpOI<M 

3.3. Pac1:!eT crreKTpoB ce:ticMorpaMM 

nJiff Bhl<IMCJI8H!ilff crreKTpOB BOm{ C �eTOM 1:!8CTOTHOH xapaKTepHCTlmH R3 ceßcMorpaMM IIPH 
TIOMOll\H OJIOKa "oru-IO" Bhl,D;8JlfI8TCil HY)K.Hh!M IDITepBaJI 38IlMCH S(t), OCyII{8CTBJIH8TCil, 8CJlll: 
HeOOXö,Il,HMO paspe�eHHe, M HaxO�TC/I crreKTpaJII,HOe rrpeoc5pa3OBaIDie {S(v)} 3Toro BXO-

,Il,Horo Macmrna. AHaJIOrHIIHh!e rrpoue,nyph! IIpOBOMTCJI C I{aJIBOpOBO<IHh!M CHrHaJIOM (CM. Bh!Dle)' 
C IIO�8HMeM pe 3YJThTHpyIOllleit xapaKTepliICT:mtliI {A ( V i)} • IlpM IlOMOlllß OJIOKOB 11 ,Il,eJieHirn 11 

li 11JlilH8MH8Jl KOMOMH�IDI ,Il,8HCTBMT8JTI,HhJX MaCCHBOB" IlO ROMIIJI0KCHh!M MaCCHBaM S(v) li 
S(v) 

A(v) HaxO�TCil KOMIIJI8KCHh!M M8CC1IB {S(vi)} = {
A(v�)

}; npn: IIOMO!Ilß 6JIQKOB ''6HJIO-

rapmpMHpOBaHHe", "rpaqi:tIB" :iir "ne'tlaTI>" Bh!BO� ero M3 3BM B y,no6noM .D;JIH IDITeprrpeTaTopa 
c}}opMaTe. TMTIOBaJI 6JIOK-CX8Ma o6pa6oTKM UMWPOBOH 3aIIMCH ,D;JlH IIOJIYII8HM cneKTpa BOJIHhl 
IIOim3aHa Ha PMC. 5. 

Ha PMc. 6 - 9 npHBOMTCJI aJv1IIJIMTy,IJ,Hhle crreKTPhl BOJIH P, pP, SH BOJIH PFJIEff, .D;JIH 
38MJI8TpHCeHWI 24/XI-?1 r.; CT8HUIDI Haph!H. CrreKTph! MCIIpaBJI8HH sa 'tiaCTOTHble xapaKTepM­
CTMKH COOTB8TCTByI!)mIDC KaHaJIOB. B OOJiaCTM HM3KMX 1:!8CTOT crreKTPH He IIpHBOMTCH, IIOCKOJTI,­
Ky ;rr,JIH v < O,0O4 m op�aTH aMIIJIHTy,JUlh!X 1:!aCTOTHblX :xapaKTepRCTim Ha 3 - 5 IlOpil,Il;KOB 
M8Hbill8 MX MaKCHMaJThHl:lX 3H81:!8HMH M rrpli MCIIpaBJieHMM Cil8KTpOB � 60JTI,lliH8 rrorpemHOCTH. 

Ha crreKTpe BOJIHh! P HeT HCHO Bl:lpruK8HHOro 3KCTpeMyMa, Tor,na rum ,D;JIH BOJIH pP, SH 

R, crreKTphl HM8IOT 'tl8TKM8, ,Il,OBOJTI,HO ys1rne MaKCHMyMh!. RpyTM3Ha CIIa,muIWI IIplIBO.IU™IDC cneK,;:, 

TpOB pa3HaJI, H8JIIM8HI,W8Jl ,D;JlH BOJIHH p H HaMOOJII,WaJI ,D;JlH BOJilI PEJIEH. MaKCHMyM cneKTpa 
BOJIHhl pP paCIIOJIO�eH B MH�epBaJie 1:!aCTOT 0,01 - 0,04 m (100 - 25 ceK), BOJIHhl S - B 
MHTepBaJie 0,01 - 0,025 m (100 - 40 ceK), ,!J,IDI BOJilihl PFJIEff - Ha 'tiaCTOTax 0,004 -

o ,025 m (250 - 40 ceI<).

' 
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BBOn - MB O'lillCTKA PA3PE]!(Ef-lliE 
3a,mIBHe IlOCJie- M03Y-1, MB-1 C ycTpaHeHHeM � 
,IJ.OBaTeJII,HOCTH H MB-2 IlOCTOJIHHOiil. COC-
onepau;mt TaBJlflIOI.ll8M CHrHaJia 

ME ....... M03Y :-------- OKHO 1-------..-' M03Y - ME 1
1-----1• 

CIIEKTP 

BH,IJ.eJieHMe Y1JaCTKa 
cnrHaJia ,IT.Jifl cneKT­
paJII,Horo aHaJIMsa 

O'lillCTKA P A3PEJJJiID1E 
381\IIJI8TpHC8HIDl t-------;►4 M03Y-1 .lll H8KO­

TOPHX 'l!eTBepTeM 
l'vffi=-1 

c yc'rpaHe�cM 
IlOCTOJIHHOl1. COC­
TaelJIH!Olll8H KaJIH-
6 OBKM 

ME-M03Y 

CIIEKTP 

0KH0 
BH.I(eJierui:e ,JJ.Jillli­
Horo Y1JaCTKa 
KaJIPIClpOBKPI 

O'lffiCTKA 

1---�� M03Y ---...ME 

PA3PElKEill1E 
11,nJIHHHOfi" RaJlß-

- M03Y-1 lil H8KOTO- (paspe;!teHIDI He -
-

ClpOBKI! �1
'1IeTnepTe:i1 ,IJ.eJiaeTCII, TOJII,KO 

ycTpaHJieTC/I IlOCTO-
JIHHaR: COCTaBJIJIIOIUM 

MB�M03Y 0KH0 
Bbl.UeJiemrn 
KOpOTICOro 
Y1J8CTKa Ka­
JIHClpoBKPI 

M03Y�ME CIIEKTP 
11KOPOTI<OH11 

ICaJIHClpoBirn 

CKJIEMB.Afil1..i!i 
MO,IlyJiefi 11,II.JllIHHOf11 H 
11ltOpOTK01ii" Ka.Jll'IClpoBOK 
(IlOJ!Y1IeIDl:e aMIIJIBTy,IUIOH 
qacTOTHOH xapaKTepHCTPIKH) 

EIDI0rAPMq)- 1----=--!.i rPA<I>HK 
Mfil'OBAlillE 8MIIJIPITy,IUIOro 

CKJIDIDAIDIB 

cneKTpa seM1Ie­
TpHceHWI 

.11EllEIB1E 
(HcnpaBJieml:e MO)JyJIJI 
crreKTpa 38MII8TpHCeIDUI 1-------i► 
sa 'l!8CTOTHyro xapaKTepHc-
'.l'llliy) 

ME � MJI 1--_,..

Jll1H.Wi.HAH KOMl3l1HAIU1ff 

� 

apryMeHTOB 1
1,IT,JIHHH01ii" ß .UEl1CTBI1'l'l!iJI.bHb!X MAt:Cl1BOB 

"KOpoTKOÜ11 K8JIHClpOBOK - (HcnpaBJieHHe apryMeHTa cneKTpa
(rro�eHHe cpasoBoH qac-
TOTHOtt xapaKTepHCTPIKH) 

rPA<I>MK 
qiasonoro crreKTpa 

seMJieTpHCeHPIJI 

ME---..MJI 

3eMJieTpHCeHIDI 38 qacTOTHylO 
xapaKTep.PicTmcy) 

Pmc. 5. THITOBaR: 6JIOK-CX0Ma o6pa60TKH u:mppOBOH 38IllilCH ,IT.Jifl ITOJ!Y1!0HWI crreKTpa ceitcMH­
qecKoii BOJIHH 

1 1 
1 1 . -1 

-;.{ • 

1 1 

~ ! i 1 ~1 p r 
~ ~ r-

1 1 r1 

, __ I ~1.____ _ 
~ : 1 1 „i 

1 1 --1 --~ 
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3.4. PacqeT crreRTpaJil,HO-BpeMeHHbIX ,rmarpaMM 

KoMIIJieRCHble MaCCßBbl {S(vi)} MOryT HCITOJ11,30B8TDM ,IJ,Jlff cneRTpam,Ho-BpeMeHHOro
aHaJll13a 3aITHCeH. ,lJ.Jul: SToro IlOCJie rro.nyqeHliff MaCC.IIBOB {SCv1)} OHM IlO,IJ.BepraIOTM o6-
pa60TKe rrpll ITOMOI!Uf 6JIOKa "CBAH". Ha BhlXO,Ue MbI HMeeM crreRTpaJil,HO-BpeMeHeyIO ,IU:lfil'PEIMMY 
CBAH OT HCCJie;ayeMOM BOJIHbI; ynpaB.J!ff.H: napaMeTpOM a MO�O HacTprurnan 6JIOR CBAH Ha 
OITTRMaJIDHOe Bbl,I\eJiemrn CHrHaJIOB HJIB nsMepeHne IDC napaMeTpOB C Mfil[11MaJil,HI,IMH CMCTeMa­
TW!eCKHMM HCRa�eHRHMß. 

Ha Pßc. 10 np.lffie,n:eH rrpHMep cneRTpaJll,HO-BpeMeHHoro aHaJ.IJasa BOJIH.bl PFJIEH Toi:t 21te 
3aIT:0:CPI 39MJI8TpilC8Hliff 24/XI-71 r. Ha IlJIOCROCTH nepHO,I\ - BpelWI YB8P0Iili0 orrpe,ueJIR:eTM 
o6JiaCTD IIOBhilll0HHblX 3Ha�eHllli aMIIJIBTY.U Clll'HaJia, qTo ITOSBOJ.UieT B0CbMa aKKYPaTHO one­
HlllTD rpynrroByro CKOpOCTD CHrHaJia. 

[ 1] E.Alill1JIOB, :VI. IT. ; H ,I1p.

[2] ,ILAPArAH, C.R.

[3] ]AH.Il,EP, A.B.; M ,11p.

[ 4-] OCA.Il1Il1}1, A. II. ; 
,ILAPArAH, C.K. 

[ 5] ITOI'PEEHHCIU1t1, r .A.

CHcTeMa MarHHTHo:ti nHwpoBo:tiyerncTpaQHli n o6pa6oT­
KH ce:ticMßqecKHX CHrHaJIOB "TpeyrOJll,HHI{11

• 

M3B. AH CCCP, mnslllia 3eMJIH (B ne�aTH) 

MMilyJIDCHaJI RaJIM6pOBKa H KOHTPOJll, C8MCMWI8CROro 
RaHaJia. C6. MeTo,I\bl H nporpaMMbl ,I\J.UI aHaJIMsa ceti­
CMH�eCRHX Ha6JIIO,I\8Hllli (BH1IHCJIHT8filHaff cetiCMOJIOrIIJ:ff' 
mm. 3).
MoCirna: "HaYim" 1967

0 crreI<TpaJll,HO-BpeMeHHOM 8Ha.mrne ROJie6aHllli. C6. 
BH1IHCJIMT8Jll,Hbl8 H CTaTHCTWieCRHe M8TO,I\bl HHTeprrpe­
TMlUI ce:litcMWiecmuc .I\aHHhlX (BwrncJinTeJll,HaJI cencMo­
JIOrlffi , BIID. 6) • 
MocRBa: "HaYJm" 1973 

ArrnapaTypa "K0.1{" ,I\J.UI MHOrORaHaJll,HO:lit umbpoBoii pe­
rHCT.PMHH ce:litcMWiecKHX CHrHaJIOB. C6 •. Pa60Tbl IIO 
MaIIIHHHOtt HHTeprrpeTMHH cettcMWieCRIDC BOJIH (BH­
qncJIHT0Jll,Ha.R: ceßCMOJIOrM, Bb!Il. �). 
Mocirna: "HaVEa" 1973 

MeTO,I\bl cneKTpam,Horo H crreKTpaJil,HO-BpeMeHHOro aHa­
Jili3a� CHHTesa H qJHJII,TPMHH ceiiCMWieCRIDC ROJie6amm.
Ha 3.öM. 
3Rcrrpecc-HHq>OpManI'lff BM3MC Mr CCCP, CepIUI perno­
H8Jll,HaJl, pa3Be,n:oqHaJl H rrpOMbICJIOBruI reomnsHRa 
( 1972) 15 

':l1 

JlHTepaTypa 
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06 anrrapaTypHOM OCHall.l8HJIIJII orropHI,IX CTa�IDl "l{All'" 
JII o6o6meHJIIJII 8aHHblX JIIX Ha0JII088H.Jllll 

- 1)3.M. APAHOBWI, A.M. 3AXAPOBA, H.B. KOH,UOPCIWI, r.A. KYJ.(Pffi3UEBA
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An analysis of the actual equipment of the base stations of the "K.APG" 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 tri­
angles KIS - WAR - BUD; WAR - MOX - BUD; WAR - OBN - PUL. The dynamic range of
instruments of Band C types when Vm ?!. 103 has been found to be inadequate for
recording of P waves from earthquakes of magnitude mPF = 7 at epicentral dis­
tances 20° to 40°. In this connection lowered sensitivity channels (LSC) are pro­
posed to be brought into use at least in instruments of B type with decrease 
ß � 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 (columns 3, 4, 5, 7, 9, 11) shows th'e 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 � 6,0 given in the Operative Seismological 
Bulletin for these years is taken as 100 per cent). The same data for earthquakes 
with M � 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 = 6,0 and M = 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 fk and 6m

PF 
for near (Mediterranean)

and far (Japanese) earthquakes are shown; n = number of events. The values of fk
are within ±1 s, mPV = 0,2 to 0.3 units of magnitude; evidence is given for consist­
ency between the station data·and those of the sumrnary treatment. 

1) 11HCTJIITYT (JJM3.1Il01: 3e�rJU,'[ AH CCCP, Moc1rna .n-242, E. rpysMHCKM 10
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1• BBe;n,elU'Ie 

B HaCTORmee Bp8MII Ha TeppßTOPID'I CTpaH-ytJ:8CTHßU "KAIII'" cqiopMlipOBaHa ß (py}II(UßOHßl)yeT 
orropHalI C8TI, ceäcMH'teCitßX CTam.urlt "KAIII'"' BKJlll1I8IOIIl8lI 30 ceäcMH1IeCKIDC CTaHI.Oilt, B TOM 
1IßCJie 21 CTaHilR!I CCCP, 2 - BHP, 2 - BHP, 2 - r.llP, 2 - IlliP, 1 - '1CCP. B COOTB8TCTBHH 
C peKOM€H.Il:8UßllMH perßOH8JII,HHX CoBemaHmt KAIIT, onopHue CTa.HUßß ,no.JIJKHH ÖUTI, OCHameHl,I 
arrrrapaT�rpoi1 eo CTEIIIMPTHHMJII xapattTepHCTßK8MM TßIIOB "A" ß "B" [ 1]. Ha pH,D;e orropHHX 
CTaHUmi B COOTB8TCTBID'I C 3a,n81IaMH IIO ß3ytJ:emm BßYTP€HHero CTpoeHIDI 3eMJm ycTaHOBJI8Hl,I 
Ta.RJKe ,Il)IßHHOIIepHO,D;Hble rrpHÖOpl:l Tßlla "C" (PHc. 1). Koop,D;HH8Ußll pa6oT IIO annapaTypHOMY 
ocHamemno onopHIDC cTaHUlrlt "KAIIT" , no yimq>HK8Ulm qacToTHHX xaprucTepirnTHK ß nepBH1IHOÖ 

oCipaCioTrrn .n;amrnx ocymecTBJ.lfleTCJI B paMKax pa6011ei rpymm 4 .1 • Ue.JII,ID HacTOJ1mero ,n:oiura­
)113 .flBJ.lfl€TCJI aH8Jlß3 COBpeMeHHoro OCHameHWI cettcMH1Iec1rn:x CTa.HUmi "KAIII'", COCTO.fllilfü ß 
npo6JieMaTHKa CTaH,napTß38ll;ID'I H yIDiqlßKBUID'I Ha6JI10,nem Ha TßIIOBOi rumapaType, HeKOTOplie 
BOilpOCbl pa3BHTH.fl CHCT8Mbl HaCiJIID,neHmi H CBO,D;HOÖ o6pa60TKM ,naHHHX. 
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2. CocTOHHße ß npo6�eMa.Tmta annapaTypHoro OCH8ll{0HWl onopHlDC CT� CTpa.H-yqacTHIDJ;
IIKAIII'II

3a IIOC�e,IJ,HHe 5 �eT OCHameHHe cettcMMeCRIDC CTaJIUd pa3BxIBaJIOCl, Kalt B HanpBBJieHßß 
CT8H.na.PTH38ll;Im xaprutTepHCTHK THIIa 11A 11 

[ 2, 3), TaR H pacmHpeHWI qacTOTHOro H .mma­
Mß'!I0CROro ,IUiana3OHOB annapaTypii!, nyTeM BH0)]Jl0IDifI npH6OpOB THIIa "C" H KaHMOB IIOHH­
lK0HHOli. tzyBCTBMT0Jil,HOCTJII npß6opoB THIIa "B" (CM. Ta6�.1). 

Trut, B COOTB0TCTBHH C peKOM0JmaI.Uif!MlI "ßI.IcTpyro.i;:r,m no cTaimapTH38D;HH aMil�Ty,IU:Io-qa­
CTOTHlDC xapaxTep.llICTHK Bli!COKOtzyBCTBHT0Jil,HlD{ KOpOTKOIIepHO,IOIHX ce:1,1:cMorpaqx:>B" (MocKBa 
1968) Ha 50. % onopHlDC CTaJIUH:1,1:, o6opy.noBaIUllilX npH6opaMH THlla 11 � 11, 6� CTaH,napTH3OB8Hbl 
xapaRTepHCTHKH. Ium BB;D;HO ß3 Ta6JIHIU,I, xapaRTepHCTIDG'l IY THIIa ßM010TCJI Ha lliITH ce:1,1:cMH­
�ecKIDC CTaJIUMX, I Tßlla - Ha qeTii!pex ß Ha ,IJ;Byx CTaHUWIX COOTBeTCTBeHHO xaprutTepHCTß­
KH II H III THIIOB. 

C 1970 ro.na Ha�MOCJ, aRTHBHOe BH0,l]Jl0Hße npH6opoB Tmra "C" C xapaRTepRCTHKOH aHMOrH­
trno:1,1: ceicMOrpaq)B.M IIPEX::CA-IDMHI'A. IlpH 3TOM B OCHOBY IIJiaHa BH0)]Jl0HWl BOlllJIH npe,IJ,Jio�eHIDI, 
HaMe�eHHHe "IlpoeKTOM HCC�e,noBaHJIIR BepXHeH MaHTßß EBpOIIIi! IIO ,IJ,JIHHHonepHO,IU:II,JM ceHCMH­
qecK.IIIM Ha6JIIO,neHMM11

• 
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Ta6JI. 1 

A� 

-

1 
1 • 
2. 
J. 

4-. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
1 5. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 

30. 

X) 

Ha3Ba.Hl'!e CTpaHa CT8Hlll,m. 
-

2 3 

MocRBax) CCCP 

AnaTßTH: CCCP 

Amxa6a;n; CCCP 

Eaeypß8HIII CCCP 

J3Jra,mmOCTOK CCCP 

fäpM CCCP 

3a.KaMeHCK CCCP 

furpooo6a,n: CCCP 

Kwnml:eBX ) CCCP 

fuBOB CCCP 

IleTpomIBJIOBCK CCCP 

Ily.JIKOBOX) CCCP 

CI1IMqieporrom, CCCP 

Col!H CCCP 

Ta.JII'ap CCCP 

TaI.IIReHT �) CCCP 

T6YIJil'!C� CCCP 

YJKropo,n CCCP 

�YH3e CCCP 

10. CaxaJIIIIHCK CCCP 

HKyTCK CCCP 

Coqi�) BHP 

IlaBJrnKeHB BHP 

Ey,narremT BHP 

Enrnaqie BHP 

MoKca rnP 

KoJIJIM6epr rnP 

BaprnaBax ) TIHP 

KpaROB TIHP 

Ilpyromme l!CCP 

Tun rumapaTypH: 

A 

4-
-

23 000 
10 000 

IV 50 000 
I 30 000 

40 000 
IV 50 000 
IV 50 000 

-

-

I 25 000 
-

II 10 000 
10 000 
80 000 
-

-

4-5 000 
III 25 000 

I 33 000 
40 000 

60 000 
64 000 
70 000 

IV 27 000 
IV 60 000 

I 

-

25 000 
40 000 

B 

5 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

-

+ 

-

+ 

+ 

-

-

+ 

K II 11 

C B C 

6 ? 8 

+ + -

- + -

- - -

+ + + 

- + -

+ + -

- - -

- + -

+ + -

+ + -

+ + -

+ + -

+ + -

- + -

- + -

- + -

+ + -

- + -

+ + -

+ + -

- + -

- - -

- - -

+ + -

- - -

+ - -

- - -

+ - -

+ - -

- - -

Ha ce:11.cMocTamumx "MocKBa", "I<mmmeB", "fuBoB", "IlyJIKoBo", "TaI.IIReHT", "T6I1IJII1Icß", 
"Coqnm", "Bapma:aa" HeI.J;eJiecoo6pasHo ycTamrn.1mBaT1> arrnapaTypy THIIa "A" Hs-sa BBco­
Koro YPOBHM IlpOMBIDJieHHBX IIOMex. 
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Kalt Bli,IlHO H3 Ta6JI. 1 ' npn6op1,1 TRIIa "C" ycTaHOBJieHU Ha 1 5 CTaHIJ.IDIX "ICAIII'". B TOM -rn­
CJie Ha 11 CTaHim/IX pacrroJiomemmx B EBponettcKott qacTH pernoHa. IlpoBe.IJ;eHHmi a.HB.Jm3 
B03MOlltHOCTett ceTH OTaHIJ.ml: o6opy.noBamrnx npn6opaMH THIIa "C" [ 4] CBH,D;eTeJII,CTByeT o TOM, 
'llTO yJKe B HaCTOfIIIlee Bpe!WI CJie,IJyeT COBMeOTHO c rpynrro:tl: 1 .3 "KAIIT'" npHCTynHTI, K o6pa-
60Tite ceiioMoJiormecKott HHq>opMBIUm rro no.ncuoTeMBM cTaHIJ.Hfi (npoqiHJIJII H Tpeyrom.mnm). 
IIp:IiIMepoM TaKHX IlO;IJ;CHCTeM B CCCP RBJlfIIDTCJI npoqiHJm:: PUL-OBN-SIM; PUL-OBN-TIF; LVV-KIS­
SIM-BKR n Tpeyrom.:EimCM: ,SIM-OBN-LVV; SIM-OBN-KIS (PHc. 2). 

KpoMe 8Toro MOJKHO 6wro 6H npe,IJ.710lKHTI, CJie.nyIOIIIHe IlO.IJ;CHCTeMU cettcMH'lleCKHX CT� C 
yqaCTHeM ,IU)yrHX CTpaH: Tpeyrom.HHim "BapmaBa" - "06HHHCK11 

- "IlyJIKOBo"; "KmnmieB" -
"BapmaBa" - "By,nanemT"; "BapmaBa" - "MoKca" - "By,nanemT" H npocpHJII,: "T6:wrncH" -
" CHMclJepoIIoJII," - "KmnHHeB" - "KpaKoB" - "MoKca". 

BMecTe C TeM BH8,IU)8Hl'I8 npH6opoB THIIa "C" Bl,l,llllHHyJIO Pff,lJ; c:mennqiwrncmoc sa;n;aq IIO yHHqJH­
K8UHH xapaKTepHCTHK, ycHJiemno IIOM8X03aJIIHil18HHOCTH npn6opoB 8Toro THIIa H H3yqeHI110 
ßCTO'lflilmOB ,nJIHHHorrepHO.IJ;Hl,IX myMOB. 

B CBR3H C 8THM B paMRaX pa6oqelil: rpynn1,1 4j B T8'18HHe IlOCJI8,nyI0ll{HX ,103yx Jl8T IlOCTaBJieHa 
sa,naqa CHJiaMH cneD;ßaJ.IHCTOB r.!(P H CCCP IIO.IJ;rOTOBHTI, PYKOBO.IJ;CTBO rro yoTaHOBKe H 8KCllJIY­
aTan;HH ,II)IßHHOilepHO,IJ;Hl,IX cettcMWiecruoc npH6opoB. B OCHOBY 8Toro pyKOBO.Il;CTBa 6y.nyT IlOJIO­
xeHH "Ilpe;n;BapHT8JII,HaR HHCTpy:KI.lWI no YCTaHOBKe H 8KCIIJIYaTauHH KOMIIJI8KTa ,IJ,)OOIHOilepno.n­
HWC ceficMorpacpoB CR,ll B ItaHaJie c raJIE,BaHOMeTpaMH cnr-4 (KOMITJI8KT C.Il-1 )" (CCCP) H "Py­
KOBO.ICCTBO no Ka.JmOpOBKe H onpe,neJieID'IIO napaMeTpOB ,lI,JllmHOrrepHO,ltHoro ceücMorpaipa SSJ-1 11 

(r,np) • 

ll8B8CTHlilM cpaKTOM B IIIJaKTHKe Ha0JIO.IJ;emrn RBJIR8TCR TO, qTQ IlpH perHCTpamu� 38MJI8Tl)Jl­
ceimft 6om.IllIIIX MarHHTy,IJ, s11a'IIll:TeJII,HJ ii: qacTL sanncH ns-sa �e.nocTaToi:rnoro ,mrnaMwrecKoro 
.v;Hana30Ha qJOTOrBJibBaHOMeTpJlfCieCitOH peTIICTpan;mI CTaHOBHTCR HelIHTaeM011. 

AHaJIH3 B03MOlKHOCTeH perHCTpau,mr npvr6opoB Tillla "B" l'I "C" [1
3 

4] CBH;n;eTeJII,CTByeT 0
TOM, '1:TO ,romaMWJ:ecKoro ,IWanasoHa aTott anrrapaTypu rrpH vm � 10 He XBaTaeT ,IJ,aJKe rrpH 
perHCTpau,mi: BOJIH p 3eMJieTprrceHHH C Marmi:Ty;n;oH m

pv 
= 7 ,IJ,JilI 8IlHIJ;8HTpam.Hux pacCTORIDll1 

20
° 

- 40
°

.

B paMKax cym_eCTByR)mett annapaTypH Bh!XO.IJ;OM H3 llOJIO�eHM J1BJIR8TCH BH8,IJJ)8Hl'Ie KaHBJIOB 
IlOHIDKeHHoii qyBCTBl'IT8JII,HOCTH (KIN) IIO M8HI,melil: Mepe Ha npn6opax Tima "B" C 3arpy6Jie­
HMeM ß � 10. Ms OllHTa ceHCMH'lleCKOÜ 08TH CCCP .nocTaTO'tJHO ßCllOJil,30BBTI, ;n;eMIIgJHPYJOUlße 
1:IBTYJIIKß ceHCMOI'paq>()B C Bl,IXO.IJ;OM Ha ;n;onoJIHHTeJII,HHe rBJibBaHOMeTpH qepe3 CilSUPiaJ.tI,HO rro­
,uo6paHHue neIIH C K08(1X1)JIII(:HeHTaMH CBR8:i,i, 6JIH3KHMM K HYJIIO [ 5]. 

B KalleCTBe perHCTpaTopa MO)KHO HCIIOJII,30BaTI, JIH6o OT,IJ,em,Hl,llil: perRCTPlfP, JrnOO Bl,[]38CTß 
,UOilOJIHHT8JII,HuJil: '18TBepT1,IH KaHaJI Ha OCHOBHOil perHCTpHp. B qacTHOCTH, B CCCP ,Il.JIH BHe­
,npeHM KIN paspa6oTaH cnen;naJI1>Hhrti perHCTPlfP JK,Jzy1Uero peilrnMa P33, KOTop1irn BKJIIOqaeTCR 
OT CTaHIJ.ßOHHOro aBTOMaTa aMIIJlßTy;n;Horo npeBHmeHWI H aBTOMaTWISCKl'I Bl,IKJil()llaeTCH '1:epe3 
30 l\IBH. 3anHCI, IlpOH3BO,IWTCH Ha PYJIOHHOÜ qJOTo6yMare TpeMfI ram.BaHOMe�paMH TJ,illa rB 

[7]. 

K COJKaJieIDno, peKOM8H,Il./3UßH perPIOHBJibHOro COBemaHwr B lleHe (1968 ro,IJ,) B qacTH ycTa­
HOBKß KIJlI Ha CTaHD;MX ;rr,JJR 60JII,llißHCTBa CTprur-yqacTHHIJ; OKa3a.JIMCI, H8BblIIOJIH8HHHMI1. B TO 
BpeMR, KaK B CCCP KIJlI ycTaHOBJI8HH Ha 19 PI3 21 CTaI-lIJJIB, B ,IlJ)yrHX CTpaHax I{WI ycTaHo­
BJieH JnruJI, Ha CT8HD;PIH Ey,n,arrernT. 
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»,JI/I noBblllleHWI ypoBM yHll�IIBaIJ;YIH ceficMoRorwrecKRX MaTepnaJioB B TeqeHne 1974 ro.na
Heo6XO,IU1MO BH8.DJ)llTI, Ha onopHb!X CTaHI.UIBX "KAIIT" ll0�0T0MeHH0e pyK0B0,11,CTB0 "0 Il0pH,11,­
Ke np0YISB0,11,CTBa ll o6pa6oTKYI Ha6JII0,11,8HllH Ha onopHh!X ceMCMWI8CKMX CTaHI.J;IUIX CTpaH-yqacT­
H� "KAIII'"' a TaIOKe HaJia,IU1TI, nep110,11,vr'tfeCKyID ny6JIIIBall,MJO napaMeTp0B' aMTIJrnTy,11,Ho-'tfaCTOT­
HhlX YI �30Bh!X xapaitTepllCTHK npn6opoB CTaHIJ;MH "KAIII'". IIepBb!H BblIIyCK TaK0ro c6opIDIKa 
HaMeqeH B HaCT0.fill\8M rolJY. 

Heo6X0,IJ;HM0 0TMeTßTI,, 'tfT0 B Il0CRe,IUme ro� B CCCP, rw. H qccP np0B0,'WITC.fI ßHTepec­
HHe 1rncRe.U.0BaHHII no paspa60T1<e H onpo6oBaHIDD ,T.T,JmHHonepHo,11,Hwc ceticMoMeTpJIIllecrurx: KaHa­
R0B, KaK Ha Tpa,IJ,ßll,H0HH0ß 0CH0Be (ce!CMOMeTp B K0MTIReRTe C ;u.mnmoriepHO;nFWM raJII,BaHO­
MeTp0M c nepH0,11,0M Tg � 300 ceK), TBK YI Ha 6ase ,T.T,JmHHOnepH0,11,HHX 8ReRTP0HHblX cettcMo­
rpacpoB C I.J,HWPOBOH perHCTpall,Hett. 3To Hanpa.BJieHHe npe,11,CTB.BHeTC.fI aKTYBJII,HlilM H nepcneK­
Tll'.BHHM. 

3. Bonpocbl 0606meHH1I MaTepHaJI0B Ha6mo.nem npl'I C0CTaBJiemm: OnepaTHBH0ro CeÖCMOH0I'H­
'tfeCK0r0 EloJmeTeH.fI

OnepaTHBHirlf CettcMoRorwtecI<ll'.tt 13IOJLneTeH1,, BbIIIYCRaeMIDI: UeHTpoM, JIBJIJieTCJI e�e,11,eKa.n­
Hl,IM nepHO,Il;ß'lieCKßM ll3,ll,8Hll'.eM, B K0TOp0M Il0MemruoTC.fI nepBHe pesym,TaTH CB0,11,HOÜ o6pa6oT­
Kl'I .nrurnux, Il0CTYIIruomHM C pH,11,a cettcMß'lleCKMX CT8HUID1. 0nepaTHBHaH Bbl,11,a'tfa HHcpüpMall,Hl'I H3 
UeHTpa Il0,Iij)83yMeBaeT onepaTHBHoe Il0CTynReHHe HCX0,11,HHX ,11,aHHHX C ,11,0CTaT0'tfH0ro K0RH'tfec­
TBa CT� B UeHTp. Ewr npoBe,11,eH COOTBeTCTByrotlllrll: 8HaRH3 ,11,JIR pH,11,8 onopHHX CTaHIJ;l'Iß 
"KAIII'": CQWM, IlaMHKeHH, Ey.nanemT, MoKca, KoJIJ1M6epr, BapmaBa, KpaKoB, IIpyromuu,1. 

B Ta6R. 2 (cTOHÖUH 3, 4, 5, 7, 9, 11) Il0Ra3aH nponeHT se�eTpHCeHHä, B onpe.nexe­
HHH K00p,D;MHaT 8IlHU0HTP0B K0T0pHX KaJK,IJ;aH H3 pacCMaTpHBaeMHX CT8IIWIB IlpHHßM8.71a yqaCTHe 
( sa 100 % IlplU!ffT0 o6mee IWml:1IeCTB0 seMJieTpHceHint c M � 6,  0, ,11,JIR R0T0pblX ony6.7Il'IKOBaHbl 
C00TBeTCTByDUtHe CB0A0HHSI B OnepaTHBHOM EJOJLJieTeHe 38 1968 - 1973 rr.). 

Ta6R. 2 
. 

Je k::TaHI.J,M 1968 r. 1969 r. 1970 r. 1 971 r. 1972 r. 1973 r. 

1 2 3 4 5 6 7 8 9 10 11 12 

1. CQW 25 25 48 51 57 61 55 77 57 74 
2. TIM 0 0 0 0 0 0 40 42 46 59 

3. Ey.n 39 16 8 8 0 0 3 3 27 19 
4. MoK 85 77 87 87 81 91 92 100 89 85 
5. K.Jm 85 75 89 95 79 91 86 97 87 93 
6. Bap 0 0 0 0 0 0 0 0 0 0 
7. KpK 47 89 84 90 86 91 84 100 83 85 
8, IIpr 74 39 17 18 11 3 71 90 67 64 

/ 

1 
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Ha:0:60Jiee BHCOKl'm: H CT86HJII,HI,ill BO BpeMeHß % y-racTH!l B OrrepaTHBHOM EIOJIJieTeHe JdMSIDT 
CTaHr(ßß MoKca, KoJIJIM6epr H c 1969 r. - KpaRoB; Hal'!MeHI,Jm - IlaBJrn:ReHH H Ey.n:arremT; 
COBCSM He yqaCTByeT B CBO,Il;HO� o6pa6oTKe CT.BapmaBa. qT06H yCTaHOBHTb, BJIRHST � c})aK­
TOp noporOBOÜ '!JYBCTBHT�HOCTH CT8}1Ud Ha% HX yqacTRR: B OnepaTMBHOM EIOJIJieTeHe, .JJ:aH­
HHe no seMJieTJ)HCeHHHM c M � 6 ( CTOJI6J.U,I 3, 5, 7, 9 ,  11B Ta6JI. 2 )  6wm CpaBHeHH c 
TaKOBHMH rro M � 6,5 (CM. CTOJIOU],I 4, 6, 8_, 10, 12 B Ta6JI. 2), KOTOpBe perMcTpMpy­
lOTM BCeMH CT� 3eMHoro lllapa c YBeJIITT:eHHeM He HIDKe � 000. KaK BH,Il;HO, KOJIITT:eCTBO 
CBO.JJ:OK B08pOCJIO 8Halß'ITeJII,HO � B HeCKOJil,KßX CRy-IruIX, Me,n:oBaTeJII,HO npßlß'IHY HYJKHO 
MCKaTb He B 8TOM, a B OTCyTCTBMH HeOOXO,lJ.J,IMOli onepaTHBHOCTM nocTynJieHH!l CBO.JJ:OK eo 
cTamuni B UeHTp. 

Ilpß CBO,IJ;HO:ti o6pa6oTKe ,Il8HHHX CTaimmß, IlOCTynarommc B UeHTP, ßCIIOJII,3yeTM � Ta 
'l!aCTb HHcpopMfilU,ltt (rroJieBHM HH<pOp�H!I), RO'l'Oprui: OXB8THBaeT cpoK B Tpoe CYTOK C MO­
MeHTa perHCTpaI.urn: CTaimH!IMH SeMJieTJ)HCe�. B CHJIY cne]l}IqJHKH paOOTliI UeHTpa 88IT03.JJ:aB­
maH mI<pOpM� He HCITOJII,SyeTM. 

B Ta6JI. 3 noMemeH npm.,.ep, IlOKa8liIB8.l!XllIDt npoxo�emrn HH<pOpMa]l}IM CO CTaH]l}IH CoqiIDI 
ß HCilOJil,80:BaHHe ee ,IVIII CBO,Il;HOÜ o6pa60TKH 88 nepuo.n: c 24 XII-1973 r. no 25 qJeBpaJIH 
◄974 r.

Ta6JI. 3 

l{em, 3a ItaRoe BpelvUI IlOJI63HM HeHCilOJil,Sye- IlpHMe'l!amrn 
npPieMa rro,n:aHbl CBe,n:eHAA HH<pOpMa.I.U1ff MM HHCJ)OpMa-
CBO,n;1rn: UWI 

-

1 2 3 4 5 

4.I. 1974 r. 24. XII.73 - 3.I.74 r. 1.-3.I.74 r. 24.-31.XII.73 r. 

8.I. 5.-7.r. 5.-7. I. -

11.r. 8.-10.r. 8.-10.r. -

15.r. 11.-12.r. 12.I. 11.r.

13.-14.I. HeT CBe,n:eH.lfß 

22.r. 15.-18.I. - 15.-18.I. 

19. -20.I. HeT cne,n:emrn. 

25.r. 21. -24.I. 22. -24. I. 21 .I. 

5.II. 25.I.-4.II. 2.-4.II, 25.I.-1.II.

s.rr. 5.-7.II. 5.-7.II. -

12.II. s.rr. - 8.II.
9.-11.n. HeT CBe.n:emrlt 

15.II. 12.-14.II. 12.-14.II. -

15.II. H6T cBe,nemrn. 

19.n. 16.-19.n. 16.-19.n. -

20.n. HeT CBe,nemrli 

26.II. 22._25.n. 23.-25.n. 22.II.
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RaK BH,lllIO H3 Ta6�H, 11IIOJI83HhJMH" OKa.3aJrnCI, JillIIIl, CBO,II;KH sa 29 ,Illleß H H8HCIIOJIE,3y-
8Mb!MH sa 24 ,mm H3 o6mero KOJIPNeCTBa sa 53 ,n:HR, T.e. COOTB8TCTB8HHO 55 % H 45 %
(cpaBIDIM c 55 - 57 % yqaCTRff CT. CoqiRff B Ta6JI, 2 3a 1971-1973 rr.). 

B Ta6JI. 4 IIOKa3aH rrpoueHT IIOJI83HOfi HHqJOpMaD;ID'I OTHOCHT8JIE,HO BC8ß IIOCTyrIID3JII8ß B 
UeHTP sa RHBap1,-qieBpam 1974 r. c 7 orropmnc cTaHI..um "KAIII'".

Ta6JI, 4

CTaHIU'fil 

IlOJI83Haff 
l1IHqJOpM8UIDI 

Coqi 

55 % 

Ey.u 

53 % 29 % 

MoK KpK Ilpr 

60 % 70 % 34 % 58 % 

HeCKOJil,KO 60.m,mmi: IIPOU8HT y-1iaCTHR B CBO,IllIOH o6pa6oTKe TaKl'IX CTamum' KaK MOKCa' 
KoJIJIM6epr H KpaKOB (cpaBH8HHe Ta6JI. 4 H 2) CBH.D;8TeJIJ,CTByeT JIHmI, o TOM, 'tJTO UeHTp 
BI:,iHy,K.Il.8H HCIIOJil,30Ba.TI, HHqJOpMan;:mo sa 60.m,nnm rrepHO.U 'tJ8M 3 cyTOK, rrpome,IlJlIHX CO BpeMeIDI 
B03HHKHOB8HHfI 38MJI8TpHCemm, 'tJTO eCT8CTB8HHO 1Iplll30,1UIT K yBeJIWieHmO cpoROB BhIIIyCKa 
OrrepaTHBHOro EIOJLJieTeM. 

AHaJiorI,f!IHJ:fil aHaJrn3 6HJI rrpoBe,UeH ,lJ.Jifl PR.D;a perHOHaJIE,HbIX CTruru,Rit' IIpHCWiaIOU!l'IX OIIe­
paTHBHHe CBO,Il,Illi B UeHTp, TaKHX KaK PauH6y,it, Ramrrepcrurn rop1:,1, I\Hp.J)Jlta.)IM, AAMMTpOBrpa.n;. 
Ilo .Ua.HHhlM 1973 ro,na JIY'IlllliMllI H3 IrnX .ffBJlITTOTC.ff CT8HUHH KamrrepcKHe ropH ß I\Hp,IJ;llta.JIH COOT­
B8TCTB8HHO 75 % H 45-% yqaCTW:l B o6pa6oTRe • 

.1I.nR OIIOPH1IX CT8HUIDJ:' IIpIDillMa.IDlllHX HaH6o.m,mee yqaCTße B OIIepaTHBHOM EJOJIJ1eTeHe' 6:wr 
IIpoBe,neH CTaTHCTWieCKHß aHamrn corJiaCOBaHHOCTß IDC ,IJ;aHHlilX c ,naIIHm,m: CBO,n;HOH o6pa6oTRH • 
.1I.nR cTruru,IDi: "KoJIJIM6epr", "M01wa", "I<paRoB" H "Ilpyromnu,i" c aToii u;e.m,ro paccMaTp:L'IBB.­
JIHCI> KaK OTKJIOH8HHR OT ro.uo112acpa ,!l)Kmx1?PI1CA-EYJIJIEHA fk ' T8-"'t. PI ,IOllia.MH'tJ8CKHe H8BR:3Kl'I 
omPV'

B Ta6JI. 5 IIOMemeHhl ocpe,IllleHHble 3Ha'tJeHHR fk li ö�v ;rr,Jif:I ,IJJ3yx CJiytl88B pacIIOJIOlKe­

HHR O'tJarOB 38MJI0TpHC0HHß OTHOCHT8JIE,HO perHCTpHpyroll(ID{ CTa.IJWlli - 6JIH8KOro (p�OH Cpe­
,ll,ß38MHOMOpM) ß y,na,JieHHoro (paiioH Hrro:mm:); n - 'tJßCJIO 38MJI8TpHcemm, no ROTOPOMY 
npoBo,IUc'!Jioc1, ocpe,IllleHHe. 

Ta6JI. 5 

CTaHUWI Cpe,II;H38MHOMOpl>e Hrrorum: 

fk[cer<] n omPV n fk[ceK] n omPV n 

K.JIJI +0,6 214 -0,2 28 -0,1 76 0 47 

MoK +0,7 192 -0,3 19 +0,4 67 -0,2 57 

Ilpr +1,0 66 -0,2 6 +0,7 66 0 45 

KpR +0,2 182 +O, 1 70 
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:to, 1-0, 15 e,u,mun� mpv. CJie,IJyeT OTMeTHTI,, 'IITO 110 BCeM YK83aHHWv1 CT8l-lD;RflM 3H8R fk 
IlOJIOMTeJieH, 'IITO rOBOpHT, IlO-BH,UHMOMy, 0 HeCROJll,KO MeHl>lllHX CKOPOCTRX pacnpocTpaHeHIDI 
ce�CMH'l!eCKHX BOJIH, 'l!eM 8TO 11p:tnmTO B MO,IJ;eJIH ,UJI®IXI>PHCA • 

.IumaMH1Iecrure HeBH3KH Ömpv M8.Jll,I, HX BeJIWUffiH HaJCO;zr.fITCfI B 11pe,u;eJia.x TO'IIHOCTlil: 

ocpe,IUiemm. 

1-w. OCHOBa.HHH H3JIOXeHHoro MOJKHÖ c,u;eJiaTI, CJie,uyrouwe BHBO,IJ,l,l: 

1 • 3a. 110CJie;mrn:e IDITI, JieT B ceTH onopHmc ceHCNJnl!ecmnc CTaIDJ,ml: "KAIIT" ,Il;OCTHI'HYTH 
ycnexH B CTaH,IJ;apTIII3anHH xaprutTeplil:CTliR npPI6opoB THIIa "A". 

2. CymeCTBeHHO pacnrnpeHa ceTI, CTa.IllJ,IDf, OCHailleHHmc npH6opaMH TPIIla "C". Ha MHOrmc CTaH­
Ußl'IX B ,IJ;Ba pasa pacnmpeH 'IIaCTOTHmt ,IJ;HSU830H npPI6opoB TPIIla "B", 38 C'l!eT BHe-
.u;pemur CeHCMOMeTpOB CKJ(.

3. PR,u; 0110pHmc CTaHIJ;En IlOCTOHHHO H Ha xopomeM ypOBHe yqacTByeT B CBO,Il;HOH o6pa60TKe
(RoJIJIM6epr, MOKCa, KpaROB, IlaBJim<eHH, Coq>PIR, ITpyromrn;e) • Ha COCTaBa perHOH8Jll,­
HHX CTaIDJ,ml:' IlpßCWlalOUlHX HHq>üpl\ffilU'IK) B UeHTp' CJie,IJyeT OTM<:JTHTI, CTaIDJ,mO "Ram­
nepcmrn rop1,1".

4. YCT8HOBJieHa xopomair corJiaCOBaHHOCTI, ,IJ;aHHHX CTa.IllJ,IDf K.n.Jr, MoK, ITBJI, l{pK c ,naHHI,1MH
CBO,IUIOH o6pa60T!Gi - OTKJIOHeHPIR OT ro,u;orpaqia ,W{E)MPHCA-BYJIJIEHA He npeBblIIIaeT
1 ceR; 'AJIIH8MH1Iecrure HeBR:8KH ömPV - 0, 2-0, 3 ß,IJ;HHHIJ; mPV.

5. B 6.1Im!BtIDIHe ro,IJ,H He06XO,Ill'IMO BH0,Il;pHTI, K8H8Jll,I 110HruKeHHOH 'l!yBCTBHT0Jll,HOCTH no M0HI,­
meä Mepe Ha np:0:6opax Tmia "B" CJie,DyeT TaruKe peKOM0H,Il;OB8TI, 11p0,Il;OJI.lK8TI:, pa6oTy
no CT8H,I1;8pTH3aI(HH 8MIIJißTy,Il;HO-'IJaCTOTHHX xapaRTepHCTHK THl1a "A".

6. CJie,TJyeT o6paTHTI, BHPIMaHHe Ha Heo6XO,Il;HMOCTI:, OCH8lll0HAA npH6opar-m Tlll18 "B" CTa�irn
"ITaBJiliReHH", ":flnBa<I>e", "BapmaBa", "KpaKoB".

? • B paMKax coTpy,IUIH'l!ecTBa c pa6o'l!eä rpyn11oä 1. 3 "KAITr" Heo6xo,IJ;HMo TaKJKe opramrnoBaT1> 
o6pa6oTey MaTepHaJIOB perHCTPSUIDI npH6op8MH TPIIla "C", ,U.0110.JIHRR 110 Heo6xo,IJ,HMOCTH 
aT:m,m npH6opaMH ceäcMH1IeCKHe CT8HD:Illi CTpaH-yqacTHmJ; "RAITr". B CM3H C 3THM CJie­
,uyeT TaroKe ycKOPßTI:, IlO,Ill'OTOBKy "PyKoBO,U.CTBa no ycTaHOBKe H 8KCITJiy8Tal.{vIH ,ll,JIHH­
H011epHO,IUIIDC ceiiCMOMeTpß'lleCKHX K8HaJIOB11

, 

8. 06paTHTI, BIDIMaHHe Har(HOH8Jll,HHX npe,U.CTaBHTeJie� lIO,IJ;KOMHCCHH Ni 4 "KAIIT" Ha Heo6xo,IJ;H­
MOCTI, o6ecne'llemm: ,Il;OJIJKHO:ä onepaTHBHOH 11epe,u;a'IIH H IIpHeMa HHq>üpM8UHH CO CTaHIUti!
B UeHTp o6pa6oTRH.

JißTepaTypa 
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CTBa 11: o6o6memm: Ha6mo,u;emrn. orropm,ix cTamurn 
CTpaH-y'q8CTHHU "I{AIII'". C6."Vorträge der KAPG­
Tagung", Jena '1968. 

Berlin: Akademie-Verlag 1969 
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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. 

1) Institute of Geophysics, Polish Academy of Sciences, Warsaw, Poland
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Digital Data Recording and Processing at the Hagfors Observatory 

by 

O. 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. 

1) Hagfors Observatory, FOA 478, S-10450 Stockholm 80, Sweden
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·rhe Seismological Station of Moxa

by 

CHRISTIAN TEUPSER 1)

Summary 

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 

577 

Die Baugeschichte und die geologische Lage der Station Moxa wird dargestellt, Da­
bei erfolgt eine ausführliche Beschreibung der Gebäude und der technischen Einrich­
tungen der Station. Auf die installierten seismischen Geräte 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 conferences 
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. \Ve 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 18t , 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
sitive,and long-period seismographs at Jena could not be recommended, The demand of 
records of such modern instruments and the shortage of rooms in the old station in 
the Fröbelstieg 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 '.rhuringia, We 

chose the valley of the Silberleite noar 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 (Ziegenrücker Kulrnmulde) of the Thuringian-Franconian 

Slate Mountains, about 5 km south of its mare;in, within the intensively folded, 

cleaved and jointed basement, 'l'his region, the Thuringian Forest and the 'l'huringian­

Franconian Slate Mountains, is part of the Middle European Variscan orogen, and 

within these mountains it is part of the Saxo-Thu.ringian Zone, which got its main 

folding during the Sudetic phase. In the surroundings of Moxa stai;ion we find only 

thick series of slates and graywackes of Lower Car_boniferous, 'l'he foundation on 

rocks of the \fariscan basement has the advantage that you have not to take into 

account i�fluencing of the seismic energy by the evaporites of Upper Permian as y6u 

would have to at Jena (Fig, 1). 

Leuchtenburg Pössneck Moxa Ziegenrück 
graben 

! •! ! SSO
NN� •• ).�� •• �z�� 

a Middle Trias � reefs of Zechstein 

[]] Lower Trias(Bunter) � Lower Carboniferous 

@ Zechstein 
0 5km 

Fig, 1, Tectonical section 

[rn] 

�300 
�100 
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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, wbich 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-s and E-W direction, had to be built. Near the station a house for the operator

and his fPmily 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 min 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 - Schinorda
passing the dwelling-house to the station (Fig, 2),

to 

to Schmorda 

�b 
/�:� dwelling house r 

0 

Fig, 2, Plan of the site 

· 
station 

500m 

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 0ctober 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 i,n the winter 1962/63. This air conditioner has 

the task to get fresh air into the tunnel and the rooms of seismographs and to 

L 1 1 1 --1 
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reduce humidity in these rooms. The temperature of about 10 °ein the seismograph 
rooms and of about 8 °ein the twmel 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 1 st, 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 dovm due to thunderstorms as 
well as heavy snowfalls. 

The exact co-ordinates of the station are 

A = 11 o 36' 58" E , rp = 50° 38' 46" N ,  h = 455 m .

The groW1d-plan of the station can be seen in Fig. 3. 

5 

0 4 8 12 m

1-------47m-----~ 

Fig. 3. Ground-plan of the station 

D 

30m 
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In the front part of the building, on the left there are the battery room (5), three 
recording rooms (6, 7, 8) and the control room (9). Hera 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 saismograph can be in­
spected. Actually, the main instrwnents 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 seismJgraphd of the type SKM III have been given to us as 
a generous present by our soviet colleagues on occasion of our start at Moxa. Mainly 
you will see the long-period seismograpbs 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 
O. 5 to 2 s.

For reco;�ding we use recorders l the type RGJ, the older of which are still 
equipped with a mechanical govern,r for stabili-zing the paper speed, whereas the 
modern devices have synchronous m,tors controlled by a quartz crystal clock. The 
frequency responses of the instrulliants are shown in Fig. 4. For all characteristics 
A, B, C standardized in the socie.list 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 to 1,6 s 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 magnification of 300,000 [5] 
(curve 7) and a second one with a characteristic adapted to the noise spectrum and 
a peak 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 of 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, respectiv.ely. 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 teste to directly record Earth strain. However, the vari­
ations of temperature of 0,2 °c 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 moti_on 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 
historical 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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