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PREFACE 

As no valid invitation was available, the General Assembly of the E.S.C. at Leningrad 
had iO close its session without knowing where to gather the next time. Therefore it was 
resolved to postpone this item of the diary till the Xlth General Assembly to be held at 
Madrid in September 1969 and the Bureau was entrusted to make inquiries within the mem
ber countries about their possibilities. 

From an exchange of letters it appeared that all of the foregoing invitations could not 
be honoured at the time and that no further ones were sent in. 

Buoyed up the close collaboration between the Ministry of Cultural Affairs of the 
Great Duchy of Luxemburg and {he Royal Observat~ry of Belgium, steps were taken ta the 
Luxemburg Government. 

Notification of the full agreement of the Great Duchy to invite the E.S.C. to hold the 
Xllth General Assembly in its capital attained Madrid and was warmly acclaimed. The op
portunity for the E.S.C. to gather at Luxemburg was strongly favoured by the following 
arrangement : the Great Duchy should take charge of the whole organization while Bel
gium should endorse the publication of the proceedings. 

Let us give thanks here to both the countries for their financial support and for their 
substantial help spent so generously. 

As far as this book is concerned, it was worked out conformably to the rules adopted 
since so many years. The publication of such a volume however presents a great shortcoming: 
its coming out of press is too long-lasting even if the authors comply strictly with the · editor's 
drastic requirements. To prevent the present state of affairs, we intend, at the Bucarest meeting, 
to make proposals speeding up printing in future. 

As last words we are very grateful to Mr. Paul Duthye, calculator ot the Royal Observa
tory, for his efficient help in proof-reading and in the making up. 

The Editor, 

J.-M. Van Gils. 



DISCOURS DE MADAME FRIEDEN 

Ministre des Affaires Culturelles 

Monsieur le Président, 

Mesdames, Messieurs, 

Permettez-moi de vous dire à mon tour et au nom 
du Gouvernement luxembourgeois, combie~ nous nous 
sentons honorés de pouvoir saluer dans cette · Ville un 
~~mbre ~ussi. impressionnant de scientifiques, réunis 
1c1 pour etud1er les causes et les effets d'une des plus 
grandes calamités naturelles que nous connaissons. A 
l'heure où l'homme s'acharne à échapper à l'attraction 
terreste pour aller trouver et subir celle d'autres planè
tes, vous restez fidèles à cette vieille Terre que nous 
sommes loin d'avoir explorée, cette Terre dont l'un des 
mystères les plus impénétrables fait l'objet de vos 
recherches. Certes, les connaissances des séismologues 
se sont considérablement enrichies depuis le cataclysme 
destructeur de San Francisco, qui détermina les spécia
listes à s'occuper systématiquement de l'étude des effets 
d'un .tremblement de terre; mais, malgré les progrès 
~éalf s~s, malgré les précautions que peuvent prendre 
1ngeme .. 1rs et constructeurs sur la base de ces études 
les séismes continuent leurs ravages, parce que le lie~ 
et le moment de la catastrophe restent impossibles à 
prévoir, et aveuglément et sans contrôle possible, la 
Terre se révolte, détruisant, engloutissant, par des mou
vements pour ainsi dire fantaisistes de son écorce, hom-

mes et biens, comme si elle voulait défier le génie 
humain et démontrant par ses remuements que l'homme 
n'a toujours pas réussi à la faire sienne, totalement. 

Ainsi vus, vos travaux, vos recherches pourraient 
être assimilés à des constats enregis.treurs de faits accom
plis, à l'analyse des causes d'une bataille perdue, et 
votre attitude face aux problèmes qui vous occupent 
pourrait être celle d'un médecin confronté avec une 
maladie incurable. Tel n'est cependant pas le sentiment 
qui vous anime dans vos travaux. Il est vrai que la scien
ce ne permet pas encore, en les prévoyant, id' empêcher 
les séismes, mais il n'est pas moins vrai que, dans beau
coup de domaines, ce qui fut rêve et chimère pendant 
des siècles, est devenu réalité de nos jours. Et déjà, 
grâce aux travaux des séismologues, les effets destruc
teurs peuvent être limités, là où on a appliqué les règles 
de constructions qui sont un des résultats de la recherche 
séismologique, e.t nous savons que des villes, construites 
selon ces normes, ont résisté à des secousses qui, autre
fois, les auraient anéanties. Alors n'est-ce vraiment ' 
qu'une utopie que de dire qu'un jo~r, grâce à vous, la 
Terre, si elle tremble, ne tuera plus ? 

Mesdames et Messieurs, à partir de demain, vous 
échangerez vos expériences, vous confronterez vos idées, 
non seulement pour les progrès de la science mais aussi 
pour le bien de l'humanité. Je vous souhaite un séjour 
fructueux et agréable à Luxembourg. 



A V ANT-PROPOS 

L'Assemblée Générale de la C.S.E. à Léningrad s'était clôturée sans qu'une invitation 
ait été formulée pour la prochaine réunion. Aussi la décision fut-elle différée jusqu'à la XIe 
Assemblée Générale qui devait se tenir à Madrid en septembre 1969. Le Bureau était chargé 
d'une mission d'information auprès des pays membres. 

Or le Bureau ne fut saisi d'aucune invitation. 

C'est alors que, dans l'esprit d'étroite collaboration règnant entre le Ministère des Af
faires Culturelles du Grand-Duché de Luxembourg et l'Observatoire Royal de Belgique, nous 
avons entrepris des démarches auprès du Gouvernemenî grand-ducal. 

L'invitation officielle du Grand-Duché, formulée à la réunion de Madrid, fut accueillie 
avec chaleur par la C.S.E. et la XIIe Assemblée Générale a pu être organisée à Luxembourg 
dans les conditions suivantes : le Grand-Duché assurerait l'accueil et l'organisation matérielle 
de la réunion, tandis que l'Observatoire Royal de Belgique se chargerait de la publication 
du volume constitué par les communications scientifiques. 

Il convient donc de remercier ici le Grand-Duché et la Belgique pour le soutien finan
cier et l'aide matérielle si généreusement dispensés. 

Le présent volume a été élaboré suivant les normes adoptées de puis de nombreuses 
années. Une telle publication souffre immanquablement du retard inhérent à la forme d'édi
tion même lorsque les auteurs font preuve de diligence. Pour pallier cet inconvénient, nous 
pensons proposer, lors de la réunion de Bucarest, une nouvelle formule qui permettrait une 
publication plus rapide. 

Nous tenons à remercier ici M. Paul Duthye, calculateur à l'Observatoire Royal de 
Belgique, pour son aide efficace dans le travail de correction et de présentation. 

L'éditeur, 

J.-M. Van Gils. 





UNION GEODESIQUE ET GEOPHYSIQUE INTERNATIONALE 

ASSOCIATION INTERNATIONALE DE SEISMOLOGIE 

ET DE PHYSIQUE DE L'INTERIEUR DE LA TERRE 

~ Vue aérienne de Luxembourg. 

Commission Séismologique Européenne 

XIIe Assemblée Générale 

tenue à 

LUXEMBOURG 

du 

21 au 29 septembre 1970 

Comité d'organisation 

Président: 

Vice-Présidents : 

Secrétaire : 

Membres: 

Norbert STELMES 

Albert G. VELGHE 
Arthur PAULUS 

Jean FLICK 

Paul MELCHIOR 
Jean-Marie VAN GILS 
Hugues HEYART 
Jean POHL 



PROGRAMME 
LUNDI, 21 SEPTEMBRE 

1 O h Réunion du Comité Exécutif. 

15 h S.C. Manteau supérieur : Discussion libre sur les variations régionales des L VL. 

MARDI, 22 SEPTEMBRE 

9 h S.C. Manteau supérieur : Discussion libre sur les variations régionales des L VL ( suite et fin). 

15 h : Réunion administrative plénière. 

16 h 30 Séance solennelle d'ouverture. 

17 h 30 Réception par la Municipalité de Luxembourg. 

MERCREDI, 23 SEPTEMBRE 

9 h S.C. Manteau supérieur : G.T. Ondes de volume. 
S.C. Régions Carpathique et Balkanique. 
S.C. Séismicité : Rapport d'activités. 

11 h 15 S.C. Séismicité du Bouclier Baltique. 

12 h 30 : Lunch offert par le Gouvernement du Grand-Duché de Lttxembourg. 

14 h 30 : S.C. Manteau supérieur: G.T. Ondes superficielles, Théorie. 
S.C. Séismicité : Problèmes généraux. 
S.C. Tsunamis. 

15 h 40 G.T. Ibero-africain. 

JEUDI, 24 SEPTEMBRE 

9 h S.C. Microséismes. 
S.C. Séismicité: G.T. Mécanisme au foyer. 

10 h 45 S.C. Explosion Europe N. 

14 h 30 : S.C. Manteau supérieur: G.T. Modèles rédu:ts. Oscillations. Propriétés physiques. 
: S.C. Explosion Europe SW. 
: S.C. Séismicité : G.T. Zones séismiques. 

16 h 45 : G.T. Synthèse SSP. 

20 h 30 : Concert offert par le Madrigal de Luxembourg. 

VENDREDI, 25 SEPTEMBRE 

9 h Symposium 1 : Comparaison des résultats ob~enus par l'étude des ondes de volume et des ondes 
superficielles. 

14 h 30 Suite et fin du symposium 1. 

16 h 45 Réunion administrative plénière. 

20 h 30 : Concert symphonique donné par !'Orchestre de Radio-Luxembourg. 
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SAMEDI, 26 SEPTEMBRE 

8 h 45 : Symposium 2 : Appareillage moderne, traitement des données. 

12 h : Réception par la Municipalité de W alferdange. 

14 h Visite des Installâtions géophysiques de Walferdange. 

17 h Visite des Installations géophysiques des Casemates de Luxembourg. 

DIMANCHE, 27 SEPTEMBRE 

10 h : Excursion et visite des installations hydro-électriques de l'Our à Vianden. 

LUNDI, 28 SEPTEMBRE 

10 h Symposium 2 : Suite. 

14 h 15 Symposium 2 : Suite et fin. 

MARDI, 29 SEPTEMBRE 

9 h Séance administrative finale. 





Séance inaugurale 

-E-- Vue aérienne du Kirchberg 
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European Center Building 

Kirchberg (Luxembourg) 



DISCOURS DE M. PAULUS 

Excellences, 
Madame le Ministre, 
Madame le Bourgmestre, 
Mesdames, Messieurs, 

Le comité d'organisation locale regrette très vive
ment que son président Monsieur Norbert Stelmes qui 
est tombé malade ne puisse pas vous adresser la pa
role aujourd'hui. Nous lui transmettons nos meilleurs 
vœux de rétablissement. 

En ma qualité de vice-président du comité d'organi
sation de la XIIe Assemblée générale de la Commission 
Séismologique Européenne, j'ai donc l'honneur et le 
plaisir de souhaiter la bienvenue cordiale à nos invités 
d'honneur et à tous les participants à ce congrès scien
tifique. 

Je remercie Madame le Ministre des Affaires cultu
relles d'avoir honoré de sa présence l'ouverture solen
nelle de ce congrès. 

Je remercie Monsieur Fournier d'Albe, représentant 
de !'Unesco qui par sa présence relève encore le carac
tère solennel de cette manifestation. 

Je remercie aussi Monsieur Constantinescu, vice-pré
sident de l'Union Géodésique et Géophysique Interna
tionale et Monsieur Jensen, président de la Commission 
Séismologique Européenne de leur haute présence. 

Il me tient particulièrement à cœur de remercier Ma
dame le Bourgmestre de la Ville de Luxembourg d'avoir 

accepté notre invitation et rehaussé par sa présence 
l'éclat de cette ouverture solennelle. 

J'exprime en outre ma gratitude à l'Observatoire 
Royal de Belgique pour l'aide efficace qu'il apporte au 
fonctionnement de nos stations géophysiques et je re
mercie vivement ses membres qui ont participé à l'or
ganisation du présent symposium. 

C'est un grand honneur pour notre comité d'organi
sation et notre jeune association luxembourgeoise des 
sciences géophysiques d'ouvrir cette importante mani
festation scientifique en présence d'une élite de savants 
venus de tous les pays d'Europe et du monde. 

Le programme très chargé invitant -à des conféren
ces et discussions fort intéressantes nous montre l'im
portance de cette assemblée générale, et le grand nom
bre de rapports scientifiques présentés par des savants 
éminents sont une garantie pour la réussite de ce con
grès. 

Notre comité d'organisation sera à votre disposition 
pendant toute la durée du congrès, vous aidera dans 
l'accomplissement de votre tâche difficile et vous off ri
ra quelques heures de loisir bien méritées. 

Nous espérons, qu'à la fin du congrès vous quitterez 
la Ville de Luxembourg et notre petit pays avec un bon 
souvenir et avec la satisfaction d'avoir fourni un bon 
travail. 

Il ne me reste qu'à vous souhaiter que votre XIIe As
semblée générale soit couronnée d'un plein succès. 
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Séance solennelle d'ouverture 

Les Personnalités 

(de gauche à droite) 

MM. W. Sponheuer et E. Savarensky (Vice-Présidents de la C.S.E.), M. L. Constantinescu (Vice~Président de l'U.G.G.I.), Mme C. 
Flesch (Bourgmestre de la Ville de Luxembourg), M. A. Paulus (Vice-Président du Comité d'Organisation de la XIIe Assemblée), 

Mme M. Frieden (Ministre des Affaires Culturelles), M. H. Jensen (Président de la C.S.E.). 





PRESIDENTIAL ADDRESS 

by H. JENSEN 

It is a great privilege for me on behalf of the 
European Seismological Commission at this occasion 
to repeat our sincere thanks to the Ministry of Cul
tural Affairs and to the Luxembourg city for the 
generous invitation to hold the twelfth assembly of 
the Commission here. Our thanks are also directed 
to the Organizing Committee who indeed has had a 
great task to secure that this meeting will be a suc
cessful one. 

We see here many of the old and leading European 
seismologists and we see many new faces, scientists 
who will be leading in the future. But there are also 
some we do not see. 

At the 29th of June this year Dr. Johan Scholte 
died at the age of 63. He was a professor in theoretical 
Geophysics at the University . of Utrecht, and he was 
connected to the Seismic Survey as well. For many 
years he was the titular member for the Netherlands 
but his very fine mathematical work took so much 
of his time that it prevented him from attending the 
last meetings. We will remember him as a great 
scientist and a kind and helpful man. 

A fortnight later - at the llth of July - the 
ESC got another unexpected stroke. Professor Laszlo 
Egyed, member of the Academy of Sciences in Buda
pest passed away, 56 years old. We will remember 
him for his bold theories on the development of the 
Earth and for his ardent energy. We will remember 
him also as the skilful organizer of the successful 
assembly of the ESC in Budapest in 1964, the trans
actions of which have now been so extremely nicely 
printed. 

And at the 21st of August Dr. Agbi Gergawi from 
Helwan in Egypt became the victim of a fatal accident 
with his car. He was only 39 years old but he will 
be remembered as the founder of the net of stations 
being under construction in Egypt, and also for his 
work on the vibration caused by the Assam dam. 

Our busy and excellent Secretary General has had 
his usual problems by pressing the big number of 
papers and reports into the hours available. We must 
again have simultaneous meetings - not alone two 
at a time but most often three. We must ask the 
speakers to limit themselves to the forseen time -
and as before I will try to set a good example by 
not reading a long activity report from the ESC. 
When the ESC reports to the IASPEI, we will have 
to give a synopsis of ·the activity in the various SCs. 
That is not necessary here where all the SCs and 
WGs present their own reports. A short survey has 
been mimeographed and distributed. 

At the first assembly of the IUGG after World 
War II (Sth General Assembly, Oslo, Norway, 1948) 
it became clear to the European seismologists that the 

scientific contributions from Europe in comparison 
with those from America were - though numerous 
enough and not without new ideas and results -
rather irrelevant, often isolated and on the whole 
system- and lineless. Everyone of the European seismo
logists felt that something had to be done to restore 
the high level of seismology in the Old World. It 
was pointed out - especially by the late Dr. Charlier, 
Miss Lehmann and Professor Caloi - that a way out 
would be to organize a body of interested scientists, 
a body that should promote the solution of seismo
logical problems connected with the European con
tinent. 

Miss Lehmann took the initiative, and in the sum
mer 1950 professor Caloi convoked a meeting of 
European seismologists in Verona, Italy. Even if the 
representation of countr_ies was far from being com
plete, the independent Organization (first called Fede
ration) of European Seismologists was formed. How
ever, it appeared very soon that in Europe with more 
than 30 countries, having all existing governmental 
systems, this form of organization did not work. The 
international Association of Seismology and the officers 
of the Union also pointed out that a much better 
solution would be to make the federation a commis
sion under the association. 

The final result of many negotiations was that in 
the course of the 9th General Assembly of IUGG in 
Brussels, Belgium, in 1951, the International Seismo
logical Association decided unanimously to create a 
European Seismological Commission with the aim to 
promote a systematic study of seismological problems 
connected with the European area. Eventually the 
states of Europe have joined the Commission, last 
le Grand-Duche de Luxembourg; and the ESC should 
be very lucky if we could in any way contribute to 
the progress of Geophysics in this beautiful country. 
Not that the physics of solid Earth has not ha:d good 
conditions here. On the contrary. The geophysical 
station Waif erdange is operating together with the 
seismic station in the city-casemates, and the good 
solid bedrock cropping up has made geophysical 
measurements possible here to a scale many of us 
must envy. We feel that we are among scientists 
interested in earthquakes but polite enough - I feel 
sure - not to release one during the assembly. 

As I have mentioned, it started in this corner of 
Europe, and therefore : to have a meeting in this 
charming country is to a certain extent as to come 
home again. So much more that the ESC as a 
European body this time will hold its meeting in a 
European house. 

With these words I have the honour to declare the 
twelfth General Assembly of the ESC for open. 
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IN MEMORIAM 

Prof. Dr. J. G. J. Scholte 

(14 mar. 1907 . 29 june 1970) 

Studied Theoretical Physics at Amsterdam University. Teached Physics at a secondar) 
sChool of Venlo in the period 1930-1950. Joined the staff of the Royal Netherlands Meteoro
logical Institute·, de Bilt, in 1950. Was appointed Professor of General Geophysics at Utrecht 
University in 1957. 

Did pioneering work in the field of surface waves, microseisms, wave propagation in a 
spherical earth, P and S wave radiation from a volume source, propagation of seismic waves 
in anisotropic media. Also published papers on geomagnetic pulsations and the transmission 
of e.lectromagnetic waves in the ionosphere. 

Was a year-long Member of E.S.C. 

Was unable to take up his work after a severe heart-attack in september 1969. 



Communications scientifiques 



RAPPORT D' ACTIVITE 

H. JENSEN 

The European Seismological Commission 1968 .. 1970 

The present remarks are to be considered a conti
nuation of the corresponding report presented to the 
Xth General Assembly of the ESC in Leningrad 
3-11 September 1968. This means that to some extent 
it includes topics mentioned in the activity report 
delivered to IASPEI in Madrid in 1969, and direct 
repetitions may be found. The various sub-commissions 
and working-groups will present their detailed reports 
for the present forum, and all these reports make up, 
of course, the report of the ESC. There is no reason 
for me to give particulars from the papers men
tioned. I will only try to emphasize some general 
trends. 

The scientific papers presented at the Leningrad
assembly have been printed by the Academy of 
Sciences in USSR. If the copies have not reached 
the members yet, it will be a question of weeks only. 
As usual the proceedings are being prepared for print 
by our Secretary General and will be published as 
an IUGG-monograph due to a generous grant from 
the Association. 

Since the Leningrad assembly, the commission held 
a couple of meetings in Madrid during the General 
Assembly of the IASPEI/IAGA. The meetings were 
held the 5th and the lOth September 1969, and the 
topics ·discussed were only of an administrative cha
racter. An essential point is that new by-laws now 
have replaced the ones used since the Alicante-meeting 
in 1959. While the titular members are the repre
sentatives of the various countries, it is not more 
necessary that all members of the bureau be titular 
members. Our Secretary General who has had a tre
mendous task in formulating the new rules will now 
have to let them work in practice, and there will be 
ample possibility to discuss the various consequences 
in the administrative meetings during this assembly. 
We will also here have to discuss a new organization 
of the SCs and the WGs - the bodies which build 
up the ESC. 

Another point of importance was discussed fa 
Madrid, not in the ESC but in the Association. Pro
fessor Howell, chairman of the IASPEI Committee 
on Organization, presented a progress report in which 
Proposal VIII and the comments to it runs as follows : 

Proposal VIII. Regional Commissions and Regional 
Centers should have an associate rather than a 
regular status with the Association. It is appropriate 
for the Association to assist in establishing such 
Commissions and Centers, and to sponsor them, but 
not to carry responsibility for them except tempo
rarily. After the initial stages they should be the 
responsibility of regional organizations. It is also 

appropriate for the Association to sponsor symposia 
on topics of special interest to Regional Commis
sions and Centers. The Association's sponsorship may 
be jointly with other interested bodies. 

Discussion of VIII. It is important to the regional 
centers and commissions that they have same form 
of connections with the Association at least to help 
them get them started. But if the Association .does 
not limit its responsibilities, there .could be too 
much administrative superstructure. 

If the Association adopts the new points of view, 
obviously this may influence the status of the ESC. 
On the other hand I feel sure that our scientific 
activities will remain undisturbed. We all know that 
Europe cannot be without a seismological commission 
of one sort or another. The irony behind the pro
posals is seen when we remember the historical facts, 
that the grounders of the ESC twenty years ago did 
all what they could to build up a body independent 
of the Association but that they were forced by the 
officers of the Union to form the organization we 
have had since then - and which, I admit, has 
worked extremely well. 

Another thing which may interest the members of 
the ESC is the attempts of professor Runcorn to set 
up a European body of geophysicists - not alone 
seismologists - as a more or less private society. The 
beginning has been done by the Council of the 
Royal Society that has invited to a First European 
Earth and Planetary Physics Colloquium in Reading, 
England, in the days around the first of April next 
year. As will be seen from the name, the Colloquium 
is a body based on a much broader basis than the 
ESC, and I guess that the seismologists will get 
ample opportunity to pick up inspiration in their 
research by participation in such Colloquia. I wish 
the Colloquium the best success. 

Gradually the ESC has become a rather big enter
prise, so big that it is rather difficult for one man 
to have a comprehensive view over all the activities. 
Many of the presidents of the various sub-commissions 
have given to me material for this short survey, and 
I thank them very much. 

When I shall now briefly mention a few aspects 
in connection with the various SCs, we must remember 
that probably a reorganization of the structure of the 
ESC will be implemented at this meeting, so perhaps 
the names of the SCs are used for the last time. 

Let me begin with the Sub-Commission jor the 
Seismicity of the European Area which presents at 
this assembly its Progress Report VII, worked out by 



Dr. Karnik. The tedious task of cataloguing and 
mapping of the earthquakes was finished already 
before the Leningrad-meeting, and the results are 
available for all scientists in the big publication, Seis
micity of the European Area, a book that represents 
13 years of diligent work. Vol. II has just appeared 
and is as fine a book as is the first one. In this 
second volume we find the maps ( and the catalogue 
for the years 1801-1900) while the first volume is the 
most comprehensive earthquake catalogue of Europe 
available for the period 1901-1955. 

Both WGs (Seismic Zoning map of Europe, Earth
quake mechanism) continued in the recommended 
activities and the chairmen will prepare their own 
progress reports. We note e.g. the appearance of the 
zoning map for the Iberian peninsula and also the 
mechanism studies in the Mediterranean. 

It is very encouraging that two projects, aimed at 
the su.tvey of seismicity of two regions within the 
area, proceeded successfully. The four year UNESCO
UNDP Project for the Survey of the seismicity of the 
Balkan Area will probably start in September 1970. 
The first version of the second project concerning the 
North Anatolian Fault Zone was discussed in May 
1969 by a group of Turkish and foreign experts. The 
objectives of the projects well coincide with the pro
gramme of the ESC. 

In this respect the assistance of UNESCO in seis
micity investigations (projects, meetings, experts, recon
naissance missions) and in the publication of results 
must be highly appreciated. 

Finally Dr. Karnik states that the Leningrad-reso
lution No. 1 may be considered implemented. 

In connection with the SC just menitoned it is 
natural to take the Sub-Commission on the Seismicity 
of the Bal.tic Shield which works, of course, at very 
near the same lines as the SC mentioned above. Of 
special interest is its tie to the Commission on Recent 
Crustal Movement of the Association of Geodesy, 
the Baltic Shield being one of Nature's big labora
tories for studying upheavel, tilt, isostasy, gravity
variations, eustatic movements, etc. 

The two SCs mentioned have to do with natural 
earthquakes. Let us now see what has been done as 
to artificial quakes. In North the Sub-Commission on 
Explosion-Wo,rk in Northern Europe works. Dr. Selle
voll has collected reports on work done by the 
following institutions : 

U.K. Global Seismology Unit, 
Department of Environmental Sciences, 
Geology Department, University of Dur
ham, 
Department of Geology, University of Bir
mingham. 

Denmark : Geodetic Institute. 
Finland : Institute of Seismology, University of Hel

sinki, 
University of Oulu. 

Iceland : University of Iceland and National Energy 
Authority. 

Sweden : Research Institute of the Swedish National 
Defence. 

Norway : University of Bergen. 
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In all about 20 seismic traverses have been described, 
many of them of rather great length. In some areas 
~ e.g. in Southern Norway - the SC has dared to 
make a preliminary contouring of Moho, like the ones 
made by the SC E:x;pl. SW. a few years ago. Together 
with the institutions that gav,e the reports, many others 
have participated in the field work - e.g. · universities 
in DBR and in Denmark. The work presented in 
Sellevoll' s bulky report is a fine example of the border
croosing collaboration aimed at by the ESC. 

Reports from the two WGs, viz. The North Sea 
and the Atlantic profile, are inserted in Dr. Sellevoll's 
paper. 

In a similar way works the older SC on Explosion 
work in S,outhern and Western Europe, which during 
the years has published a long row of impressive 
results. Also here institutes from various countries 
have participated. The following have been particularly 
active: 

Italy Istituto di Geofisica mineraria dell'Univer
sita, Palermo, 
Istituto di Geofaica applicata del Politec
nico, Milano, 
Osservatorio Geofisica Sperimentale, Trieste. 

France : Institut de Physique du Globe, Paris, 
Institut de Physique du Globe, Strasbourg, 
Ecole Normale Superieure, Paris (Labora
toire de Physique). 

G.F.R. Institut fiir Geophysik der Freien Univer
sitiit, Berlin, 
Inst. f. angewandte Geophysik der Univer
sitat, Mii.nchen, 
Inst. f. Meteorol. und Geoph. d. Univer
sitat, Frankfurt a.M. 
Bundesanstalt fiir ·Bodenforschung, Han
nover, 
Institut fur Geophysik der Universitiit, Kiel, 
Inst. f. die Physik des Erdkorpers d. Uni
versitiit, Hamburg, 
Geophysikalisches Institut der Universitat, 
Karlsruhe, 
Geophysikalisches Institut der Universitat, 
Stuttgart. 

Other institutions of several countries co-operated 
in various ways in the research. After profiling in the 
Alps and in Western Germany, the SC now also has 
measured a long EW-profile crossing Sicily. 

Resulting from the SCs' activities we now have a 
number of maps contouring the Moho and partly the 
Conrad. 

A remarkable trend in recent papers regarding the 
explosion work mentioned above is a growing acknow
ledgement of the need for a comparison of methods 
of observation and methods o.f calculation with the 
final aim to have a unified interpretation. Sometimes 
various authors get different results from the same set 
observations and neighbouring groups get results which 
do not match. 

These very serious problems are considered by the 
WG for Data Synthesis (WGDS). Some preparing 
studies concerning generalization were done by a 
working group of the experts on Explosion Seismo
logy. During a meeting at Moscow in December 1969 



the main topics as presentation of data obtained by 
DSS measurements, principles of correlation, presenta
tion of some basic data, construction of cross sections 
and depth calculations were discussed and proposals 
were elaborated applicable for continous profiling as 
well as for dashed ones. In the next two years it 
should be tried to apply and to improve these recom
mendations for the European DSS-data. 

Also :in the part of Europe where the SC for the 
Carpathian and Balkan Regions works, our knowledge 
of the topography of the Moho has increased tre
mendously. 

The rea:lization of the work was carried out in a 
dose co-operation with the Geophysical Commission 
of the Carpatho-Balcanic Geological Association and 
the Commission for Planetary Geophysics of the res
pective Academies of the Soviet Union, Bulgaria, 
Czechoslovakia, German Democratic Republic, Hun
gary, Poland, Rumania and (partly) Yugoslavia. The 
participation of the ESC consisted mainly in co-ordina
tion work in agreement with the development in the 
whole Europe. The advantage of this joint method of 
co-working was a thorough discussion going on from 
the planning to the interpretation. In the present 
stage it is suggested to get the results summarized 
in a joint monograph by the three organizations. This 
would greatly facilitate the amalgamation of results 
reached in the three DSS European profile networks 
and the final synthesis. This was started in the 
framework of the WGDS mentioned above jointly 
by professor Goss (German Federal Republic) and 
professor Sollogub (USSR) in 1969. 

The SC has many other investigations on its pro
gramme as it is thoroughly capitulated in professor 
Zatopek' s report which you will receive here. What 
is not written in ·his report is that when so much has 
been done within the Carpathian SC and so many 
programmes started, it is very much due to his energy 
and .to his everlasting scientific optimism. 

The Moho is so to say a European invention, and 
already at the first meeting of the ESC (Stuttgart 
1952), it was pointed out that the main task for the 
commission must be to investigate the seismic struc
ture of the European continent. We are allowed to 
say that during the time elapsed since then, we have 
the final aim in sight. 
The work of the SC on the Upper Mantle will only 

be briefly mentioned here because a whole symposium 
is devoted to the Upper Mantle during this assembly. 
Professor Savarensky states that the items of the 
report of the Sub-Commission are the following : The 
activity of the Upper Mantle SC connected with the 
preparation of the numerous scientific communcations 
for publication after the U.M. Symposium; measures 
put in action by the president of the SC in organiza-
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tion of the low-velocity layer discussion in Luxem
bourg; preparation of the fast Upper Mantle (UMSC) 
progress report of the ESC. The Working Groups of 
the UMSC have separate activity, for example, the 
high pressure influence on velocity. The Working 
Group Stiller-Muller had a scientific meeting in Jena 
this summer. 

In the week just before the present assembly, the 
SC on Microseisms organized an international sym
posium in Paris, sponsored by the French Board of 
Co-operation. It will be followed up by a session in 
the IASPEI-meeting during the General Assembly of 
IUGG in Moscow next year. After a period of intro
ducing the new array technique it seems now that 
also significant results as to microseisms will accu
mulate from this magnifique new tool. A special 
symposium during this assembly is devoted to the 
problems of instruments - problems of paramount 
interest in the study of microseisms also. 

Large destructive tsunamis on the European coasts 
are infrequent. But some have happened and some 
will certainly happen. Therefore, the SC on Tsunamis 
tries to collect and analyse all available material with 
the ultimate aim to prevent tsunami-disasters in the 
future. A connection with the IUGG Tsunami Com
mittee was established, professor Moreira having been 
invited to serve in that committee. 

A new independent WG was set up during the 
Madrid-assembly in order to co-ordinate the seismic 
recearches maintained on the Iberian peninsula and in 
North West Africa. The WG for Iberia-North Africa 
had a meeting in Lisbon in November 1969'. The 
lines for future work was laid out and the need for 
collaboration with geologists and engineers was em
phazised. 

Let me mention at last the connection between the 
ESC and the ECEE (Europe~n Commission for Earth
quake Engineerinc). Just in the last w,eek that com
mission held a symposium in Sofia, Bulgaria. Dr. 
Karnik represented the ESC, and I feel sure that great 
results were obtained. 

The big number of papers which will be presented 
at the symposia at this assembly dearly show that the 
members of the ESC are very alert as to new paths 
in seismology. Much interest is focussed on the :instru
mentation. The instruments of very large period that 
can record the eigenvibrations of the Earth, together 
with the array-stations have opened new possibilities 
for studying our planet. This development necessarily 
must go hand in hand with the development of the 
computer-technique which not alone allows us to treat 
the results obtained but is indispens~ble in handling 
the flow of data at all. 

I feel sure that the ESC will be able to follow up 
these new lines in seismology. 



COMPARISON BETWEEN THE JEFFREYS-BULLEN 
P-TRAVEL-TlME CURVE AND A P-TRAVEL-TIME 

CURVE BASED ON A RECORD SECTION 

by K.G. SCHUTTE 

This paper gives first results, in a qualitative form, 
of a comparison between a travel-time curve for 
selected North-American stations and the standard 
JEFFREYS-BULLEN (1940) curve. All these stations 
are equipped with the standardized seismographs of 
the World Wide Network. Both, the stations and the 
four earthquakes investigated, are shown in Fig. 1. 
The depths of the foci lie between 41 km and 5 5 km. 

Fig. 2 shows the whole record section, the reduc
tion velocity being 12 km/sec. The single seismogram
traces are arranged in such a way that the first onset 
coincides with the corresponding value of the Jeffreys
Bullen P-travd-time curve plotted in the same scale. 

Location of epicenters and seismograph stations. The aste
risk ( *) denote the epicenters numbered from I till IV, the 
crosses (+) the seismic observatories with station numbers 

according to the WWSSN. 

By this method local anomalies as weH as possible 
errors in time are eliminated. 

The classical phases of compressional waves follow
ing the P-phase are : pP, PP, and PcP. Very often, 
however, seismograms show distinct events which are 
not explicable with one of these classical phases. The 
present investigations deal with those events between 
P and pP. In some records they occur very distinct a 
few seconds after P, whereas in other records they 
are less dear and sometimes not even discernible. 
Nevertheless, for a first interpretation it is assumed 
that this phase always exists, provided the focus lies 
beneath the M-discontinuity. In this case it can be 
interpreted as a compressional wave reflected at the 
M-discontinuity above the hypocenter. It will then be 
denoted as pMP. 

If further investigations shall confirm this inter
pretation, pMP and the classical pP may well provide 
us with additional knowledge of the earth's crust and 
upper mantle within the corresponding seismic r,egions. 

There are two difficulties connected with this first 
interpretation. The first one is the absence of this 
phase in some seismograms, as already mentioned. In 
addition, the amplitudes of pMP occasionally ar,e larger 
than those of the direct P-wave. Due to the loss of 
·energy by reflection, the amplitude of the reflected 
phase must be smaller than the direct one. Since the 
frequencies of the P- and the pMP-wave are nearly 
the same the dynamical amplification of the seismo
graph is about constant. Besides, overcritical reflex.ions 
at the M-discontinuity cannot occur because the velo
city in the crust is lower than in the upper mantle. 

On the other hand, the large amplitudes of the 
second onset suggest an interpr·etation by means of 
reversed segments of the P-travel-time curve. The 
general curve of Jeffreys-Bullen and those of 
HERRIN (1968] must than be regarded as a first 
approximation which is deduced from the first onsets 
only. In the present inter:pretation possible reversed 
segments, that means a triplication, ar·e taken under 
consideration additionally. Now, in the record section 
presented here, four different branches of the P-tra
vel-time curve can tentatively be distinguished, as 
indicated in Fig. 3, the first branch being identical 
with the Jeffreys-Bullen curve itself. The other bran
ches appear to begin at epicentral-distances of 39°, 
61 °, and 77° later merging also in the normal Jeffreys
Bullen curve at 53°, 77°, and 86° respectively. 

Fig. 4a-c show the single branches in a larger 
scale. The beginning of the second branch (Fig. 4a) 
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Record-section with reduced travel-time curves, the second onsets being interpreted as P:uP-phases. 

lies at A = 39°, about 3 sec. after the first onset. 
This branch corresponds approximately with the tripli
cation of the P-curve obtained by ARCHAMBEAU, 
FLINN, and LAMBERT (1969] from studies of 
several nuclear explosions and one earthquake. The 
beginning of the third branch (Fig. 4b), about 2 sec. 
after the first onset, at A = 61 ° is somewhat unclear 
because of lack of data for relatively large distances. 
The last branch (Fig. 4c) begins about 3 sec. after 
the first onset at A = 77°. The merging of this branch 
in the normal Jeffreys-Bullen curve is difficult to 
discern, since for distances larger than about 8 5 ° the 
P- and PcP phases are hardly distinguishable. 
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A similar structure of P-travel-time curves has been 
found by ROWER (1965] for European stations. 
Unlike the investigations communicated in the pre
sent paper and based on a record section, Rower dealt 
with local travel-time curves deduced from statistical 
studies of P-residuals as published in the International 
Seismological Summary. The mean residuals are arran
ged on separated branches which can be explained by 
means of reversed segments, too (Fig. 5). The cor
respondence of the results supports the second of the 
given interpretations. 

With regard to further studies of the earth's crust 
and mantle investigations of the fine structure of the 
P-travel-time curve is being continued. 
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Same as Fig 2, second onsets, however, interpreted by reverse segments of the P-travel-time curve. 
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NOTES ON PLATE TECTONICS AND ARC MOVEMENTS 
IN THE MEDITERRANEAN REGION 

by A.R. RITSEMA * 

SUMMARY. - The key to the understanding of the distribution of basins and 
ranges in the Mediterranean region seems to lie in the acceptance of a stress fi_eld ~nd 
relative movements of arcs, blocks or plates in an about West-East, East-West d1rect10n. 
The deep earthquake zone of the Tyrrhenian basin is considered in more detail. Argu
ments in favor but also against the underthrusting lithosphere plate model are presented. 
It is concluded that drift of plates is not the only active agent in the region. Passive 
gravity sliding and flow of mantle material in the low velocity layer of the area are 
likely to play an important role. 

Introduction 

Traditionally the Mediterranean Sea is considered as 
a remnant of the Tethys Sea from which in Miocene 
and Pliocene times the Alpine mountain ranges origi
nated by compressive stresses in an about S-N direction, 
this process being accompanied by large-scale over
t.hrusts. 

In the past decade it was shown th~t ~ost of the 
floor of the oceans is made up of a limited number 
of rigid plates spreading outward from mid-ocean 
ridges. In the ridges new ocean crust is formed at 
the .astonishing rate of the order of 2 km2 in area 
per year. Generally, the zones of ~arginal and inla.nd 
seas accompanied by young mountain ranges, to wh1c~ 
the area of the Mediterranean belongs too, are consi
dered as the sinks where ocean crust disappears from 
direct observation at the same rate as new crust is 
formed at the ridges. 

This assumption, in accordance with the classical 
compression theory for the generation of these regions, 
to some extent was supported by deep seismic soun
ding [1] and the characteristic dispersion of surface 
waves [ 2 J. Observations of these kinds showed that 
the crust and upper mantle structure of marginal and 
inland seas differs significantly from both normal 
continental and normal oceanic regions. 

Data from the deep earthquake zones around the 
Pacific basin revealed the plunging down of slabs of 
oceanic lithosphere to depths of 600"'. 700 km in the 
mantle [ 3 J. This completed the plate tectonics mo~el 
[ 4, 5 J. Plates drifting slowly apart from the trud
ocean ridges are replenished at the ridges and con
sumed in the zones of deep earthquakes. Both gene
ration and consumption of the plates take place in 
a. number of restricted narrow zones. 

A simple calculation shows that the zones of deep 
earthquakes which are at present active, represent 
those parts of the oceanic plates that were c~nsumed 
in the past 1 O My [ 5 J. Ocean floor spreading ce:
tainly took place during the last 100-150 My. It 1s 
assumed therefore that the oceanic lithosphere plun
ging down into the mantle prior to 10 My ago has 
either been resorbed into the mantle material at the 

* Royal Netherlands Meteorological Institute De Bilt. 

bottom of the deep earthquake zones, or should be 
found elsewhere as relicts in the upper mantle. One 
could imagine a whole series of _oblique slabs on !OP 
of each other the continent-fronting slab always bemg 
older than it~ neighbour to the ocean side [7]. Ulti
mately, the complete upper mantle of marginal seas 
could consist of such a series of lithosphere slabs down 
to a depth of several hundred kilometers. 

These new concepts effected the existing theories 
on the origin of the Mediterranean Sea, and several 
attempts have been made to r~c~ncile old and new 
observations with these newer ms1ghts. 

The problem of the Mediterranean 

McKenzie [8] .considered the delineation and mo
tion of plates in the Mediterranean and concluded to 
a S-N movement of the African plate in the West 
Mediterranean sector. No reference was given to the 
papers presented at the Netherlands YPrer ~antle 
Symposium on the problem of oce.amzation m _the 
western Mediterranean (1969) in which several pomts 
were disrnssed pertaining to the origin and relative mo
tion of basins and ranges in this region [9]. These papers 
have been reviewed during the UMP Symposium on 
Inland and Marginal Seas in the IASPEI General 
Assembly at Madrid in September 1969 [!OJ, In these 
Symposia the present author presented ev1den~e for 
dextral E-W movements along the Azores lme as 
well as in North Africa facing the western Mediter
ranean. At least four earthquake mechanism solutio~s 
in the region show an important component of this 
type of relative movement. 

The Working Group on Earthquake Mechanism of 
the European SeismoJogical Commission compiled a 
list of more than 300 European earthquakes for which 
the mechanism in the focus has been studied. The 
reliability of the solutions of these earthquak~s was 
systematically considered in order to homogenize the 
material. The main results of this study, reported 
elsewhere (11, 21 ], may .be summarized as f~Uoiws : 
mainly dextral E-W motions ~ong Azores. lme and 
North Africa, about E-W horizontal tension earth
quakes in the Apen.nines peninsula, ~bout SSE-NNW 
horizontal compression earthquakes m the Alps and 
its foreland, predominantly sinistral NW-SE trans-



current motions in the western Balkans, an E-W to 
NE-SW movement of the Anatolian peninsula and 
the Aegean area relative to the region North of the 
Anatolian fault zone and the Ionian basin (see also 
figure 3). 

For the western Mediterranean the conclusion was 
reached that ·the principal movement during the past 
10 My has been and still is a WNW-ESE drift of 
the Calabrian arc of Southern Italy over the Ionian 
basin in the Southeast. In geological history, this 
process could have caused consequently the anticlock
wise rotation of the Iberian peninsula and the opening 
up of the Biscay basin [ 12], the separation of the 
Balearic ridge from the Iberian peninsula, and the 
separation and anticlockwise rotation of Corsica/ 
Sardinia from Southern France (13, 14, 15}. 

In this picture the deep Tyrrhenian Sea earthquake 
centre forms a crucial point, representing the now 
active arrow-head of this general movement. Conse
quently, the work that had begun on this particular 
part of the Mediterranean [ 11] was extended. Pre
liminary results of this study are reported here. 

The Tyrrhenian deep earthquake zone 

All earthquakes taking place prior to 1961 in the 
block 36-43°N 10-19°E and represented in the ISS 
bulletins, some of them being corrected by Peter
schmitt ( 16], were reconsidered. With the help of 
Bolt's computer program the focal co-ordinates of 
these shocks have been re-calculated using the ISS 
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Fig. 1. - Epicentre map of mantle earthquakes of the 
Tyrrhenian Sea. 

1. Focal depth between 200 and 250 km, 2. Idem 250-300 km, 
3. Idem 300-350 km, 4. Idem 457 km, 5. active volcano, 
6. central line of the arc of shallow earthquake activity, 
7. orientation of the section of figure 2, 8. approximate posi-
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Fig. 2. - Cross section of the deep Tyrrhenian earthquake zone. 
The size of the symbol is an indication for the number of 
available station P and PKP data used in the computer deter
mination of the focal co-ordinates. Therewith it is related to 
the magnitude of the event : 1. < 15 data, 2. 15-30 data, 
3. 31-50 data, 4. > SO data, 5. Direction of the maximal 
pressure component in 8 of the heavier earthquakes of the 

zone, 6. schematic position of the low-velocity layer. 
Insert : Simplified seismic profiler section 18 of the sediments 

at point B. 

data with some additional readings of the Dutch 
seismic stations De Bilt and W.itteveen. 

For the heavier shocks the corrections of the ma
nually determined focal co-ordinates of the ISS bulle
tins are slight or negligable. Pronounced differences, 
however, appeared in some of the smaller shocks. In 
some instances depths of 200 or 300 km have been 
found for earthquakes originally listed as shallow. 
Epicentral co-ordinates likewise did show sometimes 
differences of up 1-2° with the original published 
data. 

The newly determined focal co-ordinates of the 
mantle earthquakes of the region from the year 1930 
onwards are given in Table 1 together with the data 
for 1961-March 1970 taken from the computer based 
calculations of ISS, ISC and USCGS. The list is not 
yet complete, more complete data including the earth
quakes of earlier years will be treated elsewhere. 

The shocks neatly fit inside the most strongly 
curved southeast portion of the Tyrrhenian Sea as 
shown in figure 1. Figur.e 2 shows the same foci 
plotted on a cross profile with the orientation WNW
ESE. It is seen that the deep foci concentrate in a 
40-50 km thick slab dipping about 50° under the 
Tyrrhenian basin from the direction of the Ionian 
Sea. There is a clear gap in which up till now no 
earthquake foci have been detected from 220 km to 
roughly 100 km depth. One earthquake at a depth 
of about 450 km is likewise separated from the main 
body of data by a depth interval of about 100 km. 

In cross-section the appearance of the deep earth
quake zone is strikingly similar to those of the Pacific 
border. 

The earthquake mechanisms have already earlier been 
described [ 11]. The earthquakes are of the dip-slip 



- 24-

motion type. The principal pressure is dipping about 
60° in WNW direction, the relative tens.ion compo
nent about 30° ESH. This configuration too is in 
accordance with the deep earthquake zones of Pacific 
and Indonesia with the maximal pressure component 
pointing downdip in the slab. 

The ,anomalies of the P wave arrival time in 
nearby stations show negative values ( = early arri
vals) in MES, RCI and TAR (,-, - 1 1/2 sec) in 
the direction of the supposed slab, and positive values 
in the station groups of ROM and NPL (,-, +1 sec) 
perpendicular to this direction. This is in accordance 
with what has been found in the regions of deep 
earthquake zones of the Tonga-Kermadec and Japan 
[ 3, 4, 6]. It points to lower velocities in the upper 
mantle of the Tyrrhenian basin than in that of the 
Calabrian arc. The time anomalies are too great to be 
generated by differences in crustal structure at the 
places of observation. 

The shallow earthquake activity in the region con
centrates in a broad zone along the arc formed by the 
culmination of ,the Apennines, Calabria and northern Si
cily. These earthquakes are not given separately in the 
figures 1 and 2. 

In comparison with the Pacific structures the num
ber of shallow shocks is relatively small. Other diff e
rences are the absence of a dear deep-sea trench ESE of 
Calabria and the rather irregular gravity field in the 
present area that at '1east partly is caused by the Etna 
volcanics disrupting the arcuate structures (17]. 

Ryan (18) has found evidence for a sediment-filled 
depression, similar to the filled trenches east of the 
Juan de Fuca ridge, approximately at the place where 
according to figure 2 the Ionian basin floor should bend 
down under the Calabrian arc. The sediment layers 
thicken toward the Calabrian side, are gently folded and 
terminate abruptly at a discontinuity that could be in
terpreted as a thrustplane along which the Calabrian 
arc overrides the Ionian basin floor. This feature is 
accompanied by a - 85 mgal gravity anomaly conti
nuing to the SW following the base of the Malta 
escarpment. According to Ryan (pers. comm.) these 
data definitly do not deny the possibility of compres
sion and underthrusting southeast of Calabria. 

Plate tectonics in the Mediterranean ? 

In terms of plate tectonics thus the present location 
of earthquake foci in the region, their mechanism, the 
Pwave travel time anomalies, and Ryan's seismic pr"Ofil
ing and gravity data point to a plunging of a lithosphere 
slab of the Ionian basin in WNW direction under the 
Tyrrhenian Sea. This means the presence of a stress 
field in ESE-WNW direction in this region. 

On the analogy of the Pacific deep earthquake zones, 
the formation of the Tyrrhenian deep seismic zone has 
to date from at least 10 My ago. Consequently, the 
stresses acting at present must have been of the same 
order of magnitude and sense from the beginning of 
Pliocene time. 

No ocean ridge structure has been found in the ba
sins that could account for a hypothetical WNW
spreading of this part of the Ionian plate (19]. The 
general rotation of Africa, of which at present the 

Ionian and Levantine basins are assumed to be an 
integral part, around a pole situated 9°N 46°W as 
suggested by Le Pichon and adopted by McKenzie 
neither can account for such a motion at this place. 

It seems obvious therefore that it is the Calab-rian 
arc that plays the active overriding role in the genera
tion of this deep Mediterranean earthquake zone. Addi
tional evidence for this model is formed by the en
croaching of the E-W to NE-SW moving Anatolian
Aegean plate over the same Ionian basin floor (20, 21, 
8). It is mechanically impossible that a motion of the 
Ionian basin floor alone should be the cause of a si
multaneously plunging down of basin lithosphere in 
both WNW and in NE direction. The more so, since 
the earhquake mechanisms of the two arcs do not have 
a strong northward component in common [21 ]. This 
proves that in the process of generation of the deep 
earthquake zone of the Tyrrhenian Sea or Calabrian arc 
the Ionian basin does play an only passive role. This 
fact might have its implications for the theories on the 
generation of the western Pacific marginal deep earth
quake zones. 

Another fact not directly in favor of the plunging 
plate model is the peculiar size of the supposed slab 
beneath the Tyrrhenian basin. With a width, measured 
in the length direction of the zone, of not more than 
225 km, the down-dip measured dimension is of the 
order of 700 km. Actually thus, the supposed slab in 
this case has the form of a narrow tongue. 

In most of the circum-Pacific deep earthquake zones 
these structures have a width of at least a few times 
larger than the oblique depth dimension, which con
sequently results in a far more stable configuration than 
in the present case of the Calabrian arc. In fact, this 
consideration can be used as an argument against the 
validness of the proposed model for the present region. 

Instead, the more or less independent movement of 
the Calabrian arc towards ESE either could be explained 
by a passive downward gravity sliding from the sup
posed ultra-low velocity dome underneath the Tyrrhe
nian basin [26], or could be interpreted as a reverse 
compensating motion with respect to a supposed flow 
of mantle material in the low velocity layer from the 
Ionian basin in the direction of the Tyrrhenian Sea. 
The locations of the mantle earthquakes in the region 
and their type of mechanism are in conformance with 
such a model [ 24, 11, 2 5]. 

Another point of difference between the two en
croaching arcs in the central Mediterranean should also 
be mentioned : In the case of the Calabrian arc the 
«Hinterland» has disappeared almost completely. At 
least party, it has been replaced by new ocean floor that 
is not more than 10 My old. It has just been shown that 
the process by which this occurred either could have been 
an independent drift of the arc breaking loose from its 
« Hinterland » and accompanied by the generation of 
new ocean floor in its wake, or an assimilation of the 
originally sialic crust into the upper mantle by pro
cesses that somehow are triggered by the absorption of 
parts of the lithosphere of the formed y more extended 
Ionian Sea [9, 10]. 

In the case of the Anatolian-Aegean block the « Hin
terland » is only partly submersed, and the Aegean Sea 



sector has not formed by drift of the Greece-Crete 
arc breaking loose from the Anatolian part of the« Hin
terland». The dispersion of Rayleigh wavec acr05s 
the Aegian basin, reported by Papazachos (22, 23] 
shows that the crust is of continental type. Apparently, 
the Aegean Sea sector forms an integral part or sub-part 
of the Anatolian block that at this time experiences a 
young stage of crustal assimilation by upper mantle pro
cesses. 

Fram the much higher seismicity in the eastern and 
central than in the western Mediterranean it appears 
that the main active plate boundaries, if we should 
speak in terms of these, are located here near the 
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ted and are both caused by a process of block, plate 
or arc movements in an about W-E direction. A con
nection with the spreading process of the eastern North 
Atlantic basins, suggested earlier [11, 21] seems likely. 
The possibly small northward movement of the African 
plate during the past 10 My only played a minor role 
in this process. 

Note 

The paleomagnetic evidence for a sma!ll eastward 
displacement of the African continent relative to Euro
pe [ 14, 15], in accord with the greater overall sprea-

Fig. 3. - Seismic division of the Mediterranean area in blocks or plates, their motion 
directions relative to block II, and the active boundary lines of relative displacement. Areas 
deeper than 2000 m are indicated. I. North Atlantic-European block, II. Atlantic block 
south of the Azores line, III. African block, IV. Arabian block, V. Anatolian-Aegean 

block ( s), VI. Balkan block. 
1. Azores line, 2. North African-Atlas zone, 3. Calabrian arc, 4. Alps-Carpathian arcs, 
5. Balkan lines, 6. Greece-Crete arc, 7. North Anatolian line, 8. Cyprus-east Turkey line, 

9. Dead Sea line, 10. Red Sea rift. 
Basins deeper than 2000 m : a. Atlantic, b. Biscay, c. Balearic, d. Tyrrhenian, e. Iionian, 

f. Levantine, g. Black Sea. 
Shallow basin : h. Aegean. 

Northern borders of the remnant of what once has been 
the far more extensive Tethys Sea, and that they are 
not in the first place determined by the nearby boundary 
of the North African .co,ntinent ( figure 3). The main 
stress field in the area therefore seems to have its major 
component in an about E-W direction and not in a S-N 
direction as hitherto assumed. 

The northward squeezing of the Balkan peninsula by 
the Calabrian arc from the west and the Anatolian plate 
from the east must be held responsible for the genesis 
of the great Alpine fold mountains of Alps and Carpa
thians. It is concluded than that the Alpine orogenesis 
in the area and the more or less simultaneous origin of 
the western Mediterranean basins are intimately connec-

ding of the Atlantic Ocean floor south of about 35°N 
than to the north, is not in direct contradiction with the 
seismically found eastward movement of Europe rela
tive to Africa. The evidence presented by Van der Voo 
and Zijderveld (14, 15] dates from the upper Creta
ceous, Eocene and Oligocene, that of this paper dates 
from the present and is extrapolated backwards to the 
lower Pliocene. 

The difference between these two types. o.f observa
tion than may be caused by a change of the relative 
spreading-rate of the North Atlantic north and south 
of the Azores line in upper Miocene or lower Pliocene 
time. 
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TABLE 1 

Focal co-ordinates o'f the earthquakes (1930-1970) 
of the Tyrrhenian deep seismic zone. 

Date 
YcMoDa 

371017 
380413 
430917 
460403 
470226 
470731 
470901 
520910 
521226 
530730 
541123 
550217 
560201 
600103 
620325 
630601 
640414 
641004 
651219 
651223 
660203 
670602 
680421 
681001 
690329 
690402 
690413 
690415 
691012 
691023 
700129 
700217 

G.M.T. 
homisec 

095913.0 
024549.1 
033922.3 
170149.9 
054238.5 
075448.5 
221858.6 
041704.0 
235557.1 
115257.1 
130005.9 
193133.5 
151051.6 
201934.3 
213826 
203605 
063527.0 
014650.4 
091417.6 
152906.9 
132329.3 
202021.9 
210947.0 
163103.1 
014339.0 
013801.9 
054543.2 
005651.7 
185434.7 
021253.4 
110924.1 
073200.8 

Lat 
0 

39.40 
39.33 
39.69 
39.12 
38.88 
39.04 
39.77 
38.86 
39.92 
38.97 
38.61 
39.64 
39.07 
39.27 
39.12 
38.65 
38.84 
39.12 
39.4 
40.53 
38.6 
38.7 
39.77 
40.2 
40.0 
39.0 
38.8 
39.6 
39.9-
39.0 
38.8 
39.74 

Lon 
0 

14.88 
15.13 
15.52 
14.91 
14.83 
15.44 
15.50 
15.55 
15.43 
16.17 
15.11 
13.32 
15.58 
15.31 
14.55 
14.93 
14.78 
15.45 
16.1 
14.87 
14.8 
14.8 
14.86 
15.4 
15.2 
15.3 
14.8 
14.8 
15.0 
15.0 
14.9 
16.0'9 

Depth 
km 

319 
277 
300 
319 
276 
278 
312 
220 
280 
289 
238 
457 
235 
281 
343 
250 
293 
242 
230 
310 
254 
259 
311 
291 
310 
258 
274 
299 
288 
273 
280 
262 
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ON WAVE PATTERN PECULIARITIES IN THE INTERVAL 

BETWEEN P AND S-WAVES 

by A.A. POPLAVSKY 

Seismologists distinguish and analyse two types of 
seismic signals in seismogram interpretation of P and 
S-wave interval. 

Secondary body wave arrivals resulted from reflec
tion and refraction phenomena in the boundary are 
referred to be the first type. Usually those signals 
have duration comparatively small and arrival times and 
amplitudes are their main characteristics. Arrival times 
are determined only by medium characteristic parametres 
on source-receiver path, while amplitudes are dependent 
upon source peculiarities too. 

Long period dispersed quasi surface liking wave 
trains are referred to the second type. Dispersive curves 
of phase and group velocities are the main characteristics 
of the latter ones. Their form is completely determined 
by the medium parametres on the liking wave propaga
tion path. Sometimes seismological investigation does 
not need preliminary emphasizing and identification 
of the siguals mentioned above. They choose the 
parametres for record characteristics, receiving of which 
is independent upon the fact whether are or not visible 
secondary body waves arrivals and (or) PL-wave trains. 
Just it was the case in question, while choosing the 
source depth recognition features due to the earth
quake record form (V.F. Pisareko and A.A. Poplavsky's 
report « Earthquake source depth recognition due to a 
signal station recording was read at Leningrad session 
of ESC in September, 1968). 

Hence, while attempting to interpret the obtained 
results of formal recognition of the earthquake depth, 
there appeared some need to clear up the fact what 
exact disturbances compose the main part of display on 
the bandwidth. 

This paper just deals with the attempt to answer 
the question. 

Having examined a great number of Far East earth
quake recordings and « Far East Seismological Bulle
tin » data, it is appeared that comparatively long period 
(T = 16-28 sec) oscillations quite often occur, and 
those amplitudes overlap the amplitudes with smaller 
periods for 1-1.5 (fig. 1). 

The most favourable epicentral distances, depths 
and magnitudes for observing such waves are 400 < 
d < 1 OOO km, h < I 00 km, M > 4, respectively. In 
addition their relative appearence frequency is growing 
with magnitude increasing, approaching 80 % for 
M = 6-6 1/2. 

The secondary wave arrival detection on the seismo
grams of mentioned recorders is rather difficult. The 
detecting frequency is growing while magnitude de
creasing and naturally, on the recordings, obtained from 
high-frequency recorders (with maximum frequency 
characteristics for T = 0.2-0.3 sec). In this case the 
ratio of the measured secondary wave amplitudes to 
the longitudinal wave amplitude usually varies within 
0.2-4.0 and more often 1-2.5. 

Thus, it is appeared that long period oscillations 
seem to have changed the arrivals of the secondary 
body waves with increasing in magnitudes. Evidently 
there is no serious doubt that predominant period of 
single wave spectrum (in within band filter range of 
the recorder) is getting comparative or begins to over
lap significally time intervals between separate secondary 
wave arrivals. Hence their real occurence should have 
a considerable effect on waveform oscillations on the 
interval between P and S arrivals. It is naturally to 
assume that long period oscillations mentioned above 
are the results of terminating number superposition of 
the secondary waves than of that of quickly attenuating 
liking waves. The following facts say against the 
liking hypothesis. 

1. More often long period waves are observed from 
the earthquake at the depth of about 40-60 km, i.e. from 
subcrust earthquakes. As for liking theory, the latter 
have to occur more easily from crust sources. 

2. We have not succeeded in plotting more or less 
steady dispersive curves for group velocities of noted 
long period disturbances due to extremely large scat
tering of experimental points. (The phase velocity 
curves could not be plotted due to unfavourable relative 
locations of epicenters and stations required). 

Thus, preliminary studying of seismogram record of 
Far East stations showed some preferability of those 
interpretations suggesting seismic oscillations are main
ly generated from the secondary body wave arrivals 
in the interval between P and S waves.. If it is really 
so, then there would be definite relation between the 
intensive secondary wave time arrivals studied from the 
observed weak earthquakes data with the high-frequency 
recorder, and its frequency oscillations contents on the 
comparatively great earthquake recordings, obtained by 
bandwidth recorders. 

In fact some surface displacement projection U (t) 
may be regarded as the sum of similar pulses : 

n 

U (t) = ~ aj U (t - Tj) (1) 
j=O 
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Fig. 1 a, b. - Two local earthquakes seismograms, obtained by Yuzhno-Sakhalinsk seismic station. Long period oscillations 
are well seen on the interval between Pand S-arrivals. (T c::::: 18-20 sec.). 

where aj is the amplitude, Tj < (S - P) the secondary 
wave delay relative to longitudinal wave. Index i = 0 
( To = 0) is corresponding to the longitudinal wave. 

Complex spectrum of displacement projection in 
question looks as follows : 

n 

<p (w) = a 0 f (w) ~ dj e-iwTi (2) 
j:O 

where aj = aj/a0 , and the multiplier in front of the 
summation sign is the longitudinal wave complex 
spectrum refined from interference. The value 

n 

K (w) = ~ aj e-iwTJ 
j=O 

(3) 

is none other than « medium frequency characteristics » 
analogue and its modul and argument are : 

IK (,.,)I = V ( ,i «; cos "' T;)' + ( i. a; sin "' T;)' 

(4) 

n 

~ aj sin (I) Tj 

arg K {w) arc tg 
j=O 

{5) 
n 

~ •O:j COS W Tj 

j=O 

respectively. From the equations (4) and (5) we can 
see that relative amplitudes aj and delay Tj o.f secondary 
waves for T < S - P required for obtaining some 
data of the frequency characteristics form. It is very 
difficult to obtain such information because of majority 
of those recognized arrivals between P and S-waves 
are not identified in the distances in question. 

Therefore the natural contents are to be _preliminary 
established then to. find Tj (.:i, h); ·aj (a, h) depend
ences on observations and, at last, to compute IK {w)J 
and arg K (w). But note one very interesting conse
quence from equations (4) and (5). 

As we mentioned above, relative amplitudes of the 
secondary waves aj , from (4) and (5), depend not 
only on medium parameters along seismic disturbance 
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paths, but also on earthquake source mechanism. There
fore the frequency characteristics of the medium is 
not completely determined by the medium but also is 
dependent upon the earthquake source mechanism. 

The fact complicates in some way the task for those 
who study seismic sources, but it is possible in prin
ciple to determine some important source characteristics 
from the single station recordings. 

Cinematic and dynamic peculiarities investigations of 
the secondary waves, observed in the Far East in the 
distance interval of .a < 2000 km, were made in two 
stages. 

First their delays were studied and some formal 
scheme, explaining practically the nature of all arrivals, 
registered in 1955-1964, was selected. It is appeared 
that studied selections of P and S arrivals may be 
regarded as the mixture of rather great number of wave 
types, rays scheme configurations of which are given 
in figure 2, satisfying the following conditions : 

2 

3 

Iv I 4 

I 
Fig. 2. - Scheme configurations of the secondary wave rays, 
observed in the Far East by local stations. 1-3 are the waves 
generated due to some boundary of the mantle. 4- are the 
waves generated only due to the surface or base of the crust. 

1. All those disturbances are formed due to origin
ally transverse wave transformation. 

2. SP exchange and reflection from the surface ( or 
base) of the crust take place only once. 

From the first condition it is specifically appeared, 
being in different directions from the source, those 
waves can have different relative amplitudes. The 
exact behaviour study of the relative amplitudes in 
dependence on h and .a without taking into considera
tion the source mechanism is impossible. Then observed 
values aj must have significant scattering and they 
may be used only for obtaining extremely approximate 
form notions of frequency medium characteristics. 

While analysing the observed material of the second
ary wave amplitudes it turned out that mentioned 
amplitudes on the epicentral distances of .a < 1 OOO km 
is appreciably dependent only on the source depth. 

This dependence may be approximated by the ex
pression : 

a=aze-kz (6) 

where z is the vertical projection of the distance, 
travelled by the transverse wave to an exchange point 
(SP). Medium frequency characteristics for different 
earthquake source depths were computed from the 
given data of the secondary wave time delays and 
amplitudes. Some of them will be demonstrated later. 

The behaviour of predominant periods in longitud
inal waves and in the interval between longitudinal 
and transverse waves were studied from the 150 earth
quake recordings. Earthquake recordings considered 
have magnitudes M < 6..3/4, epicentral distance 
0 < .d < 1900 km and source depth h < 140 km. 
Histograms of the corresponding distributions are given 
in figure 3. 

As it is known any visual characteristics of the 
earthquake recordings are greatly scattering. So we 
just tried to find out the behaviour of distribution 
functions of the predominant periods but not their 
own. It is appeared that the form of those distribu
tions is essentially dependent on pointed parametres : 
M, .a and h. 

Hence this interpretation of dependence may be 
alternative. If we examine predominant periods mean 
values of longitudinal waves, it is appeared that it 

30 

20 

ID 

IOOD 2000 

Fig. 3. - Distribution density histograms of magnitudes (M), 
epicentral distances (a) and earthquake source depths ( h) 
for observation of which predominant periods in longitudinal 

wave and between P and S arrivals were studied. 
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tends to well-known increasing with magnitude and n 
epicentral distance. It is well seen from tables I and 
II, where mean values of predominant periods and ,o 
dispersion for different intervals A and M are given. 

TABLE I 

Interval A T '1T 

sek sek 

200 < A < 600 km 3.4 2.1 
400 < A < 800 km 4.2 2.2 
600 < A < 1000 km 5.0 2.2 

TABLE II 

Interval M T '1T 

sek sek 

M < 3 2.5 1.0 
3 < M < 5 3.6 2.1 

4 1h < M < 5.Y2 4.4 2.2 
5 < M < 6 5.2 2.5 

5 1h < M 6.0 2.3 

Taking those predominant period distributions in 
longitudinal wave one can see them have two remark
able maxima, which position changes nor due to A 
neither to M. Only their height is changeable. It is 
especially well seen in distribution histograms T, plot
ted for different change intervals A, given in figure 4. 

The suggestion was made that two predominant 
periods are characteristic for earthquake recordings in 
distance intervals and magnitudes considered. 

With increasing in earthquake param-etres M, A, and, 
perhaps, h observation probability of some or other 
characteristic period is only changed. Then the inves
tigated empiric distributions can be determined as 
mixture of two normal distributions, varied by their 
mean values. The division of this mixture in corn-

5 
600 ~ f'j.~ 1000 km· 

0 2 4 6 8 ,o tz ff/ 

n Tpsek 

400~ ~ < 800 km 

0 2 " 6 7psek 
n 

5 200:s;;;, ~ < 600 km 

O 2 4 6 8 10 12 Tp sek 
n 

51~400km 
I • 

0 2 4 6 8 10 12 Tp~ek 

Fig. 4. - Distribution density histograms of predominant 
periods in longitudinal wave on different epicentral distances 

intervals. 

ponents was made in various intervals A, and the results 
shown in table III were obtained. 

TABLE III 

Interval A Ti 
sek 

200 < A < 600 km 2.2 

400 < A < 800 km 2.4 

600 < A < 1000 km 2.7 

Here a 1 = nifN and a 2 = ndN are relative num
bers of observed first and second characteristic periods 
in the sample. 

,a1 T2 <l'2 '11,2 

sek sek 

0.73 6.8 0.27 0.7 

0.56 6.5 0.44 1.0 

0.39 6.4 0.61 1.3 

From table III it is seen that the mean values of 

mixture components T 1 and T 2 are varied very little. 
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Therefore we assumed T 1 = canst and T 2 = const 
and then computed only a 1 and a 2 for different inter
vals of magnitude and earthquake source depths. a 1 

values for various magnitude intervals are shown in 
table IV. 

TABLE IV 

Interval M a1 

M < 3 0.99 
3 < M < 5 0.71 

4Y2 < M < 5% 0.52 
5 < M < 6 0.33 

5 1/i < M 0.13 

To compute the relative contents of two character
istic periods in empiric samples depending on earth
quake source depth, the earthquake data were taken 
corresponding to the sources within 30 km interval. 
The computed values a 1 and a 2 were correlated with 
the source depth mean vah:..e in this interval. The 

ratio plot of a 1 (h) are shown in figure 5, where the 
curve itself i" marked by a thick line. The intervals 

for which the corresponding values a 1 and h were 
computed are marked by dotted lines. 

When looking at this mrve we can indicate that 
jn the examined samples of observations T ~ 2.4 
periods occur more of ten at the depth of 80 < h 
< 110 km. At the same time the T ~ 6.6 sec periods 
more often occur at the depth of 40 < h < 70 km. 
This may only seem to be in some degree since the 
earthquake in two intervals mentioned above vary by 
magnitude. 

After having examined the preciominant periods in 
longitudinal wave we came to a conclusion that 

20 40 60 100 120 140 h km 

Fig. 5. Relative contents of predominant periods 
T !'.:::::'. 2,6 sec. in observations depending on earthquake source 

depth. 

two characteristic periods chancely distributed around 

the mean values T1 = 2.4 sec, T 2 =· 6.6 sec may take 
place in the Far East earthquake recordings. The 
observation probability of some or other character
istic period mostly depends on earthquake magnitude, 
less on epicentral distance and may be on the earth
quake source depth. The very fact of characteristic 
period occurence, independent on magnitude and dis
tances varying in rather wide limits, is evidently the 
result of medium effect on the seismic signals form. 
These relations are shown in figure 6, where moduls 
of medium frequency responses computed from (4) 
for h = 40 km and 80 km based on observation data 
over the secondary waves are presented. The curves 
I K (T) I are marked by a solid thick line. The number 
of predominant period observations at the depth inter
vals of 30 < h < 60 km and 70 < h < 110 km are 
tabulated. Correlating the histogram with the curve 
behaviour J K (T), J it is not difficult to see that maxi
mum of number of observations occur in the periods 
with one of the maxima I K (T} J . 

Beginning with distribution observation of predo
minant periods at seismogram interval section between 
P and S waves, it appears that within T < 10 sec it 
has almost the same properties than distribution. In 
fact there are no further period observations for 
10 < T < 16 sec. In the interval 16 < T < 24 sec, 
there is one more sloping maximum. Relative contents 
f3 of such (T > 1.6 sec) period observations is increas
ing with M as it is shown in table V. 

[K(T)] n 
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Fig. 6. - Comparison of the distribution density histograms 
of the predominant periods, plotted from observations for 
depths h = 40 km and h := 80 km, with medium frequency 

characteristic modul for the same depths. 
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TABLE V [K(T)l n 

Interval M /3 (T > 16 sek) 

M < 3 
3 < M < 5 

4.J/2 < M < 5 'h 
5 < M < 6 

5.J/2 < M 

0.08 
0.33 
0.40 
0.56 
0.81 

In epicentral distances 400 < A < 1000 km, f3 is 
nearly constant. Its depth dependence is shown in 
figure 7. From this figure it can be seen that maximum 
of observation number of great predominant periods 
(T > 16 sec) for h ~ 40 km. For depths h > 100 km, 
this number becomes negligible. 

« Medium frequency characteristics» modul, com
puted from (4) and histogram of predominant period 
observation number in the interval between P and S 
arrivals, are shown in figure 8. There is some quality 

to 
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Fig. 7. - Relative contents of predominant periods T > 16 se.:: 
in observations on the interval between P and S in dependence 

on earthquake source depth. 

Fig. 8. - Comparison of the distribution density histograms 
of predominant periods on the interval between P and S and 

« medium frequency characteristics » for source depth of 
h ·= 40 km. 

agreement between them, i.e. the absence of predo
minant period observations in the interval 12 < T 
< 16 sec corresponds to the minimum I K (T) I , and 
occurence of observations T > 16 sec corresponds to 
the increasing I K (T) I · Observation limited by periods 
T < 28 sec is evidently connected with a filter-band 
limit of the used recorders. 

From all mentioned above we can make the fol
lowing conclusion. Some peculiarities of frequency 
contents of observed oscillations in P-waves and in 
the interval between P and S-waves are qualitatively 
explained by the secondary body-waves effect. We 
may hope there is some quantitative agreement too. 
In such case « medium frequency characteristics » com
putation can be based on empiric data of the secondary 
waves. Dependence of IK (T) I on the source mecha
nism makes it possible to determine its elements from 
the recording spectrum between P and S. It is possible 
to solve this problem in the following way. Having 
got some variants of I K (T) I corresponding to various 
source mechanisms, it is necessary to compute some 
variants of « clean >> longitudinal wave amplitude spec
trum. The latter is most probably a smooth function 
of frequency (period). Therefore of all the supposed 
source mechanisms that one is chosen accordingly to 
which we get from ( 4) the smoothest spectrum of 
« clean » longitudinal wave. In such a way we can 
try to recognize nearvertical fault displacement in the 
source, that is of great importance for the determina
tion of tsunami danger of submarine earthquakes. 



PROGRESS REPORT 1968-1970 OF 
SUB-COMMISSION FOR THE CARPATHIAN 

AND BALKAN REGION 
,/ 

by A. ZATOPEK 

1. Network of Seismic Stations 

The strengthening of the network has been continued 
in various ways in all countries of the region, e.g. two 
new stations established in the German Democratic Re
public. New instruments have been set up in addition 
to the ~!ready operating ones, e.g. long-period seismo
graphs m Praha, Czechoslovakia. New stations in Bul
garia ( a central station and two further first-order sta
tions) and in Rumania (one first-order central and one 
regional station, respectively) are being prepared to 
re!n~orce the existing regional network considerably 
withm the next one or two years. In addition to the six 
former stations of Greece two further ones were esta
blished after 1968, and three more are planned for the 
very near future. In Turkey, there are four new stations 
taken into operation in the Marmara region recently ; 
two further ones are being prepared for West Anatolia. 
Close to the western coast of Anatolia three places have 
been selected for installation of strong-motion accelero
graphs in the framework of the Balkan Project of 
UNESCO. Tiltmeters being given into ·run in some So
vi~t stations suggest a coordinated study of earthquakes 
with recent crustal movements, similarly as in Japan. 
After the Banja Luka earthquakes o.f 26 and 27 Oct. 
1969 (Yugoslavia) a local network was built up in or
der to follow the aftershock regime in space and time. 

2. Instruments and observation 

Unification and standardization of observatory instru
ments ~nd observation and evaluation techniques have 
been widely deepened under use of the manuals issued 
in the USSR in cooperation with Czechoslovak and other 
seismologists. This includes the compilation of bulletins 
and elaboration of macroseismic data, and has given the 
opportunity of testing many times the Medvedev-Kar
nik-Sponheuer scale. Problems connected with standardi
zation of the amplitude-frequency response have been 
tackled in Bulgaria and Czechoslovakia. 

The design of instruments, having desired properties, 
and some related problems ( as accuracy of calibration of 
electromagnetic seismographs, broad band feedback ins
truments, relation between the form of displacement of 
the soil and the seismographic response, filtration, etc.) 
have been dealt with in theory and practice in Bulga
ria, Czechoslovakia, German Democratic Republic, Hun
gary, Poland and the USSR. Among special devices an 
electrochemical seismic recorder, developed in the USSR, 
deserves to be mentioned. 

3. Seismicity and seismotectonic relations 

Both subjects have been studied continuously on a 
broader basis o.f homogenized, reevaluated, and partly 
newly collected data, both on historical and recently 

obs~rved earthquakes. Exemples may be given from Bul
garia, Czechoslovakia, ~erman Democratic Republic, 
Gr~ece, leba?o.n, Rumania and USSR. Extended appli
cation ~f st~tlstical and other computation methods rela
te? t~ 1soseismals, frequency of occurrence, spatial dis
tribut10n of earthquake foci, seismic energy and seismic 
dan~er have taken place mainly in Bulgaria, Czechoslo
vakia, German Democratic Republic, Greece, Poland and 
the USSR. An interesti~g ~ethod of detecting deep 
fault zones fr~m macroseis~te data was presented joint
ly by a Bulgarian and a Soviet seismologist. A new study 
re'?ardin'? macroseismically determined depths was pu
bhsh.ed m G_er~an De~ocratic Republic. An analysis 
of d1screpane1es m magmtude determination was under
taken in Czechosfovakia and the USSR. In the USSR 
magnitude and energy considerations have been extend
ed to nuclear explosions. Special investigations of Io-M
N~E relations continued to be carried out (partly with 
se1smotectonic considerations and regard to the focal 
mechanism) in Bulgaria, Czechoslovakia, Hungary, Po
land, Rumania and the USSR. The new knowledge has 
bee? used in the studi~s on regional seismicity and for 
variou~ purposes of mtcrozoning in Bulgaria, Czecho
slovakia, Poland, Rumania, Yugoslavia and the USSR. 
There also a theoretical model, considering a doubly 
layered substratum, was presented. Significant is the 
paper by Soviet seismologists who bring theoretical ideas 
concerning a statical model of seismicity and evaluation 
of main seismic effects. 

The 2nd volume of Dr. Karnik's book« Seismicity of 
the European area» is expected to appear on the book 
market very soon by the cares of the Publishing House 
Academia, Prague. 

For details see the Report of S.-C. for Seismicity by 
Dr. Karnik, Prague. 

4. Deep seismic soundings 

Considerable progress is to be reported as regards 
measurements and interpretation concerned with the 
network of international pro.files I-XI (for numbering 
see the map, in detail see I-VIII, Sollogub, Copen
hagen, 1966) and national profiles as plotted in the 
map as welL In the map the numbers indicate 
the depths of Moho ( some smaller revisions are pro
bable). Characteristic is the wide spread between 20 
and 70 km; sudden changes or jumps occur in tecto
nically disturbed areas. Many of these areas have been 
subject to special investigations, mainly in the USSR. 
In the region of the Black See (USSR) and below [Hun
gary the maps giving the topography of Moho have 
been worked out. Multiple character of the Moho-dis
continuity was detected below the Pannonian Basin in 
Hungary, where the deeper « Moho » is situated in 
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about 28 km, and below the Ukrainian Shield, USSR. 
In many districts the structure was followed more in 
detail as regards the properties of shallower horizons 
within the crust and/or the transition zone between the 
crust and the upper mantle; each kind of research was 
very intensely made in the USSR, but also Czechoslo
vakia, German Democratic Republic, Hungary and Po
land made valuable contributions. A low-velocity layer 
within the crust was found below the Ukrainian Shield 
and indications for its existence in some other areas, 
too. The Conrad discontinuity was clearly distinguished 
only along limited parts of profiles ( e.g. below the 
Bohemian Mass at a depth of 25 km) ; it seems to be 
strongly disturbed vertically, similarly as the Moho is. 
Its extension and nature will require a special study. 
Roots o.f mountains found below the Erzgebirge (NW 
border of Czechoslovakia), Central Bohemia, Bakony 
Forest in Hungaria, below the Carpathians (profile III, 
V, and in Rumania, region V rancea), below the Dina
rides in Yugoslavia and in the North of Bulgaria, res
pectively, reflect in general, but not always., the sur
face morphology ; e.g. the root of the Carpathians on 
profiles III and V is shifted northwards from the W-E 
axis of the mountain chain as seen on the surface. 

The realization of the work was carried out in a 
close cooperation of the Geophysical Commission of 
the Carpatho-Balkanic Geological Association and the 
Commission for Planetary Geophysics of the respective 
Academies of the Soviet Union, Bulgaria, Czechoslo-

vakia, German Democratic Republic, Hungary, Poland, 
Rumania and (partly) Yugoslavia. The participation 
of the E.S.C. consisted mainly in coordination-work, in 
agreement with the development in the whole of Euro
pe. The advantage of this joint method of co-working 
was a through discussion going on from the planning to 
the interpretation. In the present stage it is suggested 
to get the results summarized in a joint monograph 
by the three organizations. This would greatly 
facilitate the amalgamation of results reached in the 
three DEE-European-profile network and the final syn
thesis. This was started in the framework of the E.S.C. 
Working Group for Syntheses jointly by Professor Closs 
(German Federal Republic) and Professor Sollogub 
(USSR) in 1969. 

In order to rise the weight of values resulting from 
deep seismic soundings the data have been correlated 
with other geophysical information, e.g. in the USSR 
and Rumania. In Czechoslovakia, magnetotelluric mea
surements have been carried out along profile VI. 

For the elimination of uncertainties and. for filling 
up the gaps between the eastern and the other European 
systems of profiles, it is warmly recommended for the 
future to extend the existing network of profiles by an 
additional system, given in Fig. 1 by broken lines. 

A number of scientific papers were inspired by deep 
seismic soundings. As examples of the respective sub
jects be introduced : Acoustic and ultrasonic wave fields, 
seismic spectra in dependence on charge, deep seismic 



soundings on sea, physical properties of explosive wa
ves, acoustic and ultrasonic logging, etc., published 
mostly in the USSR, partly also e.g .. in Czechoslovakia. 
The same fits for laboratory experiments on rocks under 
high pressure, piezoelectric measurements of velocities 
on samples, comparison of the results of field measu
rements with laboratory experiments (USSR, Czecho
slovakia, German Democratic Republic), etc. A method 
of measuring the seismic anisotropy in three dimensions 
on spherical samples, elaborated in Czechloslovakia, 
may serve an example. 

5. Other investigations 

Certain parts of seismic research done in our region 
will be reported more in detail in the respective Sub
Commissions, Working Groups and Symposia. Howe
ver, a general survey of the lines and some specific re
sults may be useful for getting a general picture of the 
tasks implemented within the region. 

a) Study of typical earthquakes and associated pro
blems 

Special investigations dealing with significant earth
quakes have been conducted in the USSR, Bulgaria, 
Czechoslovakia, German Democratic Republic, Ruma
nia, Turkey and Yugoslavia. In the series of UNESCO 
seismic monographs a volume was issued on the Mudur
nu Valley (West Anatolia) earthquake of 1967. In 
Yugoslavia, Debar earthquake of 1967. In Yugoslavia, 
apart from the continued research related to the Skopje 
and Debar earthquakes, the Banja Luka earthquakes of 
26 and 27 October 1969 have been extensively studied. 
Experts from the USSR and Czechoslovakia participated 
in these investigations. 

b) Kinematic and dynamical properties of seismic 
waves 

The high number and variety of papers published on 
the problems since 1968, both on surface and body wa
ves, allow only a global characterization. 

Theoretical, observational and experimental kinema
tic studies deal with travel times and hodographs, deter
mination of epicentres, orientation of the wave fronts, 
velocities of propagation and their changes with dis
tance and depth (particular emphasis is given to waves 
reflected an refracted in the crust), dispersion with 
structural applications, velocity spectra, physical parame
tres of velocities, cases of anisotropic media, etc. The 
majority of papers appeared also in Czechoslovakia, Ger
many (joint study on physical parameters and seismic 
velocities conducted in both parts of the country), Hun
gary (coda waves on a basis of the magnitude equation) 
and Poland. 

The research into dynamical properties has gained 
a steadily increasing significance, and, for the period 
in consideration, may, perhaps, be roughly divided 
into the following thematic groups : 

d) Amplitudes, periods and their -representation in 
seismograms (Bulgaria, Czechoslovakia, Hungary, Po
land and the USSR). This research includes the analysis 
of amplitude- and frequency spectra of individual wave 
types and the investigation of the ratio A/T with respect 
to the true determination of earthq_uake magnitudes. 
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ii) Theory of wave fields, particularly in non-homo
geneous media ( Czechoslovakia, USSR), including la
yered media ( a'1so for spherical waves), gradient media, 
special features of wave space, moving source, etc., 
with observational applications. 

iii) Theoretical analysis of the field of seismic 
stresses considered from broader aspects of hydrodyna
mics and thermodynamics ( dislocations - Poland, 
USSR). 

iv) Theoretical and experimental research into the 
effects of attenuation and absorption of seismic energy 
(USSR, Czechoslovakia). 

v) Transition to the rheological approach to problems 
(USSR, Czechoslovakia). 

vi) Research into characteristics of nuclear under. 
ground explosions (USSR). 

vii) Investigation of focal mechanism ( Czechoslova
kia, Poland and the USSR). Particularly the analysis 
of discolation effects (Poland) should be introduced. 

. viii) Seismic modelling has developed into an effi
cient tool of seismic research. Thanks to increased use 
of electronic computers theoretical models of waves 
fields could be represented numerically for suitable 
steps of parametres and tested experimentally (USSR, 
Czechoslovakia). A further development of three-dimen
sional modelling technics, elaborated ,earlier by Czech 
seismologists, could be reached in co-operation with spe
cialists from German Federal Republic. An improve
ment of the « Schlieren »-method for purposes of the 
study of wave-field models has been reached in Cze
choslovakia. A simultation model of earthquake pro
cesses was reported (Rumania) . 

ix) Special vibrations of the Earth have been studied 
in the USSR. 

. (x) Glosely connected with the a:bove investigations 
was the development of laboratory research into physi
cal ( especially rheological) properties of rocks under 
high pressures and temperatures (Bulgaria, Czechoslo
vakia, German Democratic Republic, Hungary, Poland, 
Rumania and, mainly, USSR). 

c) Special investigations in seismic zoning, microzo
ning and earthquake engineering have been conducted 
in Bulgaria, Czechoslovakia, Poland, Rumania, USSR 
and Yugoslavia. 

d) Prediction of earthquakes was a subject of study 
in the USSR. In particular, changes of travel-time ratio 
of P- and S-waves before strong earthquakes have been 
studied. 

e) Microseisms and seismic noise 

Research into microseisms was continued in German 
Democratic Republic (polarization of European micro
seisms) , Czechoslovakia ( spectral characteristics of me
teorological and industrial microseims ; a similarity of 
the general course of microseimic activity as observed 
in Central Europe and in Japan, respectively and in the 
USSR (Structure of microseisms, diffraction, sea bot
tom effects). Seismic noise investigations have been 
carried out in Bulgaria and Rumania in connexion with 
the preparation of planned seismic stations. 



6. Recommendations suggested 

The E.S.C. Meeting in Luxembourg. at its plenary 
session after having been info.t;:med on the progress and 
results of activities of the Sub-Commission for the 
Carpathian and Balkan Region. 

a) approves the Progress Report on the activities of 
the Sub-Commission during the period 1968-1970 ; 

b) encourages the Working Group for Seismic Ob
servations to continue its work in the line followed as 
yet; 

c) recommends that at least the central station of 
each country be equipped with a long-period set of 
seismographs in order to improve the observation of 
the direction of the first onsets of earthquakes and of 
the long-period oscillations ; 

d) invites the Members from countries with seismi
cally active areas to encourage the competent authorities 
in their respective countries to consider the possibility 
of installing, in co-operation with earthquake engineers, 
a suitable number of strong motion seismographs and/or 
seismoscopes in the zones of elevated activity in order 
to improve the objective information on the nature and 
size of strong macroseismic movements ; 

e) recommends that the Members of the Working 
Group for Deep Seismic Soundings of the region, and 
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the E.S.C. Members, representing the USSR, Turkey, 
Greece, Yugoslavia, Bulgaria, Rumania, Italy, Austria 
and Czechoslovakia, iniciate negotiations aiming at the 
extension of the network already existing by new pro
files as indicated in the map enclosed ; 

f) recommends that a Monograph on deep seismic 
soundings conducted in East Europe be prepared and 
encourages the Members of the Sub-Commission to ini
ciate activities in this line ; 

g) recommends that the already existing co-opera
tion of the Sub-Commission with interested scientific 
organizations working in the Carpatho-Balkanic region 
( as e.g. the Geophysical Commission of the Carpatho
Balkanic Geological Association and/or the Commis
sion of Academies for Planetary Geophysical Investiga
tions) be continued and developed. 
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PLATE TECTONICS IN THE CARPATHIANS 
A CASE IN DEVELOPMENT 

by C. ROMAN 

The revmon of Carpathian eartquakes showed a 
vertical body (fig. 1 and 2) (depth 160 km, thickness 
30 km, horizontal length 60 km}, sinking at a minimum 
average rate of 1.6 cm/yr under the Carpathian arc [1]. 
This piece of sinking lithosphere is part of the Black 
Sea plate (fig. 3), which is defined to the South by 
earthquakes occuring along the Anatolian fault, and 
at its eastern and northern boundaries, by the belt of 
shallow earthquakes from the Caucasus up to the 
Cremean and the Vrancea mountains. 

The intriguing fact about the V rancea earthquakes 
is their clustered character. Furthermore this source 
occurs under what is now continental crust while it 
is known that other intermediate shocks ( except the 
Hindu Kush ones) are produced in oceanic crust. The 
general processes of continentalisation now taking place 
in the Black Sea and the Mediterranean [2] is due to 
the movement of the African plate towards the Eurasian, 
a fact which also causes localised sources of inter-
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Fig. 1. -Relocation of Carpathian hypocentres between 1928 
and 1965 ( event entries from I.S.S. and B.C.I.S. Bulletins). 
Open circles mark locations with an error greater than 10 km; 
solid circles mark good locations ( error within 10 km). The 
position of the well located intermediate earthquakes lie nearly 

in a vertical plane [ 1]. 

mediate shocks along the active thrust of minor plates, 
such as the Anatolean, Aegean, and the Black Sea. 
The study of the relative motion of these minor plates 
with respect to the major African and Eurasian ones 
is crucial in understanding the cause of shocks, and 
also in reconstructing the continents. 

While the fault plane solutions enable one to obtam 
a good description of the relative movement of the 
Anatolean and Aegean plates [ 3], this is not the case 
in the Black Sea, where there are only very few large 
shocks to allow reliable solutions of earthquake mecha
nisms. As long as the seismology fails to remove this 
ambiguity about the precise boundaries and movement 
of the Black Sea, then extra geological and geophysical 
information is required. 

The sinking lithosphere under the Carpathian arc 
of Romania presents all the phenomena characteristic 
of the underthrusting of oceanic crust under island 
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is tangent to the mountain crest (solid thick line) [1]. 
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Fig. 3. - The position of the minor plates : Aegean, Anatolean 
and Black Sea plate with respect to the major African and 
Eurasian plates. The plate boundaries are marked by faults 
( solid lines), ridges ( double solid lines) and trenches ( crossed 
solid lines). Uncertain boundaries are marked with dotted 
lines. The shadowed area represents an active seismic region. 
Solid arrows (3) show relative movement of plates with 
respect to the Eurasian plate and the open arrow the approxim-

ate relative movement of the Black Sea plate. 

arcs. The cold lithosphere going down into the Mantle 
gives rise to a convective cell which produces the high 
heat flow of Hungary. In order to have an idea of 
the order of magnitude of the energy transfer caused 
by a downgoing slab of this size, let us consider the 
formula suggested [ 4] for heat loss caused by sea 
floor spreading and apply it to the sinking lithosphre 
under V rancea : 

where: 

H - heat loss transfer through the sinking of the 
of the cold lithosphere, 

p - average density of the lithosphere, 
C - specific heat, 
d - horizontal length of the sinking lithosphere, 
L - thickness of the slab, 
v - minimum average sinking velocity, 
T1 - T0 - heat transfer, 

then the substitution of : 

p - 3 g/cc, 
L 3.0 X 106 cm, 
C 0.25 cal/g°C, 
d =, 6 X 106 cm, 
v 1.6 cm/yr, 
T1 - To = 550°C, 

gives a heat loss : H 

or else : H 

1.2 X 1016 caljyr, 

5.0 X 1023 erg/yr, 

which is greater by a factor of two, than the average 
energy released through earthquakes [5], over the period 
1937-1962, 

H 8.76 X 1022 ergs, 

that is : H 3.36 x 1021 ergs/yr. 

Valuable information on the time when the under
thrust began and the dynamics of the plate is provided 
by petrographic evidence. The beginning of the under
.thrust cannot be older than the oldest andesites. from 
the E. Carpathians. This gives a lower limit to the 
onset of lithosphere consumption. That means that 
the beginning of the seismic activity in the Vrance~ 
region is of the same age as the adesites from Gura 
Haitei [6], that is Lower Sarmatian. 

The Neogene volcanism required an important energy 
release for the formation of such an important body 
as the andesitic mountains of Caliman-Harghita. As 
andesites are acknownledged to form at depths greater 
than 200 km [7], this means that the slab itself was 
much deeper, and so were the shocks. Over the past 
10 m.y. a good part of the slab has lost its temper
ature gradient through energy transfer, so that at pre
sent there remains only 160 km of the original. As 
the depth of the slab was much greater during the 
Neogene, that implies that there was a rate of sinking 
of the lithosphere, greater than the computed 1.6 cm/yr, 

ESE 
JUrtASSIC 
sea level------ ,.oceanic crust 

_o _________ <i_ Jntho,pho,o 152 

PALAEOCENE island arc 

54 

MIOCENE 

(; Eurasi~n plate plate 18 

T ransylv. Alps 

0 

Fig. 4. - A two dimensional model of plates proposed for the 
Carpathian orogenesis expressing its relationship with the 
volcanism, high heat flow, continentalisation and geosyncline 
building. The shape of the convective cell caused by the sinking 
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and also that the seismic events, during the Neogene, 
were not only deeper, but also of a greater magnitude, 
due to the larger energy transfer. 

All the restrictions on the time scale activity of 
the sinking plate impqsed by geology, enable one to 
draw a preliminary, simplified, two dimensional model 
(fig. 4), explaining the mechanism of the Carpathian 
orogenesis and the beginning of the underthrust with 
its corollary the onset of seismic activity, volcanism 
and high heat flow phenomena. 

One would expect indeed, that a high heat flow 
over the past 18 m. y. in the Panonian basin, would 
account for a rapid progress of continentalisation of 
the internal Miocene seas, behind the Carpathian island 
arc; this resulted in the granitisation o.f the sedi
mentary layer in Hungary. As the continentalisation 
developed further, the Carpathians ceased to be an 
island arc, to become an intra-continental mountain arc. 
By the same process the Black Sea plate itself had no 
longer a typical oceanic crust, but an intermediate one. 
Under such conditions, the continental material was now 
too light to sink through the mantle, and thus required 
considerable work to be done against gravitational 
forces [3], thickening even further the continental crust. 

Deep seismic sounding [8], [9], [10] confirms these 
expectations for both : the existence of a granitic 
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Fig. S. - A comparative cross section of the earth's crust 
from Hungary across the Carpathians to the Black Sea. This 
shows a passage from pure oceanic crust (South Black Sea) 
to an intermediate crust (Hungary and Crimean coast) and 
a continental crust suggesting a process of continentalisation. 
The granitisation of the sedimentary layer in Hungary is due 
to the high heat flow, while the thickening of the sedimentary 
layer in the Carpathian foredeeps is due to the forces which 

oppose the sinking of the intermediate type of crust. 
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layer in Hungary (which is astonishingly similar to 
the Crimean profile), and also for the existence of a 
quite thick sedimentary layer, in the Carpathian fore
deeps (12 km at Focsani) (fig. 5). 

As more geological evidence gathers in support of 
the evolution of the plates, a more realistic second model 
could be worked out (fig. 6). The model is self ex
planatory, and is particularised for the Carpathian 
orogenesis from general models suggested by Dewey 
[11]. The ophiolites could be identified with the basic 
and ultrabasic rocks from the crystalline of the E. 
Carpathians (Tulghes series). 

From the point of view of the history of plate inter
action on the Carpathian arc of Romania, it may be 
rewarding to concentrate future efforts on : 

having several profiles of deep seismic sounding 
across the trench and the limits of the Black Sea 
plate, in order to define the western boundaries of 
the plate, in the Moesic platform, 
gathering reliable data for fault plane solution to 
enable drawing the slip vectors, 

~ initiating and publishing an aerial photographic 
survey of major faults, likely to define clearly the 
boundaries of the plate, 

Fig. 6. - A two dimensional geological model of plates show
ing the relationship between the sinking lithosphere and the 

petrology and tectonics of the Carpathian mountains. 
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- releasing the free air gravity maps from the Pano
nian to the Black Sea basins, in order to interpret 
further the plate model, 

- analysing the olivines from the E. Carpathians, likely 
to give information on the direction of the stress 
[12], (from Muresau region, for example), 

- studying the blue schists (glaucophane, lawsonite, 
aragonite, jadeite assemblages), for finding a pos
sible site of an earlier Neogene trench in the E. 
Carpathians. 

This work was done under a Peterhouse Research 
Scholarship. 
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SEISMICITY OF EUROPE 

Progress Report VII 

by Vit KARNIK 

Introduction 

This report gives a summary of activities in the field 
of seismicity investigations in the European area after 
the ESC meeting in Leningrad, i.e. in the period Sep
tember 1968 - September 1970. The reports of the Wor
king Groups (Eartquake Mechanism, Seismic Zoning 
Map) are presented separately by their Chairmen Dr. 
A.R. Ritsema and Professor J.P. Rothe. The informa
tion on some regional studies is included in the report 
by Professor A. Zatopek, the chairman of the Sub-Com
mission for the Carpathian and Balkan Region. 

The guide lines for the activities of our S.C. were 
specified in the recommendations of the Leningrad 
meeting (see Resolution 1, 1968). The individual items 
are discussed in the folloving paragraphs together with 
other problems. 

1. Earthquake catalogues 

The standard catalogues of European shocks were 
described already in the previous progress reports. The 
1901-195 5 catalogue is now available in the first vo
lume of the monograph « Seismicity of the European 
Area» edited by « Academia » Praha in 1968 ( co-edi
tion D. Reidel, Dordrecht, the Netherlands). The 
1801-1900 catalogue (lo > VII) is in press in the 
second volume of the monograph which is respected to 
be issued early in 1971. 

J.P. Rothe continued in the work of Gutenberg and 
Richter and his Seismicity of Earth 1953-1965 (Unesco 
Publications, Paris 1969) contains also parameters of 
European earthquakes and can be used as a continuation 
of the European catalogue for strong shocks. The 
earthquakes in Europe are also listed for every year in 
the Chronique seismologique compiled by J.P. Rothe 
for the Annual Review of Natural Disasters, succeeding 
Revue pour 1' etude des calamites and published with 
the assistance of Unesco. 

Earthquake parameters are regularly published by 
the USCGS or by the ISC. ·For Europe the rapid epi
centre service of BCIS, acting as a regional center, is 
of high importance. 

In some countries revised catalogues have been pu
blished recently for selected regions, e.g. in Turkey M. 
Tasdemiroglu compiled in 1969 a catalogue of shocks 
along the North Anatolian Fault for the prepared sys
tematic study of this zone. The detailed 1900-1970 
catalogue of Germany is almost compiled (Sponheuer, 
Kunze). A very comprehensive · catalogue has been pre
pared by P. Schmidt for Vogtland, which is a region 
well known for frequent earthquake swarms. 

In the USSR the regular series « Earthquakes in the 
USSR in the year... » and Bulletin of Strong Earth qua-

kes continued ; the volumes contain complete lists ot 
earthquake parameters, macroseismic information, copies 
of records and maps. A critically revised catalogue for 
the Crimea (1800-1967) has been prepared by She
balin and Morozova; Ananin et al. compiled a cata
logue for Caucasus (10 > VII, 63 B.C. - 1966 A.D.) 
which served for the compilation of the seismic zoning 
map prepared as an example ( see Progress Report of 
Professor J.P. Rothe). In Spain the Regional Catalogue 
(35° - 44°, 5° E - 10° W) has been completed up to 
the end of 1969. G. Gangl completed the existing cata
logues for Austria in a monograph « Die Erdbebenta.
tigkeit in Osterreich 1901 - 1968 » (Wien 1969) . In 
Sweden the summarizing catalogue for the years after 
1950 is under preparation. 

BCIS published in December 1969 with the assis
tance of U nesco a useful catalogue of seismological 
literature assembled in the archives of the !'Union 
Internationale de Secours. The publications are now 
deposited at the BCIS in Strasbourg. 

2. Mapping of earthquake activity 

The second volume of the « Seismicity of the Euro
pean Area» contains now four maps (1 : 7 500 OOO) : 
epicentres M = 4.1 - 4.6 (not homogeneous over the 
whole area), epicentres _M = 4.7 - 8.3 (seven magni
tude classes, homogeneous), seismic energy, observed 
maximum intensities and zoning ( see the Progress Re
port VI). They are compiled for a general survey of 
seismic activity and for comparative studies. 

At this stage it is important to develop new methods 
of mapping of different earthquake characteristics and 
particularly to construct maps of predicted activity and 
seismic effects. This category of maps is needed for 
practical applications, i.e. in city planning and earth
quake resistant construction. Therefore a special W.G. 
on the Seismic Zoning Map has been established and 
the present state of the work is summarized in the 
report of Professor J.P. Rothe where also a list of new 
zoning maps is included. 

The recently developped methods of seismicity map
ping were applied to the catalogue data in the Europea~ 
catalogue Ju.V. Riznichenko, A.I. Zakharova, S.S. Se1-
duzova (Fiz. Zemli, No. 7, 1970) calculated and 
constructed the lines of « shakeability » for the Appen
nine peninsula and presented the resulting map at the 
IASPEI meeting in Madrid in 1969. The paper reveals 
some problems. Particularly the averaged intensity
distance relations used in the calculations introduce 
some discrepancies between the interpolated isolines 
and the earthquake effects actually observed. Other 
discrepancies may be caused by the lack of some para-
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meters in S. Italy. We must expect more problems in 
applying the method in other seismoactive regions of 
Europe because Italy has one of the best records of ma
croseismic data in the 20th century. Another « shakea
bility » map was constructed by Drumya, Popov and 
Reshetilov (1970) for the NE part of the Carpathian 
zone. 

The second application of the catalogued European 
data has been made in cooperation with Drs Ullmann 
and Maaz of the Central Institute of Earth's Physics 
in Jena. Their method of computing seismicity is based 
on the sum of seismic contributions to any point at the 
surface taking into account all foci. It has been applied 
to the Aegean region which is marked by the highest 
seismic activity in Europe and to Bulgaria (Grigorova, 
Sponheuer, Maaz), other regions being suggested. Fur
ther theoretical aspects of the method were discussed 
by Ullmann and Maaz in a special paper « Prolegome
na zur Seismizitat ». Maaz analysed the calculation of 
seismic risk using the energy - frequency relation when 
discussing a paper of A.G. Galanopoulos. Maaz and 
Ullmann are stressing the need for a further develop
ment of their method in the direction of physical inter
pretation of existing distribution functions, relation to 
other geophysical fields, time and depth variation of 
seismicity and improvement of the computer program
me. These recommendations relate, however, not only 
to a particular method but have much wider significan
ce. 

Different types of seismic maps preceding the seis
mic zoning map are demonstrated in special monographs 
prepared for Spain and the Caucasus on the iniciative 
of the W.G. on Seismic Zoning Map. Both monographs 
were distributed by the authors (J.M. Munuera and 
I.V. Ananin et al.) to the members of the E.S.C. The 
methods demonstrated by these two monographs will 
be discussed as examples for the compilation of the 
seismic zoning map of Europe by the W.G. 

V.I. Bune compiled a map of reccurrence of shocks 
of I = VII for Europe and G.P. Gorshkov an isoseis-

mal map of Europe, both maps were published in 1969 
in a monograph « Recent Movements, Volcanic Activity 
and Eartquakes on the Continents and in the Oceans » 
(Nauka, Moscow). Recent papers of Ju.V. Riznichen
ko contain the suggestion to use spectral characteristics 
of vibrations instead of macroseismic intensities for 
mapping the seismic risk. V.I. Keylis-Borok at al. pre
sented in 1970 (Fizika Zemli, No. 5) a new statistical 
method of the calculation of seismic risk assuming the 
Poisson distribution of events and taking into account 
reccurrence graphs and economic factors. 

New official maps of seismic zoning of the USSR 
were completed and approved in 1969 as official doru
ments together with new building codes. The Soviet 
experiences in the field of zoning, microzoning and 
scales are summarized in the first volume of the book 
« Seismic Effects on Buildings and Constructions >> re
cently published in Russian, authors : S.V. Medvedev, 
B.K. Karapetyan and V.A. Bykhovsky. 

G. Gangl published in 1969 the seismicity map of 
Austria giving epicentres and isolines of equal number 
of epicentres of lo = IV. 

3. Seismic lines in the European area 

The existing survey maps of seismic phenomena in 
the European ·area on the scale 1 : 7 500 OOO (see 
P.R. VI) and various maps of other authors give the 
possibility to delineate main tectonic lines or zones. 
Their shape and position are marked first of all by the 
distribution of epicentres, partly also by generalized iso
seismals. It must be emphasized that the lines are not 
so well developped as in the oceanic rift zones. The 
most striking features are : The North Anatolian fault 
zone (Mmax = 8) which prolongation may be assu
med towards Central Greece ; there it crosses another 
active line along the western coast of Greece which 
forms a belt surrounding also Crete and the whole 
Aegean region of subsidence. Another very active 
(Mmax = 8) zone extends transversally from the cen-

SEISMIC LINES 
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tral part of the Atlantic Ridge towards Gibraltar ; it 
seems to continue toward N. Algeria where the traces 
of strong activity cease in the eastern direction. The 
connection between both seismotectonic structure of the 
E. and W. Mediterranean is questionable. Other lines 
are : SE Spain, the central and southern Adriatic coast 
W. Alps, the Appennines, Liguria - Sicily, valleys of 
the Mur, the Leitha and the Vah (E. Alps - W. Car
pathians), the Vadar river, the Struma river, the Marica 
river, the Great Caucasus. There is a linear distribution 
of epicentres from SW to Central Turkey which may 
be only apparent. 

The extent of other active zones is smaller ( e.g. cape 
Kaliakra, Tarnovo, Schwa.bische Alb) or the epicentres 
do not indicate any linearity in their distribution. Zones 
of intermediate-depth foci are well known. 

4. Statistical treatment of data in the European 
catalogue 

The analysis of the magnitude-frequency relation log 
N = a - bM continued in studying the influence of 
methods of calculation on the parameters a and b. It 
was found that for the same set of data both parameters 
are changing according to the choice of the magnitude 
class interval, according to the applied method and 
according to the arrangement of data in ordinary or 
acumulative frequency. Table 1 demonstrates the results 
of a comparison made on the example of earthquakes 
in W. Greece. The table shows that the differences in 
parameters exceed standard errors and are therefore 
significant when results of different origin are compa
red. The conclusion is that there must be identity in 
the preparation of data for calculation, in the class in
terval, classification quantity, observation period and 

TABLE 1. 

Region : W. Greece, 1901-1955 

method of calculation. The deviations from these prin
ciples may cause artifical differences and consequently, 
wrong conclusions. A more detailed analysis of the 
problem is in press (D. Prochazko:va, Trav. Geophysi
ques 1970, Prague). 

The application of the theory of largest values on 
European data continued. The influence of the obser
vation period on the magnitude which will be exceeded 
with a given probability was investigated. Considering 
three periods 1901-1930, 1901-1955 and 1901-1967, 
respectively, it was observed that with time the distri
butions on the extremal probability paper are shifted 
to lower magnitudes or the slope of the line decreases. 
This tendency was expressed by a hyperbolic law and 
the probability line corresponding to an infinite period 
was estimated (for more details see Ann. di Geof. No. 2, 
1970). It must be again emphasized that the theory 
works only as a statistical model assuming that earth
quakes are random events which follow the same regu
larities as in the past. 

Statistical evaluation of earthquake data is aimed 
also at the estimation of trends and of relations among 
different characteristics. An attempt along this line has 
been commenced on the example of the Aegean region 
which is most active in Europe. The first results are 
presented in Luxembourg in a separate contribution. 
The following characteristics were tested : N (M), strain 
release curves their slope and limits, probability of large 
shocks or their return periods, mean yearly rate of 
earthquake numbers, Poisson distribution of yearly num
bers and of time intervals between shocks. The study is 
continuing. 

Other statistical methods were applied to various 
parts of Europe in attempting to find the most conve
nient procedure of seismic zoning. The work is sum
marized in chapter 2. 

Max. 
Least squares Generalised least squares likelihood Page Utsu 

Methods a b a b a b b b 

centres 
of classes 6.03 + 0.35 0.79 + 0.06 5.29 + 0.39 0.65 + 0.06 5.34 0.66 0.60 0.64 

weighted 
mean 6.17 + 0.37 0.82 + 0.07 5.51 + 0.41 0.69 + 0.09 5.55 0.70 0.66 0.69 

dM = 0.1 4.59 + 0.32 0.67 + 0.06 4.22 + 0.40 0.57 + 0.08 4.04 0. 54 0.5·6 0.60 

Cumulative 
frequency 

centres 
of classes 6.75 + 0.40 0.8) + 0.07 5.76 + 0.37 0.72 + 0.07 5.92 0.73 0.66 0.69 

dM = 0.1 6.74 -1- 0.16 0.92 + 0.0,3 5.88 + 0.15 0.75 + 0.03 5.91 0.75 0.75 0.77 
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5. Special studies 

Some earthquakes were studied in detail because of 
their particular importance. In Yugoslavia after the 
earthquage of Benja Luka (Oct. 26, 27, 1969) a local 
network of local stations was established by the Int. 
Institute of Seismology, Earthquake Engineering and 
Town Planning, Skopje for the study of aftershocks 
during a one year period. A similar experiment, howe
ver, for a shorter period, has been carried out by the 
Kandilli Observatory, Seismal Section (N. 6cal) after 
the destructive shock in W. Turkey on March 28, 1970. 
The destructive earthquake of May 12, 1970 in Dage
stan is being investigated by a special exp~dition of 
the USSR Academy of Sciences. Interesting studies 
were published by our Italian colleagues M. de Pan
filis, L. Marcelli and P.E. Valle on the disastrous Sici
lian sequence since January 14, 1968, other papers deal 
with the seismic period of the Tolfa Mountains on 
July 2, 1969 with the seismicity of the region of Scalea 
(M. de Panfilis), of Valle Padana (P. Caloi, M.C. 
Spadea) of the Cunea area (M. de Panfilis, G. Panoc
chia). P. Caloi describes an interesting phenomenon of 
slow movements of the crust preceding and following 
an earthquake on the example of the weak shock of 
Jan. 14, 1969. 

Rothe, Vitart and Piolle studied the earthquake of 
Arette in the Pyrenees. M. Bath is preparing a reliable 
magnitude determination for Scandinavian events. 
. Sponheuer, Genschel, Maaz et al. studied the possible 
improvements o.f the macroseismic scale, the distribu
tion o~ foci indicating the existence of low-velocity 
layers rn the upper crust and the relation between the 
shape of isoseismals and the ground conditions. 

The distribution of foci in the E. Atlantic Ocean and 
in the W. Medeterranean Sea confirms according to 
recent papers of J.P. Rothe the existence of a « trans
atlantic fault zone». Another paper of J.P. Rothe dis
cusses the exciting problem of earthquakes generated by 
reservoir loadings. The earthquake of Zorbach (Ger
many, July 21, 1969) was studied in detail by K. Ja
cob and H. Hentke. Microeartquake activity is investi
gated using mobile sensitive stations by L. Ahorner et al. 
in the lower Rhine basin by the Geological Service, 
Hannover and by the Inst. of Meteorology and Geo
physics, Frankfurt, in Greece and Iceland. Several pa
pers of L. Ahorner and G. Schneider discuss thoroughly 
the seismotectonic relations in W. Germany. New ana
lysis of seismic activity of the Rhinegraben are pu-

blished in a special volume « Craben Problems », edited 
in 1970 by St. Miiller and H. Illies. 

The seismicity of the Alps is very thoroughly and 
continuously studied by the Institutes at Munster and 
Munich. A very useful description of destructive shocks 
in Bulgaria after 1900 was published by L. Christoskov 
and E. Grigorova. E. Grigorova reexamined the posi
tion of one of the strongest European shocks of the 
20th century (April 4, 1904) and places it at 41°52'N, 
23°05'E. 

There probably exist other papers which should be 
mentioned. The preceding review is intended to illustrate 
only the extent and variety of the work done in the 
field of activity of the S.C. and does not represent a 
complete bibliography. 

Conclusions, recommendations 

Evidently in 1968-1970 the investigation into the 
seismicity of the European area continued on a natio
nal and regional scale with a great intensity. We may 
conclude that the activities are now concentrated on the 
development of methods of statistical treatment of data, 
seismicity mapping and fault plane solutions. Using the 
results of these studies we may be able to compile an 
up-to-date map of seismic zoning giving the level of 
seismic risk. However, there is a barrier in our know
ledge which prevents us to solve the problem of the 
prediction of place, time and magnitude of a future 
destructive shock with a satisfactory accuracy. It is na
turally, not only our European problem which the 
seismological community will not be able to solve in 
the near future. The main obstacle is that we cannot 
control the forces triggering an earthquake. We are 
approaching the target very slowly, however, our mutual 
cooperation may bring positive results. Besides theore
tical studies and laboratory experiments a detailed instru
mental surveillance of a well delineated focal zone is 
hopeful and such projects as the Unesco Project for the 
Survey of Seismicity of the Balkan Area or the Turkish 
Anatolian Fault Zone Project are promising. Thus our 
S.C. should concentrate the efforts on the physics of 
focal processes, not only for a simple event but for a 
long period history of a zone. 

In concluding I wish to express my sincere thanks 
to all members of the S.C. and to other colleagues who 
supplied me with reprints, reports or other data and 
who assisted me in my work. 



PROGRESS REPORT 
OF THE WORKING-GROUP EARTHQUAKE MECHANISMS(*) 

by A.R. RITSEMA 

During the past few Meetings of ESC three lists 
of earthquake mechanism solutions have been presented 
by the WG to ESC. This time the list of relevant 
references, complete up till june 1969 has been dis
tributed. The question now arises if this combined 
material, with additions for the more recent years 
should be published so that it will become available 
to all interested persons. 

It is unlikely that a publication of this kind will 
be acceptable to one of the current European geo~ 
physical or seismological periodicals, since essentially 
it will be in the form of a catalogue. For each con
sidered earthquake the basic data will be given, the 
interpretation of these data by the original author, 
discussion of reliability, the ultimate interpretation in 
terms of position of nodal planes, and a graphic display 
of the same. For the period up till 1969, the cata
logue will comprise of 305 earthquakes, namely 66 
prior to 1950, 77 for the period 1950-1959, and 
117 for the years 1960 and later. For recent years 
the data for an average of 20 earthquakes are avail
able. The matter of publishing of this rather voli
munous material has been discussed during the Luxem
burg Meetings of ESC. 

* Sub-Commission for the Seismicity of the European Area 

A preliminary discussion of the results of the work 
on fault plane solutions of earthquakes in the European 
area has been given in Karlsruhe at the Meetings of 
the Geologische Vereinigung in 1969, and subsequently 
in Madrid during the IASPEI Meetings of 1969. 

As to the other activities of the WG, these have 
been stagnant since the untimely death of the Reverend 
Father Dr R.E. Ingram S.J. in 1967. I take the oppor
tunity to commemorate him here, since this is 
the first time I am able to do so officially. He was 
one of the principal initiators of the WG and his able 
and engaging personality is strongly missed. Unfor
tunatily, he was not able to finish the bibliography 
of existing and available computer programs for seis
mic purposes that he advocated to set up during the 
Copenhag.en Meetings of ESC. 

Apart from the work on the catalogue thus, the 
activity of the WG was confined to the work done 
by the individual members of the group. 

Official contacts of the WG to the outside were 
few but of great value. In this respect the fruitful 
discussions during the IASPEI Meetings in Madrid 
1969 should be mentioned of Dr Udias and the 
reporter as representatives o.f the WG with Dr 
Willmore on the fault plane work done at ISC and 
the subsequent publication of the results. 



PROGRESS REPORT 
OF THE SUB-COMMISSION ON THE BALTIC SHIELD 

by E. VESANEN and E. PENTTILA 

The working group, later the sub-commission, res
ponsible for studying the seismicity of the Baltic 
Shield was established by the 7th Assembly of the 
European Seismological Commission at Jena in 1962. 
The proposal was made by Prof. E. Savarensky and 
was adopted as one of the resolutions of the assembly. 
At the following meeting of the ESC at Budapest in 
1964 the first members of the sub-commission were 
nominated (Bath, Kvale, Panasenko, Vesa:nen). The 
first meeting of the sub-commission was held the fol
lowing year (1965) at Aulanko, Finland, in connection 
with the RCM symposium. Brief meetings were held 
in 1966 (Copenhagen) and 1968 (Leningrad) in con
nection with the ESC meetings. 

The precambrian Baltic Shield covers the southern 
part of Norway, almost all Sweden, Finland and the 
Kola Peninsula-Soviet Karelia of the USSR. The Shield 
is one of the minor seismicity areas of the world. 

On establishing the sub-commission it was stated 
that the area of the Baltic Shield is geologically well 
known, the other geophysical phenomena have been 
well studied, there occur earthquakes, mostly weak, 
but enough to study, and there are basic old seis
micity studies available from 1375 to 1950 (Kjellen, 
Sahlstrom, Renqvist, Bath. 

The working members of the sub-commission . have 
all been active r,esearch workers in the countries be
longing to the Shield area. There are also two invited 
scientists from countries outside : 1) Prof. S. Miyamura 
(1, 2) from Japan, and 2) Prof. R Teisseyre (3) 
from Poland. 

The work of the sub-commission is a long-term 
project. Although the commission has now been work
ing actively for about five years only, a brief report 
on the work done to date would be in order. At the 
first meeting (Aulanko) it was pointed out that the 
main tasks of the different working groups of the 
sub-commission are : to compile a report on work 
done before, related to the problems (bibliography, 
maps, other important data, etc.), to encourage research 
work in progress, to create new research proj.ec:ts, 
especially also in related geophysical fields, and to 
begin to collect up-to-date data for preparing a seis
micity map of the area with precise conclusions. 

We will now briefly describe, some of the work done 
so far. 

Bibliography 

The material has been collected from different 
countries up to 1962 incl. Finland already had a 
printed bibliography up to 1962 at the Aulanko 
meeting and promised to print the whole compiled 
bibliography. Printing has been delayed, however, but 
will be ready for the next meeting (1972) . 

Maps 
The seismic1ty maps of the area concerned have 

been published up to 1950; Kjellen's list of earth
quakes in Sweden goes back to 13 7 5 and Sahlstrom' s 
map of the whole of Fennoscandia 1600-1930, Ren
qvist's ma:p of Finland 1600-1930 and Bath's map of 
Fennoscandia contain data up to 1950-. More recent 
seismicity study has been published at least by Pana
senko [4). 

The main task of the sub-commission is to prepare 
a precise seismicity map of the Shield. This is a 
large undertaking and needs lots of new and modern 
research results. It was proposed at the Aulanko 
meeting that this work be begun by preparing epi
center maps using the data since 1950. 

The present result concerning earthquakes in Finland 
1950-1970 (by Penttila) is given in the appendix to 
this report. 

Travel time curves and velocities 
Since the Aulanko meeting there have been three 

summarizing works published on this subject : by 
Sellevoll 1964 [5], Dahlman 1967 [6] and Penttila 
1969 (7). These works are directly related to the 
results of the deep seismic soundings in Fennoscand.ia. 
The projects are being continued and depend_ main_ly 
on the activity of the sub-commission for explosion seis
mic work in Northern Europe. 

The following important projects are still in pro
gress : 

- explosion seismic profile Scotland - Lake 
Ladoga promoted by the ESC, 

- a proposal for a joint deep seismic sounding 
project between Finland and the USSR was made by 
Finnish scientists to their Soviet Colleagues in Lenin
.erad in 1968; three profiles cross the Gulf of Finland 
(North - South direction) and one long profile from 
Southern Finland up to the Kola Peninsula (SS:W
NNE direction). 

It should be pointed out here that deep seismic 
sounding profiles have also been made in Soviet 
Karelia, Litvinenko (8, 9). 

I would like to add that concerning velocities . we 
lack data on the northern part of the Baltic Shield 
and the sub-commission hopes that in the near future 
the necessary field work will be organized together 
with neighboring countries .. 

Tilt measurements, 
On the Soviet side the importance of establishing 

a tilt measuring station net for the whole Baltic Shield 
has been pointed out. There has so far only been tilt 
stations in the USSR at Kola. Finland has at present 
bought Soviet-made tilt apparatus for two stations. 
The equipment for four more stations has been ordered. 
A Finnish station net will be established in collabora
tion with the Finnish Geodetic Institute. 
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Origin of earthquakes 

So far it has not been possible to determine magni
tude, depth, focal mechanism, etc. of the earthquakes 
in the area. It is the extremely important task of the 
sub-commission to ask the participating countries to 
make all possible efforts to make these studies in the 
nearest future. 

In a brief report, like this, it is impossible to make 
references to all the important studies done on the 
seismicity and related phenomena of the Baltic Shield 
in 1964-1970. Many studies which should have been 
referred to have passed unnoticed here. 
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APPENDIX 

Earthquakes felt in Finland 1950-1970 

Origin time Coordinates Intensity References 

1. 1951 1953 Several 60.5°N 26.0°E Siren et al 1954 
events 

2. Nov 22, 1953 21-55- 66.0°N 30.0°E III Siren et al. 1954 
3. Feb 03, 1956 12-33- 61.0°N 25.8°E IV Vesanen 1956, Vesanen 1957 
4. Feb 13, 1956 08-08- 61.0°N 25.8°E III Vesanen 1956, Vesanen 1957 
5. Dec 24, 1956 18-31-22 65.7°N 27.4°E IV Porkka et al. 1958, Vesanen 1958 
6. Jul 02, 1957 09-17-06 62.8°N 20.8°E Penttila 1960 a 
7. Feb 25, 1958 09-18-22 62.3°N 20.0°E Penttila 1960 a 
8. Dec 08, 1958 16-06-39 67.2°N 23.5°E Penttila 1960 a, Vesanen 1960 
9. Jul 22, 1959 07-44-22 61.1°N 20.3°E Pentilla 1960 a, Miyamura et al. 1964 

10. Feb 20, 1960 00-52-51 66.6°N 28.4°E Penttila 1960 b, Kataja 1961 a, Miyamura et al. 1964, 

Vesanen 1960, 1963 
11. Mar 03, 1960 20-52-40 66.6°N 28.2°E Kataja 1961 b, Vesanen 1963 
12. Dec 05, 1960 03-19-10 66.5°N 29.0°E Kataja 1961 b, Vesanen 1963 
13. Jan 28, 1961 10-30- 67.2°N 24.0°E III Kataja 1961 b, Vesanen 1963 
14. Feb 17, 1961 03-21-50 65.1°N 23.9°E Kataja 1961 b, Miyamura et al. 1964, Vesanen 1963 
15. Mar 10, 1961 00-11-48 67.4°N 26.6°E Kataja 1961 b, Vesanen 1963 
16. Mar 21, 1961 11-19- 66.2°N 28.7°E Kataja 1961 b, Vesanen 1963 
17. Jun 28, 1963 21-00- 66.3°N 29.0°E IV Korhonen et al. 1964 
18. Jul 29, 1963 20-15- 64.7°N 24.5°E III Korhonen et al. 1964 
19. Jui 31, 1963 00- 63.6°N 25.9°E III Korhonen et al. 1964 
20. Aug 01, 1963 16-02-10 62.4°N 27.6°E VI Korhonen et al. 1964, Talvitie 1967 
21. Jan 11, 1964 13-45- 62.5°N 27.4°E III Korhonen et al. 1964 
22. Mar 28, 1964 03-10- 62.6°N 22.5°E III Korhonen et al. 1964 
23. Jan 23, 1965 11-09-33 65.0°N 22.7°E v Korhonen 1966, Kataja et al. 1968 
24. Mar 20, 1965 02-44-57 67.4°N 25.8°E v Kataja 1966, Kataja et al. 1968 
.,5. Feb 05, 1966 06-25- 65.7°N 27.4°F III-IV Kataja et al. 1968 
26. Jan 10, 1967 09-10- 66.4°N 24.5°E III-IV Kataja et al. 1968 
"1.7. Apr 07, 1967 16-04-17 67.3°N 26.3°E III-IV Kataja et al. 1968 
L8. Jui 22, 1967 19-22-20 66.1°N 26.7°E III Kataja et al. 1968 
29. Nov 07, 1967 06-32-12 66.0°N 27.4°E IV Kataja et al. 1968 
30. Dec 19, 1967 18- 66.2°N 25.3°E IV Kataja et al. 1968 
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31. Aug 06, 1968 21-15-44 65.95°N 26.25°E III Kata j a et al. 1968 
32. Sep 02, 1968 21-34-39 67.0°N 24.o-0E III-IV Kataja et al. 1968 
33. Sep 04, 1968 17-09-14 67.0°N 23.8°E IV-V Kata j a et al. 1968 
34 Jan 13, 1969 18-04-52 67.5°N 24.6°E 
35. Feb 15, 1969 04-31-21 64.7°N 22.8°E 
36. Mar 24, 1969 10-59-27 67.2°N 27.3-0E 
37. May· 01, 1969 00-35-20 65.2°N 27.9°E 
38. May 23, 1969 18-40-25 66.0°N 26 . .5°E 
39. Mar 28, 1970 07-28-06 67.3°N 23.9°E 
40. Jun 14, 1970 17-33-51 65.0°N 22.1°E 
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THE NEWEST MOVEMENTS ANH SEISMICITY 
OF THE BALTIC SHIELD 

by G.D. PANASENKO 

The different aspects of the question concerning the 
relation of seismicity and the newest and recent 
movements of the crust of the Baltic Shield was 
repeatedly discussed. Up to the present this question 
remains unresolved and is one of the most significant 
questions in the discussion on the nature of seismic 
effect in Fennoscandia. 

The first investigation results of late-postglacial 
uplift of the Baltic Shield as compared to the distri
bution of the earthquakes epicentres on its territory 
showed the timing of the main mass of earthquakes 
to the maximum of the arch uplift of the · shield and 
to the coastal 'zones of Norway. Many considered this 
as a causal stipulation of earthquakes to the recent 
uplift of the country. 

The most distinctly this idea is laid down by 
A. Hogbom (1912), K.E. Sahlstrom (1930), and 
M. Bath (1953). The latter, in fis substantiation of 
casuality of .seismic effects of the Baltic Shield from 
its recent glacio-isostatic arch uplift, gives the evalua
tion of energetic balance of both events which has 
shown the commensurability of the stress rise energy 
of the crust as a consequence of the recent arch uplift 
and energy .generated by the earthquakes. 

In recent years essentially different viewpoint is 
being expressed. In 1953 0. Holtedahl (Kvale, 1960) 
paid attention to the fact that the .development of the 
newest crustal movements are controlled by the geofo
gical structural elements and, accordingly, drew the 
conclusion concerning the minority of post-glacial 
uplift in the neotectonic life of the Baltic Shield. 
Resting on the facts of the close timing of pleisto
seismic zones of the number of earthquakes in Norway 
to the old tectonic disturbances; historico-archeological 
data regarding the stability of the Norway coasts 
during the last 700-800 years; the data of repeated 
levelling in the Oslo district showing no predominance 
of vertical movements of any sign during the last 
100 years, A. Kvale (1960) suggests that at least in 
the vicinity of the coastal zones of Norway the recent 
movements of the crust are unaffected by glacio
isostatic processes and have pure tectonic nature. 

It is worth noting that all the investigations men
tioned above were carried out on the earthquake data 
obtained with few exceptions by means of non-instru
mental observations, and on the geologo-geomorpho
logical materials about late-postglacial uplift, giving 
merely tentative rate evaluation of those movements. 

In connection with the preparation and conducting 
the works according IGY-IGC programme in 1955-
1960 the number of seismic stations on the territory 
of the Baltic Shield has sharply increased and their 
localisation has improved. The equipment of stations 
by modern high-sensitive instruments essentially in
creased their registrating abilities. As a consequence, 

a considerable number of instrumental data regarding 
the Baltic Shield earthquakes is accumulated by the 
present time. The absolute rates of the recent verti
cal movements of the crust in Finland (Ka.ariainen, 
1963, 1966), Sweden (Asplund, 1969) and on the 
separate profiles in Norway (K vale, 1966) are obtained 
\\Tith a high degree of precision by the repeated 
levelling. The map of gravitational field of Fennos
candla is also compiled (Honkasalo, 1961, 1963, 1966; 
Shustova, 1966). All these materials haven't yet been 
subje:ted to the joint analysis and generalisation. 

The · very first observations made with a help of 
high-sensitive s.eismic apparatus showed the seismicity 
of the Baltic Shield to be characterized by not only 
relatively rare perceptible earthquakes having the in
tencities mainly of IV-V (very seldom they have 
higher intensities) but also by a significant background 
of very weak shocks registered mainly by the instru
ments of very high sensitivity (Porkka and Vesanen, 
1958a; Panasenko, 1959, 1965a, 1969). The charac
teristic feature of these microearthquakes is that in 
the frequency of their onset the diurnal and yearly 
periodicities are markedly expressed, which nature 
remains obscure (Vesanen, Porkka and Nurmia, 1960; 
Panasenko, 1959, 1965a, 1969). 

The instrumental data have not essentially changed 
the notion r·egarding th.e location of earthquake epi
centres within the Baltic Shield. The overwhelming 
majority of earthquakes are timed to the coastal zones 
of Norway forming the clusters of epicentres near the 
town of Bergen (Westland district) and by Lofoten 
Island (Nordland), in Oslo-V enern district, in the 
northern part of the Gulf of Bothnia, and in the 
Kuusamo-Oulu district in the central part of Finland. 
Among the earthquakes instrumentally registered in 
these regions the significant number are perceptible. 
Some of them had the intensity of IV-V and even VI. 
For example : the earthquakes registered on August 
26, 1956 30 km south-west from Sundsvill (Sweden) 
had the intensity of IV-V (Shalstrom and Bath, 1958); 
one of December 24, 1956 in Ranua and Pudasjarvi 
(Finland) had the intensity IV (Porkka and Vesanen, 
1958b); one of January 23, 1958 in the Sea of 
Norway 200 km to the north-west from Tronkheim 
had the magnitude 5 1/4 (Linden, 1959); the inten
sity of the earthquake of February 20, 1960 in 
Kuusamo was over IV (Penttila, 1960; Kataja, 1961); 
the earthquake of June 23, 1963 in Kuusamo had the 
intensity IV (Korhonen and Talvitie, 1964); the 
earthquake of October 18, 1962 near the Norway
Sweden boundary 120 km north-east from Oslo had 
the intensity V-VI and is considered to be one of the 
strongest in this part of Norway during the last 60 
years (Informatia TASU du 17.X.1962), and the 
intensity of the earthquake of December 15> 1962 



near the town of Bude (Norway) was over VI and 
caused some damages (Informatia TASU du 17 .XII. 
1962). This list may be continued but the data cited 
conclusively suggest the relatively high seismicity level 
of the Baltic Shield. 

Relatively small number of epicentres of principally 
weak earthquakes is distributed almost all over the 
whole territory of the Baltic Shield but still among 
them th7 tendency to concentration is noticed by 
approaching to the zones of increased seismicity men
tioned above. 

.~t present there is no possibility to give exact seis
m1city level characteristic of the main seismogenic zones 
of the Baltic Shield as the analysis of the instrumental 
data for the purpose of evaluation of seismic energy 
generated by the earthquakes in different zone has 
not yet been carried out. But already now the earth
quakes in the coastal zones of western and north
w~ste~n Norway are claimed to release notably more 
seismic energy than those in the northern part of the 
Gulf of Bothnia in Kuusamo-Oulu district. 

Re~atively high level of the seismicity in the zone 
covering Kandalaksha Bay and Kovdozer-depression 
appeared to be somewhat unexpected. Historico-lite
~ary 1:1ateri8:1s ~ontain the information regarding the 
intensive se1smtc manifestations in Kandalaksha zone 
in. t~e past. . But the poverty and incompleteness of 
~1s informa~1on led one to regard it with some scepti
CISm. And 1t was there that some significant earth
quakes occured during the last years; some of them 
were rather intensive. Among these are : the earth
quake of February 2, 1960 with the epicentre 70 km 
to the west from the town of Kandalaksha was of 
intensity V-VI with magnitude of about 4.8; the 
earthquake of July 4, 1962 with the ,epicentre 60 km 
to the south-west from Kandalaksha had the intensity 
IV and. magnitude 3.5; the earthquake of May 20, 
1967 with the focus under the bottom of Kanda
laksha Bay was registered to be of intensity V-VI and 
had the magnitude 4.7 + 0.3 (Panasenko, 1961, 
1969). From this zone the significant amount of 
weak imperceptible shocks was also registered. 

In the northern part of the Baltic Shield - in the 
coastal z~ne of ~he Barents Sea - the earthquakes 
~ei::e _registered in the past reaching at times the 
mtens1ty of V-VI and having the magnitude up to 5. 
lnst~umental observations since 1956 gave the infor
mation only on small number of weak imperceptible 
shocks connected · with this zone. But on the 24-th of 
O~ober 1968 this zone showed its activity by the 
seri7s of_ four shocks separated by short time intervals, 
?avin~ induced the earth surface shaking with an 
i1:1tens1ty of IV. The epicentre of this earthquake is 
situated near Kola; the magnitude of the last strongest 
shock was about 4.2. 

The intensity of the most earthquakes of the Baltic 
S~eld registered since 1956 was very weak. The ma
gnitude of the strongest ones .slightly exceeded 5. At 
~he. same time the materials of the previous years 
m~tcate the earthquakes on the territory of the Baltic 
Shield to be more intensive and of greater magnitude. 
The strongest earthquake of XX century was that of 
October 23, 1904 near Oslo, having induced the 
shakings in epicentre with intensity up to VIII, its 
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magnitude is evaluated to be 6.5 (Svedmark, 1904; 
Bath, 1956). 

According M. Bath's catalogue (1956) containing 
mainly macroseismic information regarding the earth
quakes in Fennoscandia during 1891-1950, S. Miya
mura (1963) has established the relationships between 
the magnitude and repetitiveness of the earthquakes 
for _the main seismogenic zones of the region. The 
obtained relationships indicate somewhat higher degree 
of seismicity of Westland, N ordland, and Oslo
Venern districts as compared with that of Baltic 
(Bothnian) and Karelian zones. The relationship 
mag?itud~-repetiti~eness for the northern part of the 
Baltic Shield denved also mainly on macroseismic 
materials (Panasenko, 1969) indicates approximately 
the same_ seismicity degree of this part of the region, 
a?d Baltic ~nd Karelian zones. The energetic seismi
c1ty evaluation of the part of the region showed the 
earthquakes of the north-eastern part of the Baltic 
Shield to generate about 1. 5 % of the total energy of 
all the Fennoscandia earthquakes though it occupies 
about 27 % of the total territory (Panasenko, 1965a, 
1969). The extrapolation of the relationship magni
tu~e-repetitiveness of earthquakes towards greater ma
gnitudes shows that even for more active seismogenic 
zones of the Baltic Shield the probah>le magnitude of 
the most intensive earthquake would not exceed 7 
(by the probability of its onset not more often than 
once in 100-1000 years). 

Because of still unsufficient density of seismic sta
tions on the territory of the Baltic Shield the deter
minations of focus depth for the most local earth
quakes, based only on the instrumental data, does not 
succeed. But it is possible almost for the all earth
quakes registered by no less than 3-4 stations to deter
min~ according the instrumental data (and for per
ceptibl~ earth~uakes also by macroseismic information) 
to which honzon of the crust this or that focus is 
timed. 

For ~e majority_ of the Baltic Shield earthquakes 
the foci are determmed to be deposited in the middle 
~ncl low h?riz.ons of the crust; some of them - by 
its sole. It 1s not excluded that the foci of the weakest 
shocks are deposited in the upper near-surface horizons. 
The preliminary evaluation of the statistic foci distri
bution of the local earthquakes according their depth 
(B~th? 1953; Panasenko, 1965a, 1969) shows that the 
vanatlonal frequency maximum refers to the depth of 
18-20 km and the mean foci depth (with the excep
tion of near-surface ones with H < io km) amounts 
approximately 25 km. 

Using the ,empirical formula of focus depth evalua
tion ac~ording the macroseismic effect M. Bath (1953) 
determined ~ome f~i being deposited at the depth of 
60-80 km, 1.e. deliberately lower the crust sole -
lower the M. These results appear to be hardly pro
bable and seemingly indicate the defect of the formula 
used rather than the availability of the deep-focused 
earthquakes within the limits of the Baltic Shield. 

~s a result of repeated levellings carried out on the 
territory of the southern and central parts of Finland 
(Kaariainen, 1963, 1966), Sweden (Asplund, 1969) 
and along the profile Heimsjo-Storli.en in Norway 
(Kvale, 1966) and their connection with the materials 
of mareographical observations on the coasts of the 



- 5'2 -

Gulfs of Finland and Bothnia, the Baltic and Norwe
gian Seas, there received the absolute values of the 
recent crust uplift velocity for the most part of the 
Baltic Shield. The highest velocity of the recent crust 
uplift is noticed in the northern part of the Gulf of 
Bothnia and amounts about 9 mm/year. As the dis
tance from this plac~ increases the velocity of the 
recent uplift of the crust gradually decreases - in 
south-eastern direction to 1 mm/year on the Karelian 
Isthmus; to the south - to 3 mm/year near Helsinki, 
and up to O by the tectonic boundary of Hercynides 
of the Scone Peninsula with the Precambrian of the 
Baltic Shield (the Scone Peninsula itself experiences 
the sinking with the velocity of the order of 0.5-0.7 
mm/year); in the western direction - up to 1.2 mm/ 
year near Hei.msjo situated on the Norwegian Sea 
coast. 

Thus, the geodetic data indicate that at the present 
time the crust of the Baltic Shield rises dome-like 
with the highest velocity in the northern part of the 
Gulf of Bothn.ia with the gradual periferical decrease 
of velocity toward the East, the South and the West. 
To the north from the Gulf of Bothnia the repeated 
levelling has not been carried out yet. It was not until 
recently that the first base levelling was performed so 
the repetition may be expected not earlier than in the 
eighties. But the mareographic observations on the 
northern coasts of Norway and the Kola Peninsula 
suggest the sufficiently less velocity of the recent crust 
uplift in the coastal regions. 

It is worth noting that the velocities of the recent 
vertical movement of the Baltic Shield crust obtained 
by repeated levelling are considered to be the mean 
values for the time interval between the first and the 
second levelling. Continuous observations of water 
level variations in the number of the large lakes in 
Finland showed the uplift velocity of the crust to 
change in time and these changes are of irregular 
character (Siren, 1963). 

The materials of geologo-geomorphological obser
vations convincingly suggest the significant decrease of 
velocity of the dome-like .uplift of the Baltic Shield 
earth crust begining from the late-postglacial period 
(Kaariainen, 1953; Sauramo, 1955; Lavrova, 1960; 
Hyyppa, 1963, 1966). The uplift velocity at all these 
stages following directly after the melting of the gla
cier was of .the order of 50-100 mm/year (Hyyppa, 
1966); according the calculation of E.V. Artjushkov 
1966 - up to 130 mm/year. 

The crust of the Baltic Shield structurally is 
known to represent the mosaic from separate blocks 
of different size and different configuration in plane. 
The mean size of the blocks is of the order of 100 
X 100 km; in the central parts of the Shield they 
are probably of the greater size ( Artjushkov, 1966). 
All these blocks take part in the general dome-like 
uplift of the Shield and, at the same time, they 
perform the autonomous vertical movements sometimes 
disharmonic with those of the adjacent blocks. The 
contrast block movements of the post-glacial period 
are geologically registered in the most regions of the 
Baltic Shield. 

But whereas the vertical block movements and the 
domelike uplift of the Baltic Shield crust are dis-

tinctly fixed geologically and registered instrumentally, 
the geological indications of the contrast block repla
cements in the horizontal direction are met very rarely 
and are related principally to the remote geological 
past. The instrumental data which could directly indi
cate the recent horizontal interblock movements, are 
still not available. 

However, there are some instrumental data indirectly 
indicating the probability of these movements. Ana
lysing the tectonic environment H. Renquist (1951) 
suggested the probable availability of horizontal stress 
in the Baltic Shield crust in particular between the 
Gulf of Bothnia and the White Sea. Later on this 
suggestion was confirmed by measurements of the rock 
tension in the mines of Sweden (Therzaghi, 1960) 
and on the Kola Peninsula (Turtshaninov a.rid Markov, 
1966). The measurements made in conditions close 
to the natural deposition of the rocks in massif 
identified the availability of the significant horizontal 
component exceeding by many times the designed 
lateral thrust from the weight of overlying rocks -
up to 40 % from the limit of rock strength in 
monolith by uniaxial compression. 

From the viewpoint of apprehension of the recent 
crust movement character of the Baltic Shield the 
results of tiltmeter observations carried out conti
nuously from 1959 at the station « Apatity » (Kola 
Peninsula) are of especial .interest. The notable « secu
lar » course of the earth surface dip was brought 
out by these observations. In 1959-1969 it was deve
loping in the south-western direction with the average 
vdocity 7-8 arc sec/year. The available geologo
geomorphological data regarding the recent move
ments of the Kola Peninsula crust cannot give any 
explanations of such intensive « secular » dip of the 
earth surf ace in the station region. The observed 
velocity of its development is 2-3 orders higher than 
that which may be expected from the dome-like 
uplift of the Baltic Shield or from the lateral uplift 
near the Khibina massif. The assumption of cyclic 
recurrence in the «secular» dip development stipu
lated by undulating pulsations of the earth surf ace 
with the period of 20-30 years, the wave length of 
the first kilometres, and by the double amplitude of 
vertical pulsations in the limits of the first two tens 
of centimetres is the only probable explanation 
(Panasenko, 1965 a,b; Panasenko, 1966). 

Unfortunately, the station « Apatity » is still the 
only point on the Baltic Shield territory where conti
nuous tiltmeter observations are being carried out and 
where the homogeneous row of such prolonged obser
vations is obtained. To date this rules out the pos
sibility of correlation the development character of the 
«secular» dips of the earth surface in different points 
of the region and to draw the more definite conclu
sion concerning their nature. The appropriate develop
ment of such tiltmetric observations in different points 
of the Baltic Shield would undoubtedly favour the 
progress of investigations of nature and dynamics of 
the recent crust movements of the Baltic Shield 
(Panasenko, 1967). 

The materials cited above show the multiformity 
of recent movements of the Baltic Shield crust, the 
simplicity of combination of movements different by 



their nature, character, and order. The most distinctly 
and, above all, very trustworthy are separated : the 
general dome-like crust uplift of the region - move
ments of the 1-st order, and the autonomous block 
movements - movements of the 2-nd order. The 
undulating earth surface pulsations observed by the 
tiltmetric observations which are probably to be refer
red to the movements of the 3-d order cannot be 
considered as definitely estimated for above mentioned 
reasons; they are still to be confirmed. 

Many investigators, such as B.L. Litshkov (1931), 
B. Gutenberg (1941), D.G. Panov (1948), K.K. Mar
kov (1960), et all. connect the general dome-like uplift 
of the Baltic Shield crust with the post-glacial isostatic 
levelling of the region. However, as it is pointed out by 
A.D. Arkhangelski (1933), E.N. Lustik (1956, 1957), 
T. Honkasalo (1961, 1963, 1966), L.E. Shustova 
(1966), E. Kaariainen (1969), et all. the gravitation 
field shows the Baltic Shield crust to be close to the 
isostatic equilibrium. And the only probable reason 
causing its recent uplift, according H. Stille (1957), 
might be the movements having begun within the Shield 
long before the glaciation, - no less than 20 mln years 
ago. Glacio-isostatic processes undoubtedly occured 
soon after the ice-sheet melting but by the present 
time they have grown rather weaker and are hardly 
exhibited (Metcheriakov, 1961; Nikolaev, 1966a, b, 
1967). 

Block movements are probably the ·derivatives of 
the general dome-like uplift of the Baltic Shield. But 
the block formation itself is not to be considered as 
the consequence of this uplift. The calculations ma.de 
by T.J. Kukkamaki (Kaariainen, 1969) showed the 
tensions originating in the crust as a r·esult of its 
bending induced by the recent arched uplift of the 
Shield to be very small in comparison with the 
strength of rocks and by no means could be the cause 
of its splitting into blocks. It is known that block for
mation in the Baltic Shield crust is connected with the 
powerful orogenic movements, mainly in Archean and 
Proterozoic periods. 

Under conditions of block splitting of the crust its 
dome-like bending may cause the origination of ten
sions in the crust and their concentration in the zones 
of adjacent blocks joint. It is likely that in some 
mostly weakened places these concentrated tensions may 
exceed the forces of interblock adhesion, produce the 
relative displacements of blocks, and discharge in the 
form of earthquakes. The close connection between the 
earthquakes of the Baltic Shield with the block 
movements of ·the crust is dearly illustrated by N.I. 
Nikolajev (1966a, b), who made the comparison of 
dome-like uplift diagram on the latitudinal section 
through Fennoscandia with the distribution of seismic 
activity along this section. The hypothesis concerning 
the causal stipulation of the seismic manifestations of 
the Baltic Shield upon the block movements is confirm
ed by close connection of earthquakes with « living » 
tectonic faults, lineal structure of seismogenic zones, 
and by distribution of earthquake foci all over the crust 
strata. 

The dome-like bending of the Baltic Shield crust 
and the autonomous block movements may be to a 
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cer tam degree the cause of intensive fracturing of near
surface layers of Precambrian rocks composing the 
Shield's body. It is not excluded that a number of 
weak shallow-focused seismic shocks is stipulated by 
jointing of the upper horizons of the crust - by 
formation of the new or the growth of the earlier 
originated fractures. 

The movements of the 3-d order - the undulating 
pulsations of the earth surface, the tidal fulctuations 
of the crust, microseisms, etc., seem to ·be only the 
trigger mechanism in the development of the seismic 
processes of the Baltic Shield. 
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STUDY OF THE CRUSTAL STRUCTURE 
OF THE RUSSIAN PLATFORM BY THE DISPERSION 

OF SURFACE WAVES VELOCITIES 

by G.N. MARTANUS and L.N. PASHKOVA 

The present communication is the continuation of 
the investigations on the structure of the Earth crust 
of the Russian Platform by the dispersion of phase and 
group velocities of surface waves [ 1], [ 2]. Unlike the 
previous papers, the authors used the ·records of surface 
waves from local earthquakes with epicentral distances 
~ = 500 - 2000 km. The location of stations and 
epicentres are given in figure 1. The interpretation 
of phase and group velocities using DSZ data is 
assumed to decrease ambiguity of the determination 
of the Earth's crust structure. 

The data of two Turkish earthquakes recorded at 
the seismic stations << Sochi »,. « Moskva », « Pulkovo » 
were used to study the structure of the Russian Platform. 
The records of the earthquake occured on March 7, 

Fig. 1. - Scheme of location of the seismic stations Moskva 
(Msk), Pulkovo (Plk) and Sochi (Sch) and earthquakes' 

epicenters denoted by sign. · 

1966 are shown in figures 2a, 2b, 2c. The records 
of earthquakes occured in the Caspian Sea and 
registrated at the seismic stations « Moskva » and 
« Puilkovo » ( fig. 3a, 3b) were used to study the 
structure of the Rus1sian Platform in the south~eastem 
direction. The earthquakes data are given in table 1 ~). 

The phase velocities of Rayleigh surf ace waves were 
calculated as usually by a simplified method « peak 
to peak» and with the· help of the Fourier spectral 
analysis of records [ 4] when digitized recoirds of 
surface waves registrated at two stations were used. 
To obtain the phase and the amplitude_ spectra the 
program written by V. Ma:rkushevich . 01 was used. 

Now we shall consider in m;re details the record 
of surface waves from the earthquake occured on 
March 7, 1966 (fig. 2a, 2b, 2c). We consider that the 
fundamental tone of Rarleigh surface wave is limited 

Table 1 

Coor-
Earth- Data · Time of din ates Magni-
quake occ1.1;·r~nce of tude 

epicentre 

1 7.III.1966 01-16-09 39.2°N 5 1/2 Turkey 
41.5°E 

2 20.VIII.1966 11-59-13 39.7°N 6 Turkey 
41°E 

3 20.IV.1966 16-42-08 41.8°N The Caspian 
48.2°E Sea 

4 27.1.1.963 19-35-11 40.8°N 5 1/2 ---:-:- 1' 
49.8'0E 

5 13.V.1968 02-46-40 43.6~ near Sochi 
40.6°E 

6 18.VIII.1959 06-37-18 44.5°N 7 1/2 Rocky 
lll.0°W Mountains 

7 28.III.1963 00-15-50 66.s-0N 5 T4e _Green-
19.5.;~ lancUan 

Sea 

8· 15.X.1963 09-59-26 67.2°N -5 Iceland 
18YW 

* Below in the text the sy~bols Msk, PI~ .. and Sch . will 
be used. - -· 



in time by the interval from 1 = t,,./Umax to 
t = A/Umin, where Umax = 4.0 km/sec and 
Umin = 3.0 km/sec. At the moment t = t,,./U, where 
U = 3.0 km/sec, the arrival of a new wave is seen on 
the seismogram ( on fig. 2a, 2b, 2c is marked by 
the pointer) . 

The choosen interval of the surface wave was digitized 
at intervals oft = 0.4 sec. 

The phase and amplitude spectra were determined 
at the period range from T = 10 sec to T =l 60 sec. 
The phase spectra were corrected for phase shift of 
instrument. 

Pa!A-ovof SV~-1), 
LJt=llO, ?-&-1966 

Fig. 2a. 

Mos/row SVK-JJ 
Ate8.~~ 7--.ui--~6 

.5ocltz", SVK-JJ, 
d ~ -233 ~ 7-.iif-1966 

_fig.2c 

Fig. 2. 
a) example of record of surface wave from the earthquake 

occured on March 7, 1966 registrated at the seismic station 
Plk 

b) the same - at the seismic station Msk 
c) the same - at the seismic station Sch. 

As a result, phase velocities for the periods T = 10-
50 sec have been obtained along the profile between 
the stations « Sch » - « Plk » and « Sch » - « Msk » 
( fig. 4). The epicenter of the earthquake, the seismic 
stations « Sch » and « Plk » are at one arc of the 
great circle and the profile « Sch » - « Msk » is at an 
angle o.f 8° to the a·rc of the great circle connecting the 
epicenter with the station « Plk ». Figure 4 shows the 
difference between the phase velocities curves for the 
profiles « Sch » - « Msk » and that of « Sch » -
« Plk » at the period interval from 19 sec to 35 sec. 

56 -

Pu!.kovo SVK:D 
At:::: -10.48 

I 27-1-1g53 

Moskow, SVK-J), 
L!. t" 179 ", 27-!li~ l!16d 

~f~~~ 
Fig. 3. 

a) example of record of surface wave from the earthquakes 
occured on January 27, 1963 registrated at the seismic 
station Plk 

b) the same - at the seismic station Msk. 

This difference can be caused by different geologica.l 
structure of the area between stations « Sch » - « Msk » 
and« Sch » - « Plk ». The direction« Msk » - «Plk» 
is deviated from the arc of the great circle passing 
across « Plk » at an angle of 24'0 for the earthquake 
on March 7, 1966. Therefore it is difficult to inter
pretate the obtained phase velocities at this region 
( fig. 4). This discrepancy largely refers to different 
structures along the pathes : the epicenter - « Plk » 
and the epicenter - « Msk » but not to the structure 
along the short path « Plk » - « Msk ». Figure 5 
illustrates an analogous example [5]. 

The phase and group velocities at the region 
« Msk » - « Plk » were determined from the records 
of the Caspian earthquakes ( fig. 6, table 1). Figure 6 

JS ... -./ 
Jl¥X-2 
ooo-.3 

lO 1-----+-----+-~~~----i-~-~-+-~~-~ 
21) j/) 1,1) .ftJ Tsr·c· 

Fig. 4. - Observed values of phase velocities from the earth
quake occured on March 7, 1966 along the path Sch - Plk - 1, 
Sch - Msk - 2, Msk - Plk - 3, obtained from phase spectra 
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Fig. 5. - Phase velocities obtained by the triangle of stations : 
1 - in the case when a side of a triangle coincide with the 

direction of wave' s propagation, 
2 - when a side of a triangle deviates from the direction of 

wave's propagation at an angle of about 20°. 

also shows the results of previous studies [ 1 J, [ 2 J 
- the values of phase velocities of surface waves 
arrived from the opposite direction from distant earth
quakes. Group velocities both from local and di'Stant 
earthquakes have been obtained graphically [ 6]. Solid 
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Fig. 6. - Values of phase and group velocities of Rayleigh 
waves along the path Ms - Plk : 

1 - from five earthquakes (see [1}, (2} ), 
2 - from the earthquake occured on April 20, 1966 (phase 

and group velocities), 
3 - from the earthquake occured on January 27, 1963 (pha

se and group velocities), 
4 - from the earthquake occured on March 28 1963 ( wave 

from the opposite direction), (group velocities), 
5 - from the earthquake occured on October 15, 1963 (wave 

from the opposite direction), (group velocities). 

Solid lines - theoretical dispersion curves of group and phase 
velocities of Rayleigh waves calculated for the model 1051/10 

with the following parameters : 

ai bi Pi hJH 

1 4.0 2.0 2.2 0.1 
2 6.0 3.45 2.7 0.4 
3 6.8 3.95 2.9 0.5 
4 8.1 4.70 3.3 oo 

Figures near the curves (H := 35 and H := 40) denote the 
· crust's thickness H in km. 

C,/1"'"/,,c 

3.0 

IO .20 4() Tsec 
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Fig. 7. - Values of phase and group velocities of Rayleigh 
and Love waves along the path Sch - Plk : 

1 - from the earthquake occured on March 7, 1966, 
2 - from the earthquake occured on May 18, 1959 ( wave 

from the opposite direction from distant earthquake), 
3 - from. the earthquake occured on March 7, 1966 (group 

velocity), 
4 - from. the earthquake occured on August 20, 1966 (group 

velocity), 
5 - from the earthquake occured on May 13, 1968, 
6 - from the earthquake occured on May 13, 1968 

(Love wave, N-S component), 
7 - the same (E-W component). 

Solid lines - theoretical dispersion curves of phase and group 
velocities of Rayleigh waves and that of group velocities of 
Love waves for the model 106 with the following parameters : 

at bi Pi hi/H 

6.0 3.45 2.7 0.6 
6.5 3.95 2.9 0.4 
8.1 4.7 3.3 oo 

Figures near the curves denote the total thickness H of the 
Earth crust in km (H = 40, 42, 45 km). 

lines are the theoretical dispersion curves of phase and 
group velocities of Rayleigh waves for the Russian 
Platform (model 1051/10 - the crust with a sedimental 
~ayer [ 15]. ~s is seen from figure 6, some discrepancy 
is observed m the Earth crust structure obtained by 
phase and group velocities. In the given case more 
reliable determinations are made in calculating the 
phase velocities, and the Earth crust can be considered 
as consisting of three layers with the following 
parameters : the thickness of the ·sedimental layer h.0 is 
3.5 - 4 km ; the thickness of the first layer h1 = 14 -
16 km and the thickness of the second layer 
h12 = 17 - 20 km when the total thickness of the crust 
H = 35 -40 km. 

The vailues of phase and group velocities of Rayleigh 
and Love waves for the path « Sch » - « Plk » are 
plotted on figure 7. 

The phase velocities were obtained from phase 
sl?ectra from local earthquakes with the epicentral 
distance .~ = 51 7 km to the seismic station « Sch » 
and that were obtained by « handmethod » from the 
pha:se spectra from the distant earthquake with 
A = 8 OOO km to the station « Plk ». The coincidence 
of the values of the velocities from these earthquakes 
make it possible to draw the conclusion about the 
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Fig. 8. - Values of phase and group velocities of Rayleigh 
waves along the path Sch - Msk : 

1 - from the earthquake occured on March 7, 1966 
2 - from the same earthquake (group velocities) 
3 - from the earthquake occured on August 20, 1966 
4 - from the earthquake occured on May 13, 1968. 
Solid lines are the theoretical dispersion curves of phase and 
group velocities of Rayleigh waves calculated for the model 

106 with parameters ( see Fig. 7). 
Figures near the curves give us the total thickness of the 

Earth crust in km (H = 40, 42, 45 km). 

reliability of the obtained experimental results from 
such complica.ted record of an earthquake as the record 
at the station « Sch » ( fig. 2c). 

The determination of phase and group velocities of 
Rayfoigh and Love waves carried out for the path 
« Sch » - « Plk » ( obtained from near and distant 
earthquakes) agree well with the theoretica:l dispersion 
curves cakulated for the model 106 without a sedimental 
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Fig. 9. - Group velocities of Rayleigh and Love waves from 
two Caspian earthquake (January 27, 1963 and March 20, 

1966) : 
1 - to the seismic station Msk (March 20) 
2 - to the seismic station Msk (January 27) 
3 · to the seismic station Plk (January 27) 
4 - to the seismic station Plk (March 20) 
5, 6 - to the seismic station Plk (March 20) 
(group velocities of Love waves by N-S and E-W components). 
Solid lines are the theoretical dispersion curves of group 
velocity of Rayleigh waves calculated for the model 1051/10 

with parameters (see Fig. 6). 
Dashed lines are that for Love waves. 

Figures near the curves denote the total thickness of . the Earth 
crust in km (H = 35, 40, 45 km). 

layer [ 15]. The thickness of the Earth crust at the 
region is estimated to be 42 km. 

The conclusion about the structure of the Earth 
crust along the path can be made from the data about 
phase and group velocities of Rayleigh waves (fig. 8) 
obtained from near by earthquakes. The values of group 
velocities agree with the theoretical curve calculated 
for the model 106 for H = 40 and 45 km whereas 
the values of phase velocities deviate from the 
theoretical curve at the period range from T = 20 sec 
to T = 3 7 sec. Th~ above described discrepancy for 
phase and group velocities from theoretical curves may 
result from some difference between pathes along 
which the determination was made. Phase velocities 
have been determinated at the region between the 
stations « Sch » - « Msk » and group velocities -
along the path epicenter - the Black Sea - « Sch » 
- « Msk ». It is prematurely to choose the improved 
model for this area of the Russian Platform for lack 
of limitation of experimental data. 

Figure 9 shows the group velocities of Rayleigh and 
Love waves from the Caspian earthquake. They are 
compared with the theoretical curves for the three
layered model of the Earth crust with a sedimental 
layer ( model 1051 / 10 [15]). The thickness of the 
Earth crust H may be estimated to be 40 - 45 km with 
the thickness of the sedimental layer h,0 = 4 - 4. 5 km. 

On the strength of all our investigations, the crust 
of the Russian Platform in the south direction from 
the station Pulkovo tentatively consists of two layers 
with the totall thickness of 42 km, and in the south 
- eastern part - of three layers : two layers of the 
Earth crust and the sedimental layer with total thickness 
of 40 - 45 km. This preliminary conclusion agrees with 
geological data for the Russian Platform (7, 8, 9, 10, 
11, 12, 13, 14). 
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COMPUTATION OF STRATA THICKNESS 
ON THE BASIS OF CODA WAVES 

I 
by E. BISZTRICSANY 

According to previous studies between magnitude· of 
shallow focus earthquakes and the duration of surface 
waves the following connection holds (1] 

M = a log t + b AO + c (1) 

where M denotes the magnitude of the earthquake, 
AO the distance from the epicentre in degrees and t 
the duration of surface waves in minutes. Using the 
least squares the values of the constants a, b, c can 
be calculated. The value of b was small in all cases, 
so that it could be neglected in the vicinity of the 
epicentre. 

The fact that the duration of surface waves depends 
exclusively on the magnitude in the vicinity of the 
epicentre, raised the question, what the cause of the 
low value of « b » might be. Thus, attention was 
directed towards studying the coda waves (2). In the 
course of this study the most obvious explanation 
seemed to be that the coda waves should be looked 
upon as plate vibrations (3]. Hardtwig [ 4) explained 
a simple method for treating microseismic activity as 
plate oscillations, so it seemed to be practical to adopt 
his theory for our purposes. Since the theory holds for 
Rayleigh waves, only the waves furnished by the ver
tical seismometer have to be taken into account. We 
applied the theory of Hardtwig to the coda waves in 
the following manner. 

We have taken samples of coda waves of shallow 
focus earthquakes coming from an epicentral distance 
for which O < A0 < 50°, the samples had been taken 
so that we should have data at our disposal concerning 
the whole length of coda waves if possible. Generally 
we took 20 data from the seismogram of an earth
quake. Our first study-series was made on the obser
vations of the Kirnos-seismometer of Sopron 

(V = 600, T11 = 12,5 sec, Tg = 1,25 sec). 
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Data contained the half wave's period, which had 
to be doubled of course, and the amplitude connected 
with the half-wave. We got three frequency peaks 
(Fig. 1) at 6,8 and 10 sec. The locations of the 
frequency maximum was independent of the epicentral 
distances. 

A very simple formula was deduced by Hardtwig 
for the connection of Rayleigh waves and strata
thickness; this is as follows : 

Zo = 
T. T' In (Z'/Z) 

(T' ~ T) o, 772 
(2) 

where Zo represents the thickness of the layer T and T' 
are two neighbouring periodes in the vicinity of the 
frequency maximum as shown above, Z and z· are 
the displacement of groun.d particles belonging to T 
resp... T'. If we took the Z and Z' amplitude values 
corresponding to T resp. T' - immediately from the 
seismogram, the z.0 values would scatter strongly. 
Therefore it is more practical to construct the Z 
= f (T) function. 

At first only such waves were used where the 
amplitudes changed fast with time. Here we got from 
183 data (Fig. 2) applying the method of least 
squares the following formula : 

T = 4,28 Z - o,47 Z2 + 1,83 (3) 

Starting from the T, Z -values computed from 
equation ( 3) we calculated T, T' and Z, Z' series 
and we obtained at the locations of frequency maxima 
the following strata-thickness data : 

if 5,6 < T < 6,6, then the average z0 = 13,2 km, 
if 7,48 < T < 8, 7, then the average z:0 = 18,4 km, 
if 9,4 < T < 10, 7, then the average z0 = 29,65 km, 
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These values agree well with the structure in the 
vicinity of Sopron, computed on the basis of geo
physical measurements. In any case we have to verify 
whether the values obtained in the case o.f Sopron 
are comparable with values got at other stations. 
Therefore we carried out a similar computation using 
the 1100 data of shallow focus earthquakes observed 
by the Kirnos vertikal seismometer at Budapest. The 
epicentral distance was the same as before : O < a O 

< 50°. The frequency maximum of periodes was 
found here too around 8 and 11 sec. (Fig. 3). 

The Z = f (T) function obtained from these 
1100 data is as follows (Fig. 4). 
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By means of this formula we got the following 
values for strata thickness 
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We can see from Fig. 4, that the spreading of 
Z = f (T) data is rather great. Therefore nearly 
half of seismogram was separated where the spreading 
of coda waves was smaller (Fig. 5). The summing 
up of this Figur,e 5. can be seen on Figure 6. The 
following second degree curve was computed by means 
of least squares method : 

Z = 0,035 'f2 

The discrepancy between two equation is small 
therefore the thickness of layers are also agreed. It 
can be seen on next table 

if T = 8 sec z0 = 22,2 km 

if T = 11 sec z0 = 27,8 km 

The values for Conrad and Mohorovicic disconti
nuities obtained from the Budapest data agree well 
with those calculated for the Hungarian basin by 
means of seismic investigations. The frequency maxi
mum around 6 sec was not present in the data of 
Budapest, thus the level around 13 - 15 km was also 
absent. 

This fact agrees well with the magnetotellurical 
results, according to wich the low resistivity layer is 
present in this depth only in the vicinity of Sopron. 
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At last a picture of long period noise will be shown 
originated with Uwe Walzer Fig. 7 (5]. If we com
pare it with Fig. 7, the great similarity can be seen. 
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COMPARISON OF SHEAR WA VE VELOCITIES 
IN THE CRUST AND UPPER MANTLE 

BETWEEN THE SHIELD AND ISLAND ARC STRUCTURES 

by I. NOPONEN * 

Measurements of surface wave phase velocities and 
of Pn and Sn velocities are used to find the shear 
wave velocities and Poisson's ratios in the crust and 
in the mantle at depth shallower than 300 km both 
in Finland representing the Baltic Shield and in western 
Ja pan on a profile on the continental side of the deep 
seismic plane. 

To make an objective inversion of the measured 
velocities to a layer mode!l, the capability of surface 
velocity measurements to resolve details of the shear 
wave velocity measurements to resolve details of the 
shear velocity as a function of depth was studied. It was 
found that it is practically impossible to resolve shear 
wave velocities independently for every layer within a 

* Published under the name « Wave velocities in Crust and 
Upper 300 kilometers of Mantle in Western and Central 
Japan » in the Bulletin of the International . Institute of Seis
mology and Earthquake Engineering (Tokyo), Vol. 6 (1969), 
pp. 11-37. 

between homogeneous layers is less than two times 
the depth of the interface above. 

The elastic properties of the upper halves of the crusts 
seem to be similar in the two areas. 

The shear velocity on the top of the mantle is about 
0.4 km/sec higher in the Baltic Shield. This great 
differences diminishes with depth~ possibly disap
pearing around the depth of 300 km. The average 
shear wave velocity depth gradient in the mantle of 
western Japan is large and pooitive within the depth 
range 30 - 300 km, while in the Baltic and Canadian 
Shields it is zero or negative. 

Between the normal crust and mantle there is in 
central Japan an intermediate «layer» with P-velocity 
7.5 km/sec and S-velocity 4.1 km/sec. This layer has 
a thickness of several tens of kilometers, and its 
location on the profile coincides with the region of 
high heat flow on the continental side of the sejsmic 
plane. 



THEORETICAL SEISMOGRAMS FOR MODELS 
OF THE UPPER MANTLE IN EUROPE (*) 

by G. MOLLER and D. MAYER-ROSA ** 

ABSTRACT. - Theoretical P-wave seismograms have been computed for models 
of the upper mantle, derived by Jeffreys, Lehmann, Johnson and Mayer-Rosa, respectively 
The theoretical seismogram sections for the models of Jeffreys and Lehmann show only 
few later arrivals. Their amplitudes are mostly smaller than those of the first arrivals. 
For the models of Johnson and Mayer-Rosa, however, these later arrivals play an impor
tant role. The amplitude-distance curves of the four models show large differences. Only 
in the case of Lehmann's model, a pronounced shadow zone occurs. Its epicentral 
distance is about 11.,. For short period waves (periods of 1-2 seconds), there is no 
unique way to derive amplitude-distance curves for models which produce strong later 
arrivals. Only at longer periods ( 5 seconds and larger), amplitude-distance curves can 
be used as a check of velocity distributions derived from travel times alone. An 
example is given by comparing on amplitude-distance curve, derived by Vanek (1969) 
for earthquakes in SE-Europe, with a theoretical curve for Mayer-Rosa's model. 

1. Introduction 

During the past decade, our knowledge about the 
upper mantle of the earth has increased considerably, 
especially by studies on the propagation of body and 
surface waves. Compared with classical verlocity-depth 
distributions like those of Jeffreys and Gutenberg, 
much more structural detaHs are found in the results 
of modern interpretations. Geophysicists and geo
chemists begin to interprete · these details in terms 
of petrological properties of the material in the upper 
mantle. A second field of interest are lateral variations 
of the upper mantle which a-re believed to be related 
to large scale tectonic processes. Considering the 
importance of the conclusions, drawn from the results 
of interpretations in seismology, it is an urgent 
necessity that these interpretations extract a maximum 
of information from the observations. If we look, 
under these aspects, at the interpretation of body 
waves from earthquakes and explosions, we find that 
the usual travel time interpretations neglect practically 
all amplitude informations. This drawback has been 
recognized for a long time. It has stimulated much 
theoretical work on the propagation of body waves in 
layered media. Only in the most recent time, however, 
the methods for the computation of theoretical seis
mograms have been developed so far that calculations 
can be performed for models which are as complicated 
as those resuilting from modern travel time interpreta
tions (Fuchs 1968, 1970, Helmberger 1968, Muller 
1968, 1970). 

·* Contribution No. 148 within a joint research program of 
the Geophysical Institutes in West-Germany sponsored by the 
Deutsche Forschungsgemeinschaft (German Research Asso
ciation). - Contribution No. 65, Geophysical Institute, Uni
versity of Karlsruhe. 

** Dr. Dieter Mayer-Rosa, Dr. Gerhard Muller, Geophysical 
Institute, Univer-.ity of Karlsruhe, 75 Karlsruhe, HertzstraBe 
16, West-Germany. 

In this paper, we want to present and discuss 
theoretical P wave seismograms for upper mantle 
models, derived by Jeffreys, Lehmann, Johnson and 
Mayer-Rosa. Furthermore~ we shall present theoretical 
amplitude-distance curves for these models and discuss 
the problems connected with experimental amplitude
distance curves, derived from earthquake observations. 

We have used the ray~theoretical method for the 
computation of the theoretical seismograms (Muller 
1970). It is based on the exact or generalized ray 
theory and sums up the elementary seismograms of the 
most important seismic rays from the source to the 
receiver. There shOUJld be no confusion with the 
geometric ray theory. The layers of the medium are 
bounded by plane interfaces. The elementary seis
mogram of a ray is the convolution of an excitation 
function with the impulse seismogram which can be 
calculated ·rather easily in the case of a line source. 
We have used Garvin's method (Garvin 1956) which 
is ·essentially Cagniard's method (Cagniard 1962) for 
two dimensions. Our way of computing point source 
seismograms is to multiply each elementary line source 
seismogram by a constant which follows from a 
comparison of the high frequency or wave front 
approximations of the line source and the point source 
case. In our computer programs, we have not in<Jluded 
converted waves of the type compressional to shear 
to compresisional. This restriction to pure P rays is 
possible for media with moderate variations of the 
velocities and the density. Furthermore, the computa
tions of this report have been performed, for an 
explosive point source, ·radiating isotropically in all 
directions. 

Since our computational method refers to a model 
consisting o.f plane layers, we use an earth flattening 
approximation which ·replaces the sperical earth by an 
equivalent ( or nearly equivalent) flath earth. This 
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earth .tilattening approximation (EF A) does not change 
the density in the earth, but only the P and S velocities. 
They are multiplied by (R-z.0 ) / (R-z) where R is the 
earth's radius, z0 is the source depth and z the depth 
under consideration. This EF A has been derived by 
~imple physical arguments. Its properties a:re: 

( 1) The velocities at the source depth z.0 remain 
unchanged. Thus, the radiation by the source is 
unchanged. 

(2) The reflection and transmission coefficients of 
each interface, taken as functions of the angle of 
incidence, are ·identkal. 

(3) Rays, leaving the source at the same radiation 
angle in the spherical and the flat earth, intersect 
corresponding interfaces at angles which are 
equal. 

Therefore, the amplitude losses due to reflection 
and transmission of such corresponding rays are the 
same, but the amplitude losses due to the spreading 
of the wave front and the travel times differ. There 
is a close relation of this EF A for body waves to the 
EF A for surface waves, derived by Alterman, 
J arosch and Pekeris ( 1961) . 
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2. Theoretical seismograms 

Figure 1 shows, for the upper mantle model of 
Jeffreys (Bullen 1963) the two velocity-depth functions, 
the corresponding travel time curves and the theoretical 
seismograms for the vertical component of displacement 
at the earth's surface. Corresponding points on the two 
travel time cu,rves have differences in epicentral 
distance between O and 3 degrees and differences 
in travel time between O and 4 seconds. The numbers 
along the « flat » velocity-depth function denote the 
numbers of homogeneous layers, used for the approoci
mation of the corresponding linear segment of the 
velocity-density-depth distribution. For a source pulse 
with a duration of 2 seconds, the thickness of the 
homogeneous layers is about one wavelength. The 
theoretical seismograms include only the primary 
reflections from the 46 interfaces of the model. 
Multiple ·reflections play an unimportant role. 

The cha:racteristic features of the theoretical record 
section are the absence of a shadow zone and large 
and nearly constant amplitudes of the first arrivals 
from 10° to 20~. Beyond 20\ the amplitude-distance 
curve begins to oscillate. The later arrivals, associated 
with the triplication of the travel time mrve, are only 
of minor importance. 
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Fig. 1. - The P velocity-depth functions of the upper mantle model of Jeffreys (Bullen 
1963), denoted by « spherical », and the equivalent half-space, denoted by « flat », the 
corresponding travel time curves for a surface source, and theoretical P wave seismograms 

for the vertical displacement in the surface of the equivalent half-space. 
The source is an explosive point source radiating a pulse with a period of 2 seconds. 
The numbers along the « flat » velocity~depth function are the numbers of ho.Qlogeneous 

layers of equal thickness in the depth intervals between the dots. 
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Fig. 2. - The same as Fig. 1 for the upper mantle model of Lehmann (1959, 1961). 
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Fig. 3. - The same as Fig. 1 for the upper mantle model CIT 208 (Johnson 1969). 
The travel time curve for the spherical model has been omitted for the sake of clarity. 
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Fig. 4. - The same as Fig. 1 for the upper mantle model SE-EUROPE (Mayer-Rosa 
1969). The travel time curve for the spherical model has been omitted for the sake 

of clarity. 

Figure 2 shows the corresponding results for the 
upper mantle model of Lehmann (Lehmann 19'59, 
1961). This model produces a shadow zone at 10° 
to 11 °. The largest amplitudes are associated with the 
continuously refracted wave from below the first order 
discontinuity at a depth of 220 km. The reflection 
from this discontinuity has rather small amplitudes, 
especially for epicentral distances less than 12°. The 
second arrival in the seismograms from 6° to 10° is 
the compressional re£lection from the top of the low 
velocity channel in the S velocity-depth function. 

As a consequence of their relative simplicity, the 
models of Jeffreys and Lehmann yield only rather 
small later arrivals. This is not the case for more recent 
upper mantle models like those of Johnson and Mayer
Rosa. 

Figure 3 shows the •results for the model CIT 208 
of Johnson (1969). Large later arrivals a·re found 
around 12° 16° 20° and 25°. In some cases, the 
amplitudes ~f th;se arrivals are larger than the ampli
tudes of the first arrivals by one order of magnitude. 
A further point seems to be of interest. The continuously 
refracted waves propagating through the gradient layers 
between the depths of 450 and 650 km and between 
700 and 900 km, 1:'espectively, show amplitude minima 
at about 19° and 26°, i.e., the amplitude variation along 
the travel time branches is not monotonous. This 

property is not restricted to this model, but can be 
found in many cases. 

Figure 4 shows the results for the upper mantle 
model SE-EUROPE of Mayer-Rosa (1969) which has 
been derived from earthquake observations for foci in 
south-eas,tern Europe. This model is characterized by 
two low velocity channels for the P velocity. This third 
channel in S extends from a depth of 260 km to 
310 km. 

As in the case of the model CIT 208, strong later 
a:rrivals can bee seen in the theoretical record section. 
A second feature which is also common in the CIT 208 
and the Mayer-Rosa model is the absence of a narrow 
shadow zone around 10° although both models have 
one or more low velocity channels. Instead, both 
models show very small amplitudes in the dinstance 
range from 6° to 10°. This effect is produced by the 
more or less homogeneous layer below the Moho in 
both models. A gradient layer, comparable to that of the 
Lehmann model, would give rise to a narrow shadow 
zone. 

3. Amplitude-distance curves 

In the second part of this communication, we want 
to discuss the amplitude-distance curves ( ADCs) of 
the four upper mantle models considered in the previous 
section. This is of practical importance since Vanek 



has made extensive investigations of the ADCs for P 
and S waves from earthquakes in south-eastern Europe 
and Asia Minor ( for references see Vanek 1966, 1969) . 
Before going into the discussion, it must be emphasized 
that Vanek's observed quantities are only the amplitudes 
and periods of the P and S wavegroups and not their 
a:rrival times. 

Figure 5 shows the ADCs for the four upper mantle 
models. They were derived from the theoretical record 
sections shown above. Therefore, they correspond to the 
vertical displacement and to a period of 2 sec. For the 
model of Jeffreys, the epicentral distance is from 
10° to 35°, whereas for the other models it is from 
5·0 to 300. In the diagrams, first arrivals a:re marked 
by solide circles and large later arrivals by crosses. 
The amplitudes of these later arrivals are at least 
twice the amplitudes of the corresponding first arrivals. 
The ADC for the first arrivals is a solid line where 
no 1large later arrivals exist, otherwise it is a broken 
line. This first arrival curve cannot always be the 
theoretical counterpart of Vanek's experimental curves, 
at least for the models of Johnson and Mayer-Rosa 
because of their large later arrivals. Our estimate of 
these theoretical curves are the solid curves. We chose 
the amplitude of a later arrival when we had the 
impression that in the presence of noise the first arrival 
would have been overfooked. It is clear that this is a 
rather subjective criterion. Other people would have 
derived different theoretical ADCs from our theoretical 
seismograms. The conclusion from these results is that 
theoretical ADCs can only help in the interpretation 
of experimental ADCs if there is no doubt how to 
derive them from theoretical seismograms. Likewise, the 
derivation of experimental ADCs from observations 
according to Vanek's procedure is only permitted if it 
is unique. This uniqueness is fulfilled only for suf
ficiently simple models like the model of Jeffreys, or 
for ·suff ficiently long wavelengths in more complicated 
models. 

Among Vanek's most recent results, there is an ADC 
for the horizontal component of P waves from about 
150 earthquakes in south-eastern Europe (Vanek 1969). 
The mean period of all P wavegroups was 4.9 sec. 
Therefore, we computed theoretical seismograms for 
the upper mantle model of Mayer-Rosa which is also 
representative for south-eastern Europe, using a period 
of 5 sec. 

Figure 6 shows the theoreticail seismograms for the 
horizontal and ,the vertical component of displacement 
in the distance range from 10° tort 25°. The wave 
pattern is much more regular than for a period of 
2 sec. Therefore, we can hope that the derivation of a 
theoretical ADC is unique. Actually, this was the case. 
The result is shown in Figure 7. The solid curve 
is the theoretical ADC derived from the theoretical 
seismograms. Before we compare it with Vanek' s 
experimental curve, we must remember that it corres
ponds to a flat earth, derived from a spherical ea,rth 
with Mayer-Rosa's velocity-density-depth distribution by 
using the earth flattening procedure which was 
described above. Since the epicentral distance of a ray 
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in the flat ea:rth is systematically smaller than that 
of the corresponding ray in the spherical earth, the 
maxima and minima of the theo,retical curve must be 
shifted to greater distances by amounts between 0° and 
1.5°, in order to provide a meaningful comparison with 
Vanek's experimental curve. 

Comparing the form of the experimental and the 
theoretical ADC, we find good agreement in the 
maximum at about 2 3 ° and a certain agreement in the 
general trend of the remaining parts. The details, 
however, differ considerably. Vanek' s curves shows a 
pronounced shadow zone at about 12° and some rapid 
oscillations which are absent in the theo,retical curve. 
Before the conclusion is drawn from this disagreement 
that the velocity-density-depth distribution of Mayer
Rosa does no,t account for all amplitude observations, 
we must ask whether we can expect more than a general 
agreement. Bes.ides the simple fact that drawing a curve 
through many observational points is nort a unique 
procedure, we want to mention two more important 
points. 

Firstly, since Vanek used different earthquakes he 
had to take into account their different magnitudes. 
This was done by subtracting the magnitude itself from 
the observed quantity which was the logarithm of the 
amplitude divided by the period. Certainly, this is not 
a very accurate procedure. 

Secondly, the radiation from an earthquake focus 
depends on the radiation angle, and the fault planes 
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Fig. 5. - Amplitude-distance curves for the upper mantle 
models of Jeffreys, Lehmann, Johnson (CIT 208) and 
Mayer-Rosa. They are derived from Figs. 1 - 4 by taking the 

peak to peak amplitudes of first and later arrivals. 
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amplitudes. 

of different earthquakes have normally different orien
tations, at least for different focal regions. These 
source conditions are much more complicated than those 
in the theoretical model where we have aSiSumed one 
explosive point source radiating uniformly in all 
directions. Under these conditions, it appears to be 
plausible that the experimental ADC is more complica
ted than the theoretical one. 

We conclude therefore, that our theoretical model 
is not fully adequate to Vanek's experimental procedure, 
leading to his ADCs. Actuailly, it seems to be impos.
sible to find such a completely adequate theoretical 
model. Therefore, Vanek's ADC can hardly be used 
for a severe check of velocity-depth :distributions, 
derived by travel times alone. 

On the other hand,, it is possible to derive somewhat 
different experimental ADCs from observations for 
which there is a well.defined theoretical analogue. 
For earthquakes with accurate fault plane solutions, 
it is possible to reduce the amplitudes o.f the P waves 
to those of P waves from an explosive point source. 
With the aid of a small network of stations or an 
array, the derivative of the new ADC with respect 
to the epicentral distance can be determined from 
a sufficiently large number of earthquakes. The ADC 
itself follows by integration. This procedure was already 
described in detail by Vanek (1966). The ADC 
derived in this way corresponds to an explosive point 
source. Now, there are no difficulties in checking 
velocity-depth functions determined by travel time 
analyses. 
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4. Conclusion 

We want to conclude with the following remark 
and recommendation. It is not the optimum way to 
derive a velocity-depth function by travel times alone 
without looking at the amplitudes, and to check it 
afterwards by a comparison of theoretical and experi
mental ADGs. Sometimes, there is no other way, 
but whenever it is possible one should look at the same 
time at both the amplitudes and travel times. This 
is most easily done by using record sections for the 
observations as well as for the theoretical seismograms. 
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SPECTRA OF LONG-PERIOD SEISMIC SURFACE WAVES 

by O.E. ST AROVOIT 

1. Introduction 

The long-period seismic surface waves are widely 
used for the research of the internal structure of the 
Earth and mechanism of ea,rthquakes. The kinematic 
and dynamic parameters of the surface waves deter
mined for these aims a·re received mainly by means 
of spectral transformation of wave trains recorded 
at the seismic stations [1-3] . 

So the investigation of spectra for long-period surface 
waves multiply passed around the Earth and recorded 
at the same station is of great interest. 

In this paper the effect of analyzed interval length 
on phase and amplitude spectra are examined. The 
digital band-pass filters are used in order to separate 
a pure wave train of long-period Rayleigh and Love 
waves. The properties and effects of digital filters are 
discussed. The phase spectra are used for determination 
of surface wave phase velocities for periods of 90 to 
350 sec. 

2. Data 

We used seismograms of long-period Press-Ewing 
seismographs installated at the Central Seismologica,l 
Obervatory «Obninsk » (<p = 55°10'N, ,\. = 36°27'E). 
Three earthquakes of 1969 were used. Earthquakes 
data are taken out from the Seismological Bulletin of 
the USSR. The maximum amplification of apparature 
is about 800 for the periods about 20-40 sec. 

The long-period Rayleigh and Love wave trains, 
multiply passed around the Earth, were separated from 
the seismograms of vertical and horizontal ,components 
accordingly. Table 1 shows earthquake data, azimuths 
from Obninsk to epicentres, epicentral distances and 
trains of waves for the spectral analysis. 

The portions of the original seismograms with records 
of these waves are shown in figures 1-3. 

The long-period oscillations of fundamental mode 
Rayleigh and Love waves are distorted by high fre
quency noise different nature (microseisms, overtones of 
surface waves, aftershock waves, etc.). 

Besides, the records can be distorted by zero-line 
drift of apparature. The digital filtering was used for 
eliminating different noise and separating pure wave 
trains of the fundamental mode mantle surface waves. 

The pertinent waves were digitized with the sampling 
interval of four seconds. The errors of digitizing are 
no more than 1-2 sec for time and 0,5 - 1 mm for 
amplitude. 

3. F Htering 

The filtering process of initial seismograms was used 
through the method developed by Ormsby [4]. In this 
method unfiltered seismogram S1 (t) and filtered 
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Fig. 1. - Parts of seismograms with records of multiple 
Rayleigh (a) and Love (b) waves from the East ' Hokkaido 
earthquake of August 11, 1969 recorded by long-period seis-

mograph at Observatory « Obninsk ». 

seismogram S ( t) are connected by linear transformation 
by means of weighting function h(t). 

f
tN 

s (t) = -t sl (t - T) h (T) d-r 
N 

(1) 
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Fig. 2. - Parts of seismograms with records of multiple 
Rayleigh (a) and Love (b) waves from the Sumatra earthquake 
of November 21, 1969 recorded by long-period seismograph 

at Observatory « Obninsk ». 
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Fig. 3. - Parts of seismograms with records of multiple 
Rayleigh (a) and Love (b) waves from the East Kamchatka 
earthquake of November 22, 1969 recorded by long-period 

seismograph at Observatory « Obninsk ». 

As a wave train is given in the form of the munerical 
series of ordinates with the sampling interval . .1. t, the 
expression ( 1) can be written 

N 

sp - ~ hn sl(ll+P) (2) 
n=-N 

• 
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Fig. 4. - Response characteristics of the filters used for Rayleigh (a) and Love (b) 
waves. 1,2,3 is the type of filters (see table 2). 

Filtering properties of transformations ( 1) and ( 2) 
depend on the form of weighting function h (t). 

The expression for hn have the next form for the 
low frequency and band-pass filters acc01:dingly [4] 

h' n 

h" 

where 

cos 2 7r n Ac - cos 2 7r n AT 

2 AR (7r n)2 

11 2 h'11 cos 2 7r n Ao 

(3) 

(4) 

Ac = f c · M; AT = /T, M; AR = f R · 1lt; Ao = f o · !:it. 

!:it is the digital interval; f c determines the slope of 
f T is the boundary frequency for response characteristic 
of filter. 

Frequency /R = /T - f c determines the slope of 
filter response chara:eteris.tic. In the case of band-pass 
filter / 0 determines the central frequency of the filter 
tran,smission band, and f c is the half frequency of 
transmission band. By transforming ( 3) and inserting 
( 3) in ( 4) and then :in ( 2) we receive the following 
expression for SP 

N sin 7r n A& sin 71' n (Ac + AT) 
2 -+~~~ ~---~-~~~~ 

n=-N AR 71' n ~ n 

X cos (2 7r n Ao) sl(p+n) (5) 

This algorithm was realised by G. Kosarev with an 
electronic computer and used in this paper. 

The band-pass filters were used for the filtering 
Rayleigh and Love waves. The low frequency filters 
effectively suppress high frequency oscillations 
(f > /T) but low frequency distortions (f. ex. drift 
of seismograph zero-line, inaccurate drawing a zero-line 
in seismogra.rns) remain in filtered records. 

The efficiency of band-pass filter operating depends 
on stability of the filter response characteristic over 
transmission band, slope of filter and maximum levels 
of side frequencies. These parameters of band-pass 
filter are determined by preset values At, f R arid N 
(N is the number qf weighting coefficients). 
].F. Ormsby in his work [4] obtained empirical ratio 
for these parameters 

N !::..t E 

where e is the value, which determines the level (in 
per cent) of the first or maximum side frequency ; 
a is the empirical coefficient (in our case a ~ 0,03). 
We determine permissible level of e by means of 
vatiations of the values f Rand N. 

Figure 4 shows the response characteristic filters 
used in this paper for filtering Rayleigh (a) and 
Love (b) waves. The parameters nf- filters for Rayleigh 
and Love waves are given in· table 2. 
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TABLE 2. - Parameters of filters for Rayleigh and Love waves. 

Filter transmission band Boundary period 
Cl) ii Range Fluctuation 

in sec. 

~ .!::: ···----- I! N ~t 
ii:; of periods of level % in sec. 

in sec. in per cent min max 

]a 
1 92-455 3-5 85 740 5-6 180 4 

v 2 232-455 7-8 195 715 5 170 4 -~ 
~ 3 91-232 2-3 82 324 6-7 140 4 
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Fig. 5. - Filtered (by filter 1) Rayleigh waves from the 
East Hokkaido earthquake of August 11, 1969. 

The small values of fluctuation of the level over 
transmission band (2-8 % ) and low level of the 
maximum side frequencies (3-7 % ) prove the efficiency 
of our filtres to be of great reliability. It is confirmed 
by mmpa.1'ison of filtered seismograms. The amplitudes 
of filtered oscillations in range of overlapping trans
mission bands coincide with the accuracy of 2-3 %. 

In the case of Rayleigh waves we used filters of the 
three types. Filter 1 was used for receving pure wave 
trains of the mantle Rayleigh waves ( fundamental 
mode) with abnormal and normal dispersion together. 
Filters 2 and 3 were used for dividing oscillations 
(mainly for waves R2 and R3 ) with normal and abnor
mal dispersion accordingly. Filtered Rayleigh waves 
(filter 1) from earthquake of August 11, 1969 are 
shown in figure 5. 

In the case of Love waves we tested some filters. 
Filter 1 [ for Love waves see table 2 and fig. 4 (b)] 
is the best because the predominant amplitudes of G -
waves ( mantle Love waves) oscillations are concentrated 
in ·range of periods from 100 sec to 300 sec. The ·results 
of filtering of Love waves from the earthquake of 
August 11, 1969 are shown in figure 6. 
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Fig. 6. - Filtered (by filter 1) Love waves from the East 
Hokkaido earthquake of August 11, 1969. 

The filtered Rayleigh and Love waves were Fourier 
analyzed. 

4. Spectral analysis 

The amplitude and phase spectra of filtered wave 
trains were computed by means of electronic computer 
with B. Naimark's and G. Pogrebinsky's programme. 

The choice of portions of filtered seismograms for 
the spect:ral analysis ( analyzed interval) was carried 
out by using of the group velocity values, the 
amplitudes of visible oscillations in a wave and the 
filter transmission band. The group velocities windowed 
are not fixed. In a number of cases the length of ana
lyzed interval was increased in order to enlarge the 
resolution of the spectral analysis and to test the 
stability of the location of maximum and minimum 
values of spectral density at the frequency axis. 

We computed the amplitude spectra for the same 
wave filtered by different filters. In these cases the 
values of spectral density were scattered no more then 
5 per cent for the same periods within overlapping 



transmission bands. The data of analysed intervals for 
Rayleigh and I.ove waves from earthquakes of 
August 11, November 21 and November 22, 1969 are 
summarised in tables 3~ 4, 5 accordingly. 

The amplitude spectra of Rayleigh waves (R2, R3, 

R4 and R5 ) from the earthquake of August 11, 1969 
are shown in figure 7. The curves with number one 
were received for shorter and the curves with number 
two - for longer analyzed intervals ( see tables 3, 
4, 5). 

For~ the four maxima and three minima of spectral 
density are observed in the range of 90-300 sec. 
Their location at the frequency axis practically does not 
depend on variations of analyzed interval lengths and 
used type of filters. Scattering of spectral density values 
does not exceed 10 per cent for the same periods. 
It can be explained by high resofotion of spectral 
analysis for lo.qger wave trains ( mrve 2). 

The amplitude spectra for waves R2 from earthquakes 
of August 11 and November 22 are simular over the 
circula:r frequency range of 0,043 to 0,07. It can be 
connected with the spectral function of the origin 
as these earthquakes are located practically in the 
same seismic zone (East Hokkaido and East Kam
chatka). 

)51111>/ 
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For the amplitude spectra of wave R8 we have the 
three stability maxima for drcular frequencies : 0,03 ; 
0,06 and 0,068. The scattering of spectral density is 
about 40 % by these circular frequencies. The curve 1 
is more smoothed than curve 2, because it has the low 
resolution. 

The curves 2 for waves R4 and R5 have higher 
resolution then curves 1. The scattering of maximum 
values of spectral density for the same periods changes 
from S· % to 20 %. 

The amplitude spectra of Love waves (Gi, G3 and 
G4 ) from the earthquake of August 11, 1969 are 
shown in figure 8. The curves with number one were 
computed for shorter and the curves with number 
two for longer analyzed intervals. 

G wave spectra depend on analyzed interval length 
more than Rayleigh wave spectra, it can be explained 
by the two reasons. Firstly, Rayleigh wave spectra 
were computed with varying analyzed interval lengths 
mainly by 20-30 %, and Love wave spectra - by 50 :%. 
Secondly, with the increase of analyzed interval, 
Rayleigh waves Jncluded additional oscillations with the 
amplitudes ·rather smaller than maximum ones ( see 
fig. 5 and table 3) and Love waves, with the increase 
of analyzed interval included additional oscillations 
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Fig. 7. - Amplitude spectra of filtered Rayleigh waves from the earthquake of 
August 11, 1969. The curves with number one were received for shorter and the curves 

with number two for longer analyzed intervals (see table 3). 
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f ABLE 3. - Seismic wave data for the spectral analysis. 

(earthquake Aug. 11, 1969) 

Interval for spectral analysis 

Time of wave Group velocity window 
(km/sec) 

Onset End Uonaet Uend 

23-37-48 24-04-56 4,18 3,46 
23-37-00 24-10-52 4,20 3,33 

00-49-00 01-13-00 3,92 3,50 
00-47-00 01-21-04 3,96 3,38 

02-41-24 03-14-52 3,86 3,49 
02-35-00 03-17-00 3,94 3,47 

03-49-00 04-22-28 3,82 3,51 
03-41-00 04-27-16 3,90 3,47 

05-55-00 06-26-04 3,70 3,50 

06-50-00 07-35-00 3,77 3,49 

09-00-00 09-25-00 3,70 3,52 

09-45-00 10-46-00 3,85 3,50 

23-25-14 23-39-44 4,62 4,11 
23-19-00 23-47-00 4,87 3,90 

00-19-36 00-37-08 4,58 4,17 
00-18-00 00-50-57 4,62 3,88 

01-55-00 02-10-08 4,53 4,29 
01-51-00 02-21-00 4)60 4,13 

I 

Lenght of 
record (sec) 

1628 
2032 

1440 
2044 

2008 
2520 

2008 
2776 

1864 

2700 

1500 

3660 

860 
1680 

1052 
1972 

908 
1800 

comparable with maximum ones ( see fig. 6 and 
table 3). 

Thus, the .resolution of amplitude spectra for long
period Rayleigh and Love waves enlarges with the 
increase of analyzed interval lengths. This leads to 
appearing additional maxima and minima in the spectra. 
The more different of analyzed interval the more 
scatter of spectral density for the same periods. These 
regularities are stronger for Love waves than for 
Rayleigh ories. 

The difference of the a:rrival times at the station 
of every phase for given frequency rs determined by 
phase spectra. When the phase velocities are deter
mined from a single station, two successive passages 
of the same wave in the same direction such as R2 

and R4, Ra and R5, G2 and G4 etc. a:re used for 
determination of the phase velocity. The phase velocity 
at the period T can be obtained from surface waves 
of orders n and n + 2 by 

5. Phase velocity 

The method for the determination of phase velocity 
by phase spectra was suggested by Sato [5] and it 
are widely used [1, 2, 6]. 

C(T) = 
q,n+2 -·'fn 

fn+2 -- In + ( ) T + (N - 1/i) T 
2 7r 

(6) 
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TABLE 4. - Seismic wave data for the sp·ectral analysiJ. 
(earthquake Nov. 21, 1969) 

Interval for spectral analysis 

Time of wave Group velocity window 
(knVsec) 

Onset End Uonset 

04-19-00 04-42-00 4,02 

05-27-00 05-55-00 3,96, 

04-04-00 04-16-00 4,54 

05-01-00 05-15-00 4,55 

06-32-00 06-48-00 4,52 

TABLE 5. - Seismic wave data for the spectral analysis. 
( earthquake Nov. 22, 1969) 

Interval for spectral analysis 

Uend 

3,43 

3,48 

4,12 

4,21 

4,26 

Time of wave Group velocity window 
(km/sec) 

Onset End Uonaet Uend 

01-28-00 01-51-00 4,02 3,45 

02-26-00 02-54-00 3,96 3,48 

04-35-00 05-01-00 3,76 3,48 

05-35-00 06-01-00 3,75 3,51 

01-06-00 01-22-00 4,78 4,21 

01-56-00 02-15-00 4,67 4,20 

03-40-00 03-58-00 4,53 4,24 

04-30-00 04-48-00 4,51 4,27 

Lenght of 
record (sec) 

1380 

1680 

720 

840 

I 
960 

Length of 
record (sec) 

1380 

1680 

1560 

1560 

960 

1140 

1080 

1080 
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Fig. 8 
Fig. 8. - Amplitude spectra of filtered Love waves from the earthquake of 
August 11, 1969. The curves with number one were received for shorter and the curves 

with number two for longer analyzed intervals ( see table 3). 
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where Ao is the length of great-circle path passing 
through the station and the epicenter; tn+2 and tn a!re 
the starting times of the records of the surface waves 
of orders n + 2 and n; "Pn+2 and "Pn a:re the Fourier 
phases at period T measured from fn+2 and tn accor
dingly; N is an integer; and the factor 1/2 comes 
from the polar phase shifts [7]. The need for N 
arises from the fact that the trigonometric functions are 
multi.valued. Once N is fixed, it remains unchanged 
over the whole spectrum. The sign plus or minus 
coincide with sign of exponent in the Fourier trans
formation expression. 

The analysis of the phase spectra of Rayleigh and 
Love waves used in this paper show that the gradient 

Fig. 9. - Phase velocities of long-period Rayleigh (R) and 
Love ( G) waves were computed from such pairs waves as 
&-R..i (1), RrRu (2), R..i-Re (3), RrR1 (4), R1-Re (5), 
G:2-G4 (8) from the earthquake of August 11, 1969; &-R..i (6), 
Ra-Ro (7), G2-G.1 (9), G~-G5 (10) from the earthquake of 
November 22, 1969; G2-G4 (11) from the earthquake of 

November 21, 1969. 
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of phase spectra increase with the enlarge of analyzed 
interval lengths. The jumps of phase spectra are 
correlated with the minima of the amplitude spectra. 
For these periods we receive the bigger of the phase 
velocity errors. 

The results of the determination of the phase 
velocities for Rayleigh (at periods from 90 to 360 sec) 
and Love (at periods from 90 to 310 sec) waves are 
shown in figure 9. The scattering of data for the same 
period computed from pai<rs of multiple Rayleigh and 
Love waves for the same earthquake are no more than 
0, 5 % . The variation of analyzed interval length leads 
to errors of phase velocities do not exceed 0,3 %. 
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ON AN ANGLE SHIFT IN THE PLOT 
OF RECURRENCE RELATIONSHIP 

by O.D. GOTSADZE 

Principal information on the circumstances of the 
J avakheti earthquakes origin, which are related to 
the below discussion, are given in the paper [ 1]. 
Here we shall present only some data : 

The J avakheti seismoactive zone is divided by the 
Javakheti range into two parts. The range is of the 
volcanic origin ( of the Pliocene-Quaternary time). 
The most part of the earthquakes was accumulated in 
the central part of the zone ( on the ,-; 1000 sq.km. 
area). The depth of the occurence of the foci really 
exceeds 5 kms. The range with the extinct vokanos 
in a chain along its axis is slightly active. Evidently, 
the tra,ces of the early volcanic activity have not fully 
disappeared and they are unfavourable for the accu
mulation of the deformation energy. 

Main centres of the seismic energy discharge are 
concentrated on both sides of the range far from its 
axis [ 2 J. The high activity of the zone, its small area, 
not ueep foci and high « resolution » of the system 
of this region's seismic shocks facilitate the study of 
the earthquakes combination in a wide energetic range. 
The scantiness of the zone will save us the undesirable 
averaging of the seismic parameters' values which we 
meet during the study of large regions containing 
several various structural units and thus will facilitate 
the problem of interpretation of the results. 

As a parameter for the earthquakes intensity charac
teristics we have chosen the duration of oscillations 
on the records of the earthquakes ( the parameter was 
in various times considered by other authors [3, 4). 
It could be believ,ed the best in the conditions of the 
Javakheti upland. 

During the neighbouring earthquakes when the 
straight waves prevail on the records, the amplitude of 
the transversal wave decreases by the exponential low 
(fig. 1). 

A - Ao e-kt 

As a result of treatment of 30 neighbouring earth
quakes of the Javakheti upland we got the value for 
K = 1,15 (with a slight dispersion), D = 0.08. 

It is easy to show that 

where (.6. t}1 and (~ t) 2 are the durations of oscil
lations corresponding to one earthquake, by two dif
ferent stations. 

r1 and r2 are the epicentral distances from these 
stations 

v is the velocity of the longitudinal wave P, 

K is the logarithmic decrement of attenuation of 
the transversal waves, 

Fig. 1. - The record of the neighbouring earthquake 
at the « Akhalkalaki » station. 

and also, 

lg n 
11 - t2 = 

0.43 K 
(2) 

where t1 and f:2 are the durations of oscillations at 
the given station by two instruments with the magni
fications v1 and v2 , respectively. 

On the basis of the analyses ( 1) and ( 2) we might 
conclude that for the characteristics of the relative 
intensity of the J avakheti earthquakes, the duration of 
oscillations. on the records is a suitable parameter, 
because the « Akhalkalaki » and « Bogdanovka » sta
tions are located directly in the seismically active zone 
(the epicentral distances are ,-; 15-25 km) and they 
are equipped with similar instruments with almost the 
same magnifications. The duration will not depend on 
the epicentral distance and it will change according to 
the growth of ·the seismic equipment. 

7_ 

In a rough approximation i:l t ,-; yE (E is the 
energy of the earthquakes) [3]. The treatment was 
carried out on the Javakheti earthquakes from 1954 
to 1966, ( in this period no significant changes were 
made in the characteristics of the « Akhalkalaki » 
and « Bogdanovka » stations' seismic equipment). 
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Table I contains the results. of measurements. The 
data in the Table were obtained as a result of 
averaging in the sliding 9 sec. interval ( this is in 
proportion with the calculation error A t). 

Table 1 

Number of earth-
Interval of duration quakes in the given 

of oscillations interval N lg N 

1 23- 32 171 2.43 
2 33- 41 896 2.95 
3 42- 50 890 2.95 
4 51- 59 622 2.79 
5 60- 68 413 2.62 
6 69- 77 279 2.45 
7 78- 86 200 2.30 
8 87- 95 118 2.07 
9 96-104 78 1.89 

10 105-113 66 1.82 
11 114-122 45 1.65 
12 123-131 45 1.65 
13 132-140 34 1.53 
14 141-149 21 1.32 
15 150-158 15 1.18 
16 159-167 16 1.20 

Fig. 2 gives the plotted data of the Table in the 
semi-logarithmic scale. As the plot shows, in the 40-
100 sec. period where the statistically best provided 
data are accumulated the plot is well appmximated 
with a straight line. Proceeding from the table 1 we 
shall make a system of equations 

lgNi = a + b A t1 (i = 3, 4 ... 9) 

using the method of least squares we shall find 

a = 3.84; b = - 0.019 

\ 

1000 2,80. 
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Fig. 2. - Distribution of the Javakheti earthquakes 
by the oscillation durations on the records. 

The points corresponding to the strong earthquakes 
( from 10 5 to 167 sec.) leave this, plot. The question 
arises whether this discrepancy is explained only by 
casual circumstances connected with the limited number 
of observations or it is significant and connected with 
the fact that the line we have chosen poorly alignes 
the given distribution and the deviation of the points 
in the period .A t = 100-167 is essential. If the 
points' scatter were explained only by casual circum
stances related to a limited number o.f observations 
(earthquakes), the equal divergence of the straight 
line to both sides and the probability of all the 7 
points' equal divergence sign will be P < 0.01. 

In order to find out the significance of the points 
given divergence in the 100-167 sec. interval we will 
use Pirson' s agreement criterion. 

We admit that the statistic distribution of the dura
tion is equalized by the function N = e3 · 84- 0 •01Mt (in 
a whole interval A t = 40 + 167 sec). 

Adequate calculations by this equation and by the 
table results ( table 1) give the value x2 > 40. For 
the value of the degree of freedom n = 13 we will 
get P < 0.001, i.e., the probability of the points' 
scatter in the interval A t = 104-167 sec. is connected 
with clearly casual circumstances is less than 0.001. 

Consequently, we conclude that the divergence is 
significant and make a system of such equations as 

lg Ni = a + b A t 1 

for the eight points i = 9 .. . 16 ( table 1) . 
For a and b we shall get by least squares method 

the values 

a = 3.07 b = 0.012, 

respective! y. 

The breaking of the plot in A t = 100 sec. means 
that there exists a divergence of the parameters' values 
in the function of distribution of the weak and strong 
earthquakes. Therefore, the processes in the foci of 
the strong and weak earthquakes are not identical. 
Similar considerations on the basis of the theoretical 
studies were proposed by K.V. Pshennikov [5]. Ac
cording to this work strong earthquakes should be 
connected with the formation of new faults in the 
focus area, while the weak ones are caused by the 
shifts occurring mostly along the existing faults. 

In the area of the existing fault the deformation 
energy capacity will be of a lower value, also the 
deformation medium rates will differ in the area of 
the existing and new faults. And by S.D. Vinogra
dov' s studies the difference in the deformation rate 
will cause various values of slopes of the respective 
repetitiveness plots [ 6]. 

In order to give more obvious physical sense to 
these results, we shall give two plots illustrating the 
change of correlation between the strong and weak 
earthquakes of the J avakheti upland in time. 

Fig. 3 plotted on the basis of about 5000 earth
quakes on the Javakheti upland from 1954 to 1966 
show the course of the seismic activity (in units ~ t). 
The dotted curve characterizes the activity by the 
earthquakes the intensity of which ( in the .A t units) 
is less than 100 seconds. In the area of the maxima 
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Fig. 3. - Course of the Javakheti zone's seismic activity in ,6. t. 

connected with the activation of the zone's seismic 
properties the share of strong earthquakes increases. 
After the activity maximum in 1959 the share of the 
strong earthquakes reduces but further the previous 
correlation of strong and weak earthquakes is restored 
on the background of the total fall of activity and 
to the end of the activity minimum area the relation 
of the strong earthquakes to the weak ones becomes 
maximum. 

Fig. 5 shows the plot of the average value of inten
sity in the same period and in the same units. One 
can see on the plot that from the period of maximum 
activity in 1959 mean value of the earthquakes energy 
reduces significantly reaching the maximum in 1962-
1963 (mean value of energy reduces by 20 %). 

Summing up the value said the picture of the 
deformation energy discharge can be presented as 
follows. 

XII ·19SS J-116• 

Fig. 4. - Course of the seismic activity in .6. t after averaging 
in the sliding two-years interval ( 690 days) . 

Before the main shock of the Madatap earthquake 
in 1959 there existed a certain correlation between 
the strong and weak earthquakes. After the main shock 
for the aftershocks this correlation is distributed and 
changes toward the reduction of the y-shape of the 
repetitiviness plot [7). As a result of formation in 
the focus area of the plastically deformed medium the 
viscosity of which becomes significantly lower µ. = 
1017 nz (8), the rate of the mass mixing increases, 
i.e., the deformation energy discharge occurs with 
high rates of deformation which causes the reduction 
of y. Further, after the phase of maximum activity 
finishes the energy discharge occurs in the faults for
med during the maximum activity, therefore, causing 
the reduction of the share of strong earthquakes 
(see plots 3 & 5). 

While on the activity course plot (fig. 4) the 
tendency of its fall is presented, since 1962-63 the 
process of « restoration » of the earthquake average 
energy is observed. 

This should be connected with the « healing » of 
the seismic seams which should cause the restoration 
of the previous correlations of strong and weak earth
quakes. 

"'t: 
,.r,ss 

Fig. 5. - Diagram of change of the average value 
of the earthquakes intensity in time. 

llt-1966 
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STATISTICAL CHARACTERISTICS OF EARTHQUAKES 

IN THE AEGEAN REGION * 

by Zdenka SCHENKOVA and Vit KARNIK ** 

ABSTRACT. - The earthquake history in the Aegean region and in the subzones 
Central and South Greece, Crete, West Turkey from the period 1901-1967 is analyzed 
with the aim to compare various characteristics of earthquake activity and to find some 
connection between them. Magnitude-frequency relations, Gumbel's theory of largest 
values, Benioff' s strain release curves, changes of trends in earthquake occurrence illustrate 
the level of activity in the individual focal zones. The distribution of number of shocks 
in one-year intervals is tested against the Poisson distribution and the validity of Poisson 
approximation for distribution of interval lengths between shocks is verified. 

* The full text of this paper has been submitted for publication in Studia Geoph. et Good., 1971. 

** Geophysical Institute, Czechosl. Acad. Sci., Prague. 



EIN BEITRAG ZUR MAKROSEISMISCHEN 
BERECHNUNG DER HERDTIEFE 

W. SPONHEUER und R. MAAZ 

ZUSAMMENFASSUNG. - Es hat sich gezeigt, daß die automatische Herdtiefen
berechnung in vielen Fällen vorteilhaft is. Die 3 Unbekannten a, b und h können in 
den meisten Fällen bereits mit nur 4 Datenpaaren bestimmt werden, wenn sich Io gut 
schätzen läßt. Durch Variation von Io kann dessen · wahrscheinlichster Wert und dazu 
das Tripel (a, b, h) dadurch ermittelt werden, daß die Streuung ein Minimum wird. 

Bringen interpolierte Daten keine starke Veränderung der drei Unbekannten a, b, h, 
dann ist die Berechnung von Io, a, b, h vorteilhaft. Im allgemeinen zeigen Erdbeben mit 
mehr als 4 Wertepaaren gute Ergebnisse sowohl bei 3 als auch 4 Unbekannten. Jedoch 
treten Fälle mit völlig irrationalen Ergebnissen trotz anscheinend normaler Abnahme der 
Intensität mit der Entfernung auf. In solchen Fällen sollten graphisch gewonnene Ergeb
nisse in Frage gestellt werden. 

Bei der Berechnung der 4 Unbekannten Io, a, b, h kann durch Eingabe des zusätz
lichen Datenpaares ( Io , s = 0) das Ergebnis erheblich verbessert werden. 

Die Ermittlung der Tiefe von Erdbebenherden ist 
eine dringliche Aufgabe der Seismologie, denn die 
Herdtiefe hängt eng mit der Struktur der Erdkruste 
zusammen. Die mikroseismische Bestimmung der Herd
tiefe hat auch jetzt noch mit beachtlichen Fehlern zu 
rechnen, so daß die makroseismische Methode eine 
wertvolle Ergänzung bedeutet. Aus diesem Grunde 
haben sich in den letzten Jahren verschieden Seismo
logen bemüht, die makroseismische Ermittlung der 
Herdtiefe zu verbessern (Peterschmitt [3], E.rgin (2], 
Egyed-Mesko (1 J). Als Beitrag hierzu wurde das 
Vorgeben von Peterschmitt [ 4] aufgegriffen, das die 
Herdtiefe h und die Koeffizienten a, b in der von 
ihm hergeleiteten Beziehung 

10 - I = a log (r/h) + b (r - h), 

r2 = s2 + h2' 

zwischen den empirischen Intensitäten I und zugehöri
gen Isoseistenradien s nach der Methode der kleinsten 
Quadrate iterativ bestimmt. Die Epizentralintensität 
kann ebenfalls auf diese Weise ermittelt werden. Das 
diesbezügliche Manuskript wurde von Herrn Peter
schmitt freundlicherweise zur Verfügung gestellt. 

Um diese Methode auf eine große Anzahl von 
Beben anwenden zu können, wurden Programme zur 
elektronischen Datenverarbeitung entwickelt und an 
einer Reihe verschiedener Erdbeben Mitteleuropas er
probt. Bei den schon von Peterschmitt ( 4) bearbei
teten Erdbeben stimmen seine Ergebnisse mit den 
unsrigen gut überein. Aus unseren Berechnungen wer
den im folgenden einige typische Beispiele ausge
wählt, die die Methode charakterisieren und Hinweise 
auf deren Anwendbarkeit geben. Dabei handelt es 
sich um eine vorläufige Mitteilung. Bei der Berech-

Mitteilung aus dem Zentralinstitut Physik der Erde Nr. 136. 

nung der drei Unbekannten a, b, h geht die Inten
sität I:o im Epizentrum als Parameter ein, der so lange 
variiert wird, bis die Streuung der empirischen Daten 
gegenüber der errechneten Intensitätsverteilung minimal 
wird. Vom mathematischen Standpunkt aus ,erscheint 
es besser, 10 a priori als Unbekannte anzunehmen. 
Das scheitert aber oftmals an der zu geringen Anzahl 
von Wertepaaren (I, s). In vielen Fällen ist es jedoch 
möglich, zusätzliche Wertepaare durch Interpolation 
aus der empirischen Intensitätsabnahme zu gewinnen. 
Dieses Vorgehen ist an mehreren Beispielen über
prüft worden und hat sich recht gut bewährt und 
zwar sowohl für 3 als auch für 4 Unbekannte. Das 
Verfahren für 4 Unbekannte liefert oftmals wegen zu 
wenigen Eingangsdaten, wie auch Peterschmitt - fest
stellt, sehr zweifelhafte Ergebnisse. Eine wesentliche 
Verbesserung läßt sich aber erzielen, wenn dabei das 
Wertepaar (lo, s = 0) als zusätzliche Information 
in die Rechnung eingeführt wird, falls 10 geschätzt 
werden kann. Hier fungiert also 10 nicht als vor
gegebener Parameter sondern als einer der empi
rischen Werte. 

Da bekanntlich die der Berechnung zugrunde lie
genden Isoseistenkarten von den geologischen Unter
grundsverhältnissen stark beeinflußt sind, was sich 
auch in den nicht kreisförmigen Isoseisten ausdrückt, 
werden an einem synthetischen Beispiel Abänderun
gen der Isoseistenradien vorgenommen. Und zwar ist 
ZU111ächst jeweils nur ein Radius um 1/5 vergrößert 
worden. Schließlich werden alle lsoseistenradien um 
diesen Faktor gestrekt. 

Annahmen : h = 10 km, a = 4, b _ 0,013, 
Io = so 

Wertepaare (synthetisch), s in km : 

s I 01' 5 I 10 I 20 I 40 I 70 
. I \ 8 7,79 7,34 6,44 5,13 I 3,81 
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Nr. des Sv Ermittelte Koeffizienten 
mit 

Sv (1 + 1/5) a b h Io 

V = 1 4,49 0,0089 10,86 
2 6,04 --0,0029 13,54 

3 3,50 0,022 10,61 
4 1,30 0,041 5,13 
5 5,76 0,010 11,76 

1, 2, 3, 4, 5 3,98 0,011 11,93 

V = 1 3,36 0,018 7,66 8,17 

2 6,28 -0,0047 14,06 7,98 

3 18,08 -0,077 28,91 7,78 
4 keine Konvergenz ! 
5 6,12 -0,013 12,55 7,97 

1, 2, 3, 4, 5 3,98 0,011 11,95 8 

Diese Ergebnisse wie auch alle folgenden sind durch 
hinreichend viele Schritte des angewendeten Itera· 
tionsverfahrens gewonnen worden. In beiden Fällen 
schwa:nken ,die Koeffizienten a und b beachtlich. Nega
tive b-Werte sind kein verbindliches Zeichen dafür, 
daß die Rechnung unbrauchbar ist, wie die Betrach
tung der gesuchten Herdief en in diesem wie in vielen 
anderen Fällen zeigt. Die Resultate betreffs h erschei
nen noch gut. Teilweise ergeben sich aber bei 4 Unbe
kannten offensichtlich unsinnige Werte von a, b und 
h. 

Als ein für die angewandte Methodik günstiges 
Beispiel betrachten wir das Erdbeben bei Tollhausen 
am Niederrhein vom 26.8.1878 

Die empirische Intensitätsabnahme ist offensichtlich 
bei I = 4° gestört. Dennoch ergeben sich vernünftige 
Herdtiefen. Als plausibles berechnetes lo erhält man 
8 Grad, was sich auch aus dem Minimum der berech
neten Streuung ergibt. 

Als weiteres Beispiel eines älteren Erdbebens soll das 
von Mössingen (Schwäb.ische Alb) von 24.11.1872 
gwählt werden. Da nur 4 Wertepaare vorhanden sind, 
wird die Berechnung der 3 Unbekannten zunächst mit 
diesen 4 Wertepaaren vorgenommen, A. In einer 
weiteren Berechnung werden zusätzlich 3 aus der 
Intnsitätsabnahme interpolierte Werte verwendet, B. 
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Abb. 2. - Intensitätsabnahme zum Erdbeben von Mössingen, 

Io a b h J
0 

Schwäbische Alb, am 24. November 1872. 
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Abb. 1. - Intensitätsabnahme zum Erdbeben bei Tollhausen, 
Niederrhein, am 26. Aug. 1878. 

s 

Während die Berechnung ohne Interpolationswerte 
kein Minimum der Streuung erkennen läßt, zeigt die 
Berechnung mit Interpolationswerten ein klares Mini
mum der Streuung bei I,o = 5,2 Grad und h = 
13,01 km. Auffällig bei diesem Beispiel ist die starke 
Schwankung der Werte a, b, h bei nur geringen 
Änderungen von 10 . 

Aus dem Gebiet der Schwäbischen Alb wurden 
zahlreiche Erdbeben untersucht. Im folgenden wird 
das Beben aus der Nachbebenserie des Jahres 1943 
vom 14. Juli betrachtet. Die Epizentralintensität liegt 
bei 5,6 Grad. Mit diesem Wert erhält man auch die 
geringste Streuung. Dabei ist a = 2,88, b = -0,0045, 
h = 6,01 km. Ein positiver Wert von b errechnet 
sich erst für I'() > 5,8°. Wie aus dem synthetischen 
Beispiel hervorging, ist der negative Wert von b kein 
Grund, den Herd tief enwert als unbrauchbar zu be
trachten. Mit 4 Unbekannten zeigt die Berechnung 
folgende Ergebnisse : a = 2,12, ·· b = -0,0033, h 
= 3,39, Io = 5,85. 

Ein weiteres Beispiel soll zeigen, wie mit Hilfe von 
Interpolationswerten auch bei der Berechnung mit 4 
Unbekannten ein gutes Ergebnis erzielt werden kann. 
Es handelt sich um das Erdbeben im Oberrheingraben 
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Abb. 3. - Intensitätsabnahme zum Erdbeben einer Serie in der 
Schwäbischen Alb, 14. Juli 1943. 

bei Wei.ßenburg vom 8.10.1952, das nur 4 Werte
paare aufweist. Durch Interpolation wurden 3 weitere 
Wertepaare gewonnen. 
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Abb. 4. - Intensitätsabnahme zur Erdbeben bei Weißenburg. 
Oberrheingraben, am 8. Oktober 1952. 

Wie aus der letzten Zeile der Tabelle hervorgeht, 
zeigt die Berechnung mit 4 Unbekannten mit zusätz.
lichen interpolierten Wertepaaren gute Ergebnisse für 
alle Werte. Auch 10 paßt gut zu den Beobachtungen. 

Als letztes Beispiel soll noch einmal das viel zitierte 
Erdbeben von Hereford herangezogen werden, und 
zwar einmal unter Berechnung von 3 Unbekannten, 
A, dann von 4 Unbekannten, B, und schließlich 
unter zusätzlicher Verwendung des Wertepaares 

Io 

8,9 
A 9 

B 

C 

I0 , s = 0, C. 

a 

2,82 

2,74 

2,51 

2,74 

b 

0,0045 

0,0047 

0,0053 

0,0047 

h 

13,84 

12,24 

5,94 

12,22 

9,66 

9,001 

Offensichtlich ergibt die zusätzliche Eingabe des 
W erte_paares (I0 , s = 0) eine bedeutende Werbesse
rung der Ergebnisse. Im Augenblick steht allerdings 
nur dieses eine Beispiel zur Verfügung~ jedoch soll 
diese Variante weiter geprüft werden. 

LITERATUR 

[1] EGYED, L. 
Physik der festen Erde. Leipzig: Teubner 1969. 

[2] ERGIN, K. 
On the intensity-distance relations for the earthquakes 
in Turkey. Proceedings of the Xth Assembly of the ESC, 
Leningrad 1968, Vol. II, Moscow 1970, PP. 34-69. 

[3] PETERSCHMITT, E. 
Sur la variation de l'intensite macroseismique avec la 
distance epicentrale. Publ. Bureau Central Seismol. Intern., 
Serie A, fase. 18. 

[ 4} PETERSCHMITT, E. 
Possibilite et limites d'utilisation des donnees macroseis
miques. W. Hiller Denkschrift, Stuttgart 1970 (im 
Druck). 



SCHEME OF SEISMOTECTONIC REGIONS OF EUROPE, 
DISTRIBUTION OF STRONG EARTHQUAKES FOCI 

AND SEISMIC ACTIVITY IN 1956-1965 

by V.l. BUNE, N.I. NIKOLAEV and T.P. POLY AKOV A 

The aim of this work is to compare the scheme of 
seismotectonic regions with the map of seismic activity 
for 10 years and distribution of epicentres of strong 
earthquakes for 5 5 years. 

PREMISES FOR COMPILATION OF SCHEME 
OF SEISMOTECTONIC REGIONS OF EUROPE 

Earthquakes are results of tectonic deformations of 
the earth crust and therefore their distribution is deter
mined by laws governing tectonic processes. The latter 
have a long history and, doubtless, various stages of 
geological development, during which contemporary 
tectonic structures were formed, influence, to a certain 
degree, manifestations of contemporary movements and 
earthquake characteristics.' However, earthquakes are 
mainly connected with the last neotectonic period of 
earth crust development. Therefore, a seismotectonic 
map, which takes account of the comparison of tecto
nics and seismicity, should also make allowance for the 
whole history of tectonic movements as well as distin
guishing characteristics of their manifestation in the 
latest period of development. The main features of this 
period are shown on neotectonic maps. 

If nectectonic maps are compiled correctly, they take 
into account the whole geologic prehistory which is 
transformed into character, distinguishing features, re
gime and direction of neogenquaternary tectonic move
ments. In this respect, the neotectonic map summarizes 
all characteristics of mesozoic, cenozoic and older mo
vements manifested earlier, and it takes into account 
inherited movements of various structure stages. The 
same map reveals tectonic activity of neotectonic period 
and, in many respects, determines plan, character and 
distinguishing features of manifestations of holocene 
and contemporary movements which are studied by 
instrumental methods and are not sufficiently studied 
in Europe [ 1]. 

At present the Commission for Neotectonics (IN
QUA) is compiling an international map of Europe (2). 
Some results of this work have already been published 
[ 3]. They form the basis of the seismotectonic map of 
this territory described below. In an earlier seismotec
tonic map [ 4] they could not be fully taken into 
account. Therefore it takes a partial and, sometimes, 
inadequate, account of neogenquaternary movements. 
Due to its heterogenisity it may only serve as source 
of certain data for the analysis of tectonic conditions 
of the origin of earthquakes and for the compilation of 
a map of seismotectonic regions [ 5 J. 

The field of isostatic gravity anomaly, which accounts 
for processes in the earth crust interior and on its sur-

face, is in accordance with characteristics of neotecto
nic and contemporary movements. In nature processes 
of disturbance and restoration of isostasy take place 
practically simultaneously. Therefore regions of isosta
tic anomalies should indicate places of activization of 
neotectcnic movements. A conclusion has already been 
drawn that regions with a great deviation from isostatic 
equilibrium have stronger seismic activity and that there 
is a correlative relation between the character of gravity 
field and seismicity [6, 7}. 

Zones of deep faults correspond to regions of raised 
gradient values, expressed in gravity steps. Very often 
deep faults correspond to zones of junction of regions 
of long-term rising and lowering and they may be old, 
young and rejuvenated in the latest time. Deep faults 
are often well expressed in relief, and linearly stretched 
zones of earthquake foci correspond to them. Places of 
interjection of deep faults of various directions are of 
special interest since the development of greatly diffe
rentiated tectonic movements is connected with them. 

Thus, we based the compilation of the seismotecto
nic scheme of Europe on the analysis of neotectonic 
structures development. Within the considered terri
tory, several geostructural zones with various onset of 
tectonic movements activization may be easily distin
guished. Within continental platforms and regions of 
epiplatform orogenesis and riftogenesis, activization 
began in the Late Oligocene. In zones of epigeosyncli
nal orogenesis, regions with long-term development, 
beginning with the Late Oligocene, and regions of par
tial development and early (Oligocene-Miocene) or late 
(Pliocene-Quaternary) stages are distinguished. In many 
regions activization of tectonic movements was followed 
by a great tectonic reorganization as well. Manifestation 
of latest tectonic movements was often inherited. Activi
zation of structure forms, often of very old origin, with 
manifestation of not only vertical, but also horizontal 
movements, was revealed. 

Seismic activity is determined not only by intensity 
of vertical neotectonic movements ( revealed in the re
lief) especially in junction zones of rising and lowering, 
but also by a degree of structural reorganization, as 
well as by the whole kinematics of the earth crust in 
the latest period. Here characteristics of manifested neo
tectonic movements should be taken into account, as 
well as stable rising and lowering, arched-blocked rising 
with indications of surface stretchirigs ; deformations 
and others. Registration of characteristics of strained 
state in earthquage foci (8), character of thermal flow, 
volcanism manifestation, earth crust structure are of 



great importance for revealing of kinematics of the 
latest period. An attempt to compare all these data has 
already been made for Europe [9, 10]. Three kinematic 
zones were distinguished : 

1. Continental (European-Canadian-African) zone 
with prevailing weak vertical movements and horizon
tal stretchings, corresponding to geostructural regions 
of neotectonic stage - continental platforms with adja
cent shelf regions and the majority of epiplatfo.rm 
regions. 

2. Mediterranean zone with manifestations of inten
sive stretchings and contractions, as well as differen· 
tiated movements of great amplitude, intensive Neo
gen-Quaternary volcanism and depressions of Mediter-
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ranean type, corresponding to epigeosynclinal region 
of orogenesis. 

3. Oceanic zone with prevalence of strechtings and 
subsidences, corresponding to intermediate zones 
between continents and oceans with intensive risings 
and stretchings · within middle-oceanic ridges with for
mation of rift structures and intensive volcanism mani
festation. 

Earth crust of continental type corresponds to the 
first zone, earth crust of oceanic type (with interme
diate structure in the perif ery) - to the third zone, 
earth crust of both continental and sub-oceanic type -
to the second one. 

These very kinematic zones form the basis of the 
scheme of seismotectonic regions of Europe (Fig. 1) 
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Fig. 1. - Scheme of seismotectonic regions of Europe. See conditional designations in the text. 
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SCHEME OF SEISMOTECTONIC REGIONS 

Continental (European-Canadian-African) zone 

1. Regions of predominant considerable late-post
glacial vertical glacial isostatic movements, corres.1::on
ding to regions of continental glaciations-old (Scandina
vian and Spitsbergen) and present (Greenland) 

A. Subregion of Scandinavian glaciation, characteri
zed by intensive glacial isostatic risings. 
1. Baltic shield. 
2. Orogenesis region in Baikal-Paleozoic fold 

zone. 
3. Regions of compensational flexures in junction 

zones of rising and lowering. 
B. Subregion of Spitsbergen glaciation with mani

festations of weaker glacial isostatic risings. 
C. Subregion of Greenland glacier, characterized by 

intensive glacial isostatic lowerings and risings in 
peripheral region in orogenesis zones of pre
Paleozoic and Baika:1-Paleozoic fold. 
1. Region of depressions of Greenland shield 
2. Region of risings in orogenesis areas. 
3. Regions of compensational depressions. 

II. Regions of predominant weak vertical movements 
and horizontal stretchings of the rest of continental 
platforms and the majority of regions of epiplatform 
orogenesis. 

A. Subregion of ancient aqd young platform of Euro
pean continent. 
1. Ancient European platform divided into blocks. 
2. Regions of long-term inherited pericratonic 

latest superposed lowerings. 
3. Region of boundary inherited- superposed lo

werings. 
4. Young plate with remnants of ancient rebuilt 

massifs. 
5. Young shields with sections of epiplatform 

orogenesis. 
6. Young platforms with sections of epiplatform 

orogenesis. 
B. Subregion of ancient and young African plat

form. 
7. Region with subsidenced basement (plates). 
8. Areas of uplifted basement (shields). 
9. Young plate in region of Variscian folding. 

10. Region of intensive orogenesis in High Atlas 
and Antiatlas zone. 

C. Regions of continental riftogenesis with predomi
nant stretchings and risings with formation of 
« fissure » type of rift structures and manif esta
tions of weak volcanism. 
11. Region of Rhine rift 
12. Region of fissure-type Levant rifts. 

Mediterranean zone 

III. Region of intensive stretching and compression, 
manifestation of intensive differentiated movements and 
neogenantropogen volcanism, corresponding to epigeo
synclinal orogenesis regions. 

A. Subregion of long-term (Oligocene-Neogen-Qua
ternary) latest development. 

1. Risings at the place of miogeosynclinal region 

of the Great Causasus and subsidence in 
foothills depressions. 

2. The same in Crimea. 
3. Risings and subsidences at the place of eug~o

synclinal region of the Little Caucasus with 
the nearest regions of the East Pont and El
brus with manifestations of the latest vC>lca
nism. 

4. Risings and .subsidences at the place of the 
eugeosynclinal Alpine region. 

5. Risings and subsidences at !he plac: of eu~eo
synclinal and miogeosynclmal reg10n_ of·. ~he 
Ligurian, South Appenines and ~rsics with 
manifestations of the latest volcanism. 

6. Region of differentiated movements of the 
Appeninian massif. . 

7. Risings and subsidences ~t the _Pl~ce of mi~
geo-synclinal regional reg10n withm oroge~uc 
sections of Tunisia, Algerian Riff, Bethian 

Cordillera and Balearic Islands. 
8. Differentiated risings at the place of eugeo

synclinal region of the Balkan peninsula and 
Hellenids. 

9. Zone of crushing and irregular risings and 
subsidences at the place of miogeosynclinal 
region of the western part of the Balkan pe
ninsula and il-:Iellenids. 

10. Differentiated risings of the Rhodopian crys
tal massif with lowerings in superposed de
pressions. 

11. Risings and subsidences at the place of eugeo
synclinal region of the West Pont. 

12. Intensively crushed region with differentiated 
movements within the Menderes massif and 
in the nearest sections. 

13. Region of long-term subsidence of Sub-Car
pathian foothills depression. 

B. Subregion of full development of early orogenic 
stage (Oligocene-Miocene) or later one (end of 
Pliocene-Quaternary) of the latest development. 
14. Risings at the place of miogeosyndinal Car

pathian region and subsidence of foothills 
depression. 

15. Raised with differentiated block movements. 
Transylvanian and Hungarian depressions 
with manifestations of the latest volcanism 
in boundary parts. 

16. Risings and subsidences at the place of eugeo
synclinal region of the Taurus and Zagros 
and the shattered Kirshekhir massif. 

1 7. The same of the Salt Desert massif and the 
nearest orogenesis sections. 

18. Risings and subsidences at the place of eugeo
synclinal region of the Pyrenees. 

19. Risings and subsidences in the region of 
ancient massifs of the Sicily, Apoulia and 
Cyprus. 

IV. Region of intensive uncompensated subsidences 
at various stages of development with formation of de
pressions of Mediterranean type and manifestations of 
volcanism. 



A. Subregion of young superposed zones of crushing 
with irregular block immersions and manifesta
tions of volcanism. 
1. Zone of crushing o.f the western Mediterra

nean and Gibraltar region. 
2. The same of the Aegean Sea. 
3. Lowerings with the Hellenian trench. 

B. Subregion o.f young superposed uncompensated 
depressions with suboceanic structure of earth 
crust and manifestations of volcanism. 
4. Subsidences in the western Mediterranean and 

Ligurian Sea. 
5. The same in the Tyrrhanian Sea. 
6. The same within the eastern Mediterranean. 
7. The same within the Black Sea. 
8. The same within the Caspian Sea. 

Oceanic zone 

V. Region of predominant stretchings subsidences 
and relative risings with manifestation of intensive latest 
volcanism within oceanic bottom. 

A. Subregion of intensive crushing of earth crust 
within the Middle Oceanic ridges with predomi
nant risings and lowerings along rift depressions. 
1. More crushed and raised part o.f the Middle

Oceanic ridge with depressions of rift type. 
2. Raised part of the Middle ridge partly above 

sea level. 
3. Less raised regions of the Middle-Oceanic 

ridge. 
B. Subregion of earth crust crushing with formation 

of boundary faults, continental flexures, with 
transition structure of earth crust, corresponding 
to continental slope and shelf at its base. 

C. Subregions of oceanic platforms of various types, 
corresponding to plains of oceanic bottom, un
dergoing subsidences, sometimes with manif esta
tions of the latest volcanism. 

Let us consider the distribution of earthquake epi
centres within regions indicated in the scheme of seis
motectonic regions and data on seismic activity of the 
largest zones and regions. 

SEISMIC DATA ON SCHEME OF SEISMOTEC
TONIC REGIONS 

Sources of data on European seismicity. The main 
data on strong earthquakes with M > 5 for 1901-1955 
are collected in Karnik's monograph (11]. When com
piling the map of earthquake epicentres for 1956-1965 
were used : Bulletins of network of seismic stations of 
the USSR (12-14], Seismological Bulletin U.S. Coast 
and Geodetic Survey (15 J, Bulletin seismique. Bureau 
central international seismologique. Strasbourg (16], 
International seismological summary (17], and Bulle
tins of the International seismological centre (18]. For 
some regions additional data were obtained from Atlas 
of Earthquakes in the USSR [ 19 J, annuals « Earthqua
kes in the USSR» (20], works of Linden, Sykes L.R., 
Hodgson et al. on the Arctics [ 21-2 3 J, Bath [ 2 5 J on 
Scandinavia, Galanopoulos on Greece (26]. At the last 
stage for earthquakes with M > 6 the catalogue was 
verified with catalogues of Rothe (27} and Golubeva. 
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Earthquake classification with respect to magnitude 
for 1901-1970. In Karnik's catalogue MLH determina
tions are taken as the basis for the classification of 
uormal earthquakes. According to his data MLH differs 
very slightly from M values in the catalogue of Guten
berg and Richter for 1901-1952 (28]. 

Data on magnitudes of strong earthquakes with M > 6 
for the next years (1953-65) in catalogues or Rothe [27] 
and Golubeva are also transformed to MLH determina
tions in Pasadena, i.e., in fact, to magnitudes of cata
logues of Gutenberg-Richter and Karnik. Magnitude 
values in USSR bulletins are close to these magnitudes. 

Beginning with 1964 magnitude determinations 
m = mpv were widely used in CGS<15 > and ISCC11 > 

bulletins. However, it is essential that a unique method 
of magnitude determination should be used when com
piling epicentre maps and graphs of earthquake recur
rences. It is seen from the correlation of magnitudes 
MLH USSR with moGs and m1sc (Fig. 2) that the for
mula 

m = 0.63 MLH +2.73 (1) 

is not applicable to mcGs and m1sc magnitudes. The 
relation 

m = o. 70 M + 1. 50 (2) 

was obtained on the basis of correlation of MLH with 
mccs for 1964-1968 (Fig. 2a). The relation (2) agrees 
adequately with the data on magnitudes of European 
earthquakes in ISC bulletins (Fig. 2b). The number of 
magnitude determinations is not enough for the impro
vement o.f relations between MLH and m180 or m00s 
for Europe. 

Since both methods of magnitude determinations (by 
volume and surface waves) have become widespread, the 
most universal of the two methods should be preferred. 

It should be taken into account, in connection with 
this, that : 

Since for the great majority of strong normal earth
quakes MLH magnitures are already determined, and 
are being determined now for all earthquakes with 
M > 6, statistics in MLH magnitudes should be taken 
as the basis. In those cases when only moos (m180) 

magnitudes have been determined, moGs should be 
converted to Mr.H according to the relation (2) when 
epicentre maps and recurrence graphs are compiled. 

The application of the relation (2) to earthquake 
world statistics has shown that in this case there is a 
good correlation of the statistics of Gutenberg and 
Richter (28], Rothe (27], and Golubeva in MLH 
magnitudes with that of Brazee (29] in mcGs magni
tudes (Fig. 3). 

Mpv magnitudes have some advantages : The same 
type of longitudinal waves is used for magnitude deter
mination of all kinds of earthquakes, irrespective of 
their depth. 

At highly sensitive stations with low level of noise 
magnitudes of many earthquakes with m = 4.1/2 -
5.1/2 can be determined, while MLH magnitude at 
.6. ::::::: 20° - 30° are indeterminable. 

Magnitudes m have also some dis-advantages: 
If standard errors O'D.m are taken as a precision mea

sure of magnitude determination, then O'D.m > O'D.M i.e. 
mvv is determined with less precision than MLH· It is 
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Fig. 2. - Correlation of Mr,H and moos according to data of seismic stations of the USSR and USA for 1964-1968. 

a) for earthquakes of the whole world ; 

b) for European earthquakes. Figures at conditional symbols correspond to number of earthquakes at a point. 
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b) Evaluation of magnitudes moos [29} into MLH from new correlation formulas: 1 - from formula m := 0.54 M :+ 2.38; 
2 - from formula m = 1.12 M-073; 3 - from formula m := 0.70 M + 1.50; 4 - according to Rothe (27); 5 - according to 
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shown in Fig. 4, where m1sc and MLH were determined 
for 12 European earthquakes. With accepted method 
of m determinations too low m values are of ten obtained 
for strong earthquakes (Fig. 2). 

Taking the above-said, into account MLH magnitudes 
were taken as the basis when compiling the European 
epicentre map. 

Epicentre map. The main aim of this. map was to 
present most fully and vividly the peculiarities of epi
centre distribution to be compared with tectonic and 
neotectonic data. Normal and deep foci are presented 
on the map (Fig. 5). Data of strong earthquakes with 
M ): 6.3 are collected for 1901-1970. 

For the earlier period only the probable epicentre 
of the strongest European earthquake of 175 5 in Lis
bon is marked on the map. Earthquakes with 6.2 > M 
): 5.2 are presented for 45 years (1926-1970). The 
majority of earthquakes with 5.1 ): M ): 3 are collect
ed for 40 years (1926-1965). Data on earthquakes with 
M < - 4.5 are obviously not representative for Europe 
as a whole, though they allow, together with regions 
of high seismicity, to show regions of rather weak 
seismicity in Scandinavia, Central Europe, Great Britain 
and others. For the Aegean Sea region it was impossible 
to present all collected data to the scale· of the map, 
therefore within ABCD square epicentres of earthqua
kes with M < 5.2 are not marked, and earthquakes 
with 6.2 ): M ): 5.2 are marked only for 1956-1970. 
For Near East and Iran regions, as well as for some 
parts of Middle-Atlantic Ridge (to the east of 24° W) 
and Arctic ( to the north of 72°N) not included in Kar
nik' s catalogue [ 11 J, the data are presented only for 
the decade (1956-1965) for all magnitudes, and besi
des, earthquakes with M ): 5.2 for the last 5 years up 
to 1970 are also presented on the map. Thus, the Euro
pean seismic dat re not uniform. Therefore, to corn-

pile a representative epicentre map for Europe, diff e
rent periods of epicentre data collection should be chosen 
in different European zones marked out according to 
seismic regions scheme, so that for each zone it could 
be indicated that for such and such period foll data on 
all earthquakes are marked on the map. Evidently, for 
different zones and for different periods one should 
obtain data on different energetic groups of earthqua
kes. Due to small scale of the map it was quite impos
sible to show all known epicentres in the most seismo
active zones. 

Earthquak·e recurrence graphs. Graphs of earthquake 
recurrence of Europe (I) and three seismoactive zones : 
Middle Atlantic Ridge (II), West Mediterranean (part 
within 34°N - 400N; 16°W - 17eE) (III) and 
Turkey (Anatolian fault region), (IV) are presented 
in Fig. 6, Numbers of earthquakes in graphs are nor
malized in time to one year. 

The normalization in area for Europe, as well as for 
the whole world, is of little interest, since it is too 
formal. The normalization in area is done for seismo
active zones and A1,0 numbers in graphs correspond, as 
usual, to amounts of earthquakes with K = 10 (M = 
3 1 / 4 in the 1 OOO km2 area. 
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Fig. 6. - Graphs of earthquake recurrence. 
1 - for Europe; 2 - for Middle-Atlantic ridge zone; 3 - for 

Western Mediterranean; 4 - for Turkey. 
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To obtain representative data on strong earthquake 
recurrences, observation periods are prolonged for earth
quakes with M = 6 to 20 years, for M = 6 1/2 - 8.0 
to 70 years, and for M = 8 1 /2 to 300 years taking 
into account the Lissabon earthquake of 1755. Question 
marks on graphs correspond to points for which data 
on very small number of earthquakes (N < 3) were 
collected. In the weak earthquakes region there are also 
dubious points due to relativity of magnitude classifi
cation of earthquakes with iM = 4 1 /2. Many earthqua
kes were classed with this group by indirect characte
ristics, since only a few direct magnitude determina
tions for such earthquakes were made. 

Angular coefficients of cumulative recurrence graphs 
b = 1.0-6; 1.17 (I) and 0.94 (II) correlate well with 
« b » mean values for the whole world (Fig. 3) b = 
1.22 according to (27) and b = 1.0 according to [30}. 

A considerable difference is observed for North-Ana
tolian zone in Turkey, where b = 0.67. Only 14 earth-
quakes of M = 5 were observed in Turkey during. the 
last 10 years. At b = 1.0 there should have been more 
than 60. It is difficult to assume that so many earth
quakes of M = 5 were missed in 1956-19'65. Earth
quakes with such magnitudes are well registered at the 
majority of stations round this region. The correlation 
of the number of strong and weak earthquakes in this 
zone is worthy of special investigation and analysis. 
Data on angular inclinations of recurrence graphs are 
classified by energy of seismic waves radiated from the 
focus, and instead of « b » coefficient y is used 

lg N (k) = B + y (K - K0 ) 

If k = lg E joules = 4. 3 + 1.8 MLH, then b 1 
corresponds to y = 0. 5 5 6. 
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Fig. 5. - Map of earthquake epicentres and boundaries of seismotectonic regions of Europe. 
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CORRELATION OF SEISMIC ACTIVITY WITH 
MAXIMAL EARTHQUAKES 

To quantitatively characterize seismic danger, accord
ing to Riznichenko' s suggestion, seismic activity maps 
and maps of regions of possible earthquakes with ma
ximum energy kmax [ 31 J are constructed. These maps 
are compiled on the basis of epicentre maps and recur
rence graphs. To compile the first map of European 
seismic activity [ 4] epicentre maps, based on Karnik's 
catalogue of earthquakes for 1901-19 5 5 [ 11 J, were 
used. It is known that data on earthquakes with M <: 5 
are not presented for all this period. Data collection 
on weak earthquakes has been considerably improved 
for the next decade (1956-1965), and it was hoped 

that, by using more complete data, a better variant of 
seismic activity map could be compiled. 

Seismic activity map. It follows from the resul~s. of 
the analysis of recurrence graphs that when compdmg 
activity maps for different seismoactive zones different 
values of « b >> should be used. In principle, it is quite 
possible. Still, a more thorough analysis of recurrence 
graphs and more complete data on seismicity are needed 
to compile a seismic activity map with regard to these 
complications. Therefore the map in Fig. 7 is. co~p!l~d 
by a summation method [ 5] with the following 1mt1al 
data : 

Nl: (1-10-1) 

10--Y (Kmin - Ko) 

1000 · Tnorm 

Tobs · S 

M 190f-lQ55 1966,·1970 1956-19~ 
&J-7.8 0 
l1-l3 Q 
l2-&B "..,) 
6.7-63 '.) 

6.2-5.7 @ OJ HIIH[CEHIII 5.6-52 ·- --··- 0 HIIKAPTJ 

SJ-4,7 ° r=°~M 
46-4.2 , H:IOAHIIIA. 
'4.1-3.D 

Fig. 7. - Map of seismic activity of Europe for 1956-1965 and epicentres of strong 
earthquakes for 1901-1955 and 1966-1970. 
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where kmin = 13 (M = 5) [32] for the whole terri
tory, since this class for the decade 1956-1965 is re
presentative for the whole Europe. For Italian and 
Adriatic Sea regions, as well as for Apsheron peninsula 
(East Causasus) kmin = 12 (M ::::::: 4). For Scandinavia 
and Central Europe, where earthquakes with M = 3 
are representative, kmin = 10 ; k.0 = 13. Observation 
period T = 10 years (1956-1965) ; T of normaliza
tion = 50 years (the map shows the table of conversion 
of values A13 for 50 years in A1,0 for 1 year) ; 
NE = 5 for A13 ): 0.1 and Nl; = 3 for A'13 = 0.03 ; 
S = averaging area ; y = 0.49 which corresponds to 
b = 0.86. y = 0.49 is chosen because it is near to 
values obtained for the majority of seismoactive regions 
of the USSR [5]. 

Epicentres of strong earthquakes with M ): 6.3 for 
the last 5 5 years and subsequent 5 years with M ): 5. 7 
are also indicated on this map. Epicentres with less 
magnitude for a decade are marked only outside isoE
nes. Fig. 7 shows that the greater part of strong earth
quakes is within isoline A13 ): 0.03. At the same time 
the Crimean earthquake epicentre has remained outside 
isoline 0.03. This is due to a too schematic unification 
of approach to seismicity characteristic of essentially 
different zones and to the fact that a period of 10 years 
is not enough for some regions to obtain an adequate 
activity map. Therefore, to avoid these disadvantages 
when compiling maps of seismic activity, main charac
teristics of seismic regime of essentially different tecto
nic zones should be taken into account. 

Correlation of seismic activity with kmax· 
To correlate seismic activity Arn in zones responsible 

for the preparation of strong earthquakes with kmax = 
18-17, data on seismicity for 10 years (1956-1965) 
were used according to Riznichenko' s method [ 31] 
Fig. 8 shows zones, where A10 values were determined. 
For Anatolian fault zone in Turkey and the Atlantic 
near Portugal coast with k = 18-17, values of A10 

equal 0.05, which is considerably less than in Middle 
Asia where for k = 18-Ai,o = 0.3 and fork = 17 -
Al'() = 0.2 [31]. The carried out correlation has shown 
that there is no point in compiling a map kmax based 
on an epicentre map for 10 years without regard to 
tectonic data. It is likely that, first of all, an attempt 
should be made to compile a representative epicentre 
map for a longer observation period. When correlating 
Al() with kmax, it is expedient to distinguish zones 
where to the same values of km.ax different values of 
Aw will correspond. This well-grounded fact should 
be kept in mind. Indeed, in Fig. 8, according to ESSA 
data collected during 7 years, data on seismicity oi 
Europe are presented, which do not practically depend 
on either station location, or degree of population den
sity. As will be seen, in regions with very weak seismi
city, earthquakes with k = 18-17 take place. 

It may also be seen from Fig. 9, where for the whole 
world the distribution of epicentres of earthquakes of 
M ): 5 for 1950-1960 is correlated with foci of earth
quakes of M ): 8 for subsequent years (1961-1970). 
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Strong earthquakes in Fig. 9 - N2 (28.3.1964), NS 
(5.1.1967), N 11 (22.2.1969) take place in regions 
of weak seismicity for the previous 10 years. Strongest 
earthquakes of 1811-1812 in the Mississippi valley, 
USA, took place also in a zone of minor seismic acti
vity. Thus, there is, obviously, no point in extending to 
all seismoactive regions of the world the conclusion 
that at A10 ~ 0.05, characteristic of the Mississippi val
ley, Mongolia, Turkey and the Atlantic Ocean near Por
tugal coast, earthquakes with kmax = 18-1 7 are possible. 

Regions should be distinguished not only according 
to seismicity data, but also to geological, tectonic and 
geophysical data on structure and earth crust develop
ment characteristics. kmax and A10 should be correlated 
only within these zones. 

Comparison of seismotectonic region scheme with 
seismicity characteristics. 

Zones, indicated in Fig. 1, based on the analysis of 
data of tectonics and recent movements, correlate well 
with characteristics of epicentre distribution. This cir
cumstance is of great importance, since the period of 
full-value observations of seismicity does not exceed 
100 years. In the majority of cases, this period is too 
short for a reliable determination of the degree of 
seismic danger. 
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It should be pointed out that the majority of demar
kation lines between areas, subareas and regions cor
respond to deep faults of various types or to zones of 
junction of large elements of earth crust with different 
directivity of tectonic movements, which undergone 
activization to a different degree. To many of them 
correspond foci of strong earthquakes. Zones of deep 
faults are revealed when analyzing geologic, geomorpho
logic and geophysical data. And at the next stage of 
work at the compilation of a seismotectonic map it is ex
pedient to add to it the main fault zones, since it is the 
zones of intersection of regional faults in Turkey and 
the Atlantic Ocean near Portugal coast that are known 
as regions of the origin of the strongest European earth
quakes. 

Areas, subareas and regions, indicated on the seismo~ 
tectonic map, make it possible to extrapolate seismo
statistic data on a certain territorial unit and to fore
cast the character of seismicity and its level in the con
sidered place. 

It is expedient, at the next stage of investigation of 
European seismicity, to determine essential parameters 
of seismic regime for the zones indicated in Fig. 1 and 
to use these data to estimate the degree of seismic 
danger. 
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Fig. 9. - Earth seismicity for 1950-1960 (according to N.V. Golubeva /34/) and 
distribution of epicentres with M > 8 for 1961-1970. 1 - M > 8; 2 - 7 < M < 8; 
3 - 5 < M < 7; 4 - regions where number of earthquakes with 5 < M < 7 is greater 

than 3 in the area 2° X 2° for 1950-1960; 5 - M > 8 for 1961-1970. 
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SEISMICITY OF THE NORTH .ATLANTIC 

by A.R. RITSEMA and G. HOUTGAST * 

An inventory has been made of the more than 
1500 known earthquakes of the mid-Atlantic ridge 
occurring in the period 1915-1969. The approximate 
numbers for sub-regions of this zone and the relative 
figures per unit length of the ridge are as foJlows 

Arctic (North of Iceland) 300 2 
North Atlantic (20-65°N) 550 3 
Central Atlantic (20°N - 20°S) 325 2 
South Atlantic (South of 20°s, 

West of 0°E) 
West Indian Ocean (0-60°E) 

(270) 
90 

1 
1/2 

No correlation exists between the relatives figures 
and the known spreading-rate of the ridge for the past 
10 My, being greater in the South Atlantic than in 
the North. 

Magnitudes of the earthquakes of the Arctic and 
North Atlantic are determined by means of the 
Galitzin records of the de Bilt station available for 
the complete period from 1915 onwards.. Preliminary 
results indicate the tendency for smaller b-values of 
the (log N, M)-curve for the earthquakes of the 
strongly faulted sectors than for those of the ridge 
sectors proper. This is in accord with the tensional 
stresses assumed to be active in the ridge earthquakes, 
and the shear stresses active in the earthquakes of 
the transform fault sectors. 

* K.N.M.I., de Bilt, Netherlands. 

The known focal mechanisms of Atlantic shocks 
are in accordance with the model of an outward 
spreading ocean floor along faults of the transform 
type. 

The seismic active Azores line, connecting the 
ocean ridge with the continents in the East, appears 
to belong to another regime than that of the mid
Atlantic ridge. The observed dextral fault motions 
point to a present spreading-rate North of the Azores 
line that is greater than to the South. The a-seismicity 
of the extension of the Azores line West of the m.id
Atlantic ridge can only be explained by a non-fixed 
position of the ridge relative to the local upper 
mantle. 

First motions of the P wave in de Bilt of the 
heavier North Atlantic earthquakes are distributed as 
follows : 123 C, 14 D, and 47 uncertain. The majority 
of the first motions of earthquakes of the transform 
fault zones is in accordance with the assumed model 
of ocean floor spreading. 

The normally assumed dip-slip faulting in the actual 
ridge sectors should produce dilatations in de Bilt. 
The great majority of the P waves of de Bilt from 
earthquakes of these regions, however, are compres
sional. These anomalous observations are tentatively 
explained by a new focal model : a pair of forces 
without moment, analogous to the type A dislocation 
of STEKETEE. 

This study has not yet been closed, the investiga
tions are continued. 



SEISMIC ZONING MAP OF PORTUGAL 

by A.S. MENDES * 

The working group on seismic zoning of the Euro
pean Seismological Commission at its meeting held in 
Strasbourg on 14-16 February 1968 recommends the 
preparation of seismological maps based on the 
results of the activity of national bodies in order to 
prepare the seismotectonic map of Europe compiled 
under the auspices of that Commission on uniform 
bases. 

The present work deals in the seismicity of Portugal 
in the period 1901-1969, in which the number of 
earthquakes with higher magnitude than grade III of 
the Richter scale was 484. For obvious reason their 
great majority has been brought under macroseismic 
research in order to set the epicentre, to determinate 
the depth of the hipocentre and the magnitude. Then, 
this work could not be rigorous. 

In the Table 1 is presented ·the ,distribution of the 
number of earthquakes according to its magintude, for 
the period 1901-1969. 

Table 1 

Earthqttak,es distribution in Portugal for the period 
1901-1969 

Magnitude Number Frequency 
(per year) 

3,0-3,9 263 3,81 
4,0-4,4 115 1,67 
4,5-4,9 53 0,77 
5,0-5,4 24 0,35 
5,5-5,9 20 0,29 
6,0-6,9 6 0,08 
7,0-8,0 3 0,04 

The epicentre of the earthquakes with magnitudes 
larger than 7 has been located in Benavente (1909) 
and in the seismic zone that stretchs from the 
Gibraltar to the Azores Islands, towards S and SW 
of the country, at points with coordinates 36,2°N; 
7,5°W (1964) and 36,3°N; 10,5°W (1969), respec
tively. 

* Meteorological service, Lisbon. 

The Fig. 1 present a map of epicentres for Portu
gal and its adjacent area in the Atlantic Ocean for 
the period 1901-1969. The analysis of the distribution 
of epicentres leads to the conclusion that the epicen
tres spread all over the country, but two main zones 
can be defined : the zones of Benavente and Evora. 

The Fig. 2 present a map of maximum observed 
intensity for the period 1901-1969. The Fig. 3 pre
sent the map of seismic zoning of Portugal based in 
geological map published by the Geological Service 
(1968). 

These two seismic maps let us note that the seismic 
activity was highest (M > 7) towards SW of the 
line Figueira da Foz-Olhao and in the Evora area. 
The contrast between these two areas and the NE 
zone of the country is predominant. 

The study of seismicity with reference to the tecto
nical evolution of the region is already in considera
tion in colaboration with the geologists. 
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Fig. 1. - Map of epicentres for Portugal and its adjacent area in the 
North Atlantic Ocean for the period 1901-1969. 
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THE SEISMICITY IN MARITIME ALPS 

AND ADJACENT AREAS 

by Mario BOSSOLASCO and Claudio EVA 

SUMMARY. - Earthquakes of moderate and small intensity occured during 
1967-70 in the Maritime Alps and adjacent areas are investigated. Herewith some 
characteristics of the upper crust beneath these Alps and the neighbouring West Alps 
are derived. A.o. the existence of a low-velocity layer below the Val Maira, already 
found by explosions, is also confirmed. From the seismological point of view the block 
structure of the Maritime Alps is discussed. Lastly, the swarm sequences are studied 
taking into account the behaviour of the b coefficient of the Gutenberg-Richter's formula. 

1. Introduction 

The seismological characteristics of the Maritime 
Alps have been inves,tigated by many Authors (J.P. 
ROTHE, 1941 and 1948; R. MALARODA and C. 
RAIMONDI, 1957; M. DE PANFILIS, 1959; 0. 
VECCHIA, 1968; etc.), also with special reference 
to single earthquake of middle intensity or to swarm 
phenomena (J.P. ROTHE, 1967; J.P. ROTHE and 
N. DECHEVOY, 1967; M. DE PANFILIS and C. 
PANNOCCHIA, 1968; M. BOSSOLASCO and C. 
EVA, 1969). But the majority of previous studies 
were based generally either on localisations obtained 
with remote stations or on macroseismic data, espe
cially for older shocks. 

In the last years, with the establishment of new 
seismological stations by our Institute, together with 
the accurate recordings gathered by the french stations 
and that of Monaco, it was possible to derive a better 
knowledge on the seismicity of the Maritime Alps and 
adjacent areas. 

This report deals with some results obtained working 
out the data of weak- and micro-earthquakes occurred 
after lst January, 1967. Namely it regards a set of 
53 earthquakes occurred during 1967-70, with magni
tude ranging from 2 to 4 (see Table I); as well as 
a swarm, with 231 shocks of magnitude ranging from 
0.1 to 3.1 which took place in February-March 1967 
in an area placed nearly 20 km SSW of Cuneo (*). 

~- Data ,and method used 

For the present research we have worked out the 
records made at our stations : Genova, Monte Capel
lino, Roburent, S. Anna di V aldieri, Cuneo and San 

(*) Another swarm in the same area occurred during Octo
ber-November 1970, with 152 shocks. 

Remo (this last active from January 1970). Further
more the data of Monaco and of the french seismic 
stations, as published in their respective bulletins and 
in that of the B.C.I.S. were utilized. For the swarm 
of March 1967 a direct interpretation of the records 
made at IsoJa and Monaco, kindly loaned to us, was 
made. 

In order to calculate the spatial distribution of focus 
we have applied the Calo,i's method, using the S - P 
intervals at three or more stations near the epicenters. 
The focal depths were calculated with the Inglada' s 
method jointly to that of Caloi. The shock magnitude 
was derived by the classical Richter's definition, be
cause in nearly all our stations we have standard Wood
Anderson seismometers. When the magnitude was near 
to zero, records of electromagnetic seismographs, suit
ably reduced and corrected, were used. 

3. The location of hypocenters 

The origin time, the geographical· coordinates of the 
epicenter, the focal depth and. the local magnitude 
of the studied shocks are reported in Table I; further,. 
the location of the epicenters is represented in the 
map of Fig. 1, where the swarm areas are indicated 
by a small rectangle (a, b, c). 

Fig. 1 shows that, among the 5 3 considered earth
quakes, 5 have been with focus below the sea, at a 
distance between 20 and 60 km from the coast of the 
western Ligurian sea. 

As far as the hypocentral depth is concerned, from 
Table I it follows that the majority of shocks occurred 
with focus placed in the upper part of the crust, pre
vailingly between 5 and 10 km (33 over 53, whe_reas 
13 shocks were at a depth greater than 10 km and 7 
at a depth less than 5 km). 

The 29 epicenters of the more intensive shocks 
occurred during the swarm sequence of February-
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TABLE I 

Shocks located 

No. Date Time, GCT Lat. Long. Depth, ML 
h m s N E km 

1 Jan. 15, 1967 02 34 03.0 440 23' 70 15' 6.5 2.70 

2 Apr. 12 21 53 22.4 43° 31' 70 59' 10.7 3.51 

3 Jun. 11 11 06 35.8 440 18' 70 08' 11.4 2.75 

4 Jul. 2 14 59 50.5 44° 01' g-o 29' 12.6 3.07 

5 Sept. 6 12 18 22.3 44° 41' 80 43' 5.7 3.43 

6 Oct. 2 16 13 36.0 43° 25' go 01' 6.0 3.48 

7 Oct. 7 23 29 13.0 44° 06' 70 00' 6.5 2.38 

7a Dec. 6 04 15 21.7 44° 03' 70 23' 9.4 3.08 

8 Jan. 23, 1968 21 47 20.0 440 38' 60 59' 19.4 3.53 

9 Feb. 27 02 42 02.0 44° 48' 70 27' 7.4 3.44 

10 May 4 15 33 24.4 44° 50' go 35' 10.4 3.92 

11 Jun. 13 00 02 31.2 440 17' 70 06' 8.5 2.71 

12 Jun. 25 03 54 59.0 44° 15' 70 24' 8.8 2.18 

13 Jul. 15 04 21 05.4 44° 01' 70 17' 10.5 3.03 

14 Aug. 10 09 11 29.2 44° 22' 70 19' 7.3 2.15 

15 Aug. 12 18 00 08.2 44° 26' 70 15' 4.8 2.38 

16 Aug. 19 13 53 10.1 440 49' 70 17' 11.7 3.18 

17 Oct. 28 21 00 13.4 440 19' go 23' 9.4 2.65 

18 Oct. 26 01 02 22.6 44° 30' 70 04' 5.5 2.51 

19 Nov. 15 06 10 47.0 44° 20' 70 10' 7.2 2.52 

20 Nov. 20 02 37 07.8 440 26' 70 15' 10.9 2.44 

21 Jan. 7, 1969 11 23 42.0 44° 25' 70 16' 6.1 2.31 

22 Jan. 26 04 58 03.3 44° 22' 70 15' 6.0 2.57 

23 Feb. 5 12 29 08.8 44° 48' 70 11' 5.3 3.03 

24 Feb. 28 20 37 58.8 44° 25' 70 14' 20.8 3.08 

25 Mar. 17 18 39 43.0 44° 16' 70 25' 3.8 2.32 

26 Mar. 18 01 09 51.3 44° 33' 70 12' 6.2 2.39 
27 Apr. 12 05 13 44.0 44° 26' 70 04' 5.5 2.56 
28 Apr. 16 22 41 54.0 440 19' 70 18' 8.3 3.04 

29 Apr. 28 15 20 28.0 440 03' 70 13' 9.1 2.64 

30 May 3 22 22 11.1 44° 42' 70 10' 6.8 2.60 

31 May 7 03 33 21.0 44° 14' 70 24' 3.1 1.93 
32 May 17 10 58 56.3 43° 49' 70 38' 5.3 2.76 

33 Jun. 21 23 33 31.2 44° 10' 6<> 59' 15.1 2.29 
34 Jul. 2 14 28 24.0 440 13' go 16' 7.1 2.90 
35 Aug. 4 07 51 17.3 43° 59' go 07' 5.1 2.50 
36 Aug. 15 05 06 04.4 44° 34' 70 11' 8.3 2.33 
37 Oct. 4 10 20 56.8 440 12' 70 34' 2.7 2.27 
38 Oct. 8 02 55 42.4 44° 19' 70 20' 10.3 2.34 
39 Oct. 11 17 10 44.8 43° 56' 70 13' 8.0 2.28 
40 Nov. 2 23 27 33.8 440 15' 70 26' 5.9 2.55 
41 Nov. 17 12 01 01.4 44° 34' 60 57' 6.1 3.01 
42 Nov. 22 07 49 14.4 44° 24' 60 49' 7.6 3.52 
43 Feb. 2, 1970 12 07 46.5 44° 29' go 42' 9.8 3.00 
44 Mar. 4 17 45 09.9 44° 18' 70 31' 6.2 2.49 
45 Mar. 7 02 17 07.8 44° 30' 70 14' 7.2 2.57 
46 Apr. 2 07 29 35.0 44° 04' 70 40' 3,9 3.25 
47 Apr. 5 18 53 31.8 44° 19' 70 20' 11.3 3.21 
48 May 6 09 16 57.6 440 07' go 06' 11.2 3.41 
49 Jun. 13 23 21 06.8 44° 32' go 39' 7.6 3.33 
so Jul. 3 13 11 27.1 44° 14' 70 23' 4.9 2.21 
51 Oct. 2 22 51 16.0 43° 34' 70 35' 3.5 3.50 
52 Oct. 29 22 33 18.0 43° 53' go 25' 8.1 2.53 
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March 1967 have also been determined and their 
location is represented in Fig. 2, where the progres
sive numbers of shocks are independent on the nume
ration used in Table I and Fig. 1. 

With reference to the swarm occurred during 1968-
69 in the western part of the Savona' s Province, 
already studied by us (M. BOSSOLASCO and EVA, 
1969), the sequence has been continued and tem
porarly concluded in the first days of July (2-4), 1969, 
the greatest shock being that indicated with No. 34 
(July 2) in Table I and in Fig. 1, whose epicenter 
resulted somewhat displaced to the East respect to 
those of the preceding sequences. 

Fig. 2. - Map showing the location of the principal shocks 
occurred during the swarm of February-March 1967 in the 
V aldieri~Entracque area. (The numbers assodated at the epi
centers are fully independent on those of Fig. 1 and Table I). 

4. An attempt to derive the vertical structure of the 
upper crust beneath the Maritime Alps. 

After determined the coordinates of the hypocenter 
for each of the 53 shocks, from the travel-time curve 
relative to the nearest seismic station, we have derived 
the mean apparent velocity of the longitudinal waves 
for the path from the hypocenter to the same station. 
Herewith to each hypocenter the so derived value of 
longitudinal wave velocity has been associated. This 
procedure, although surely not satisfactory for a 
detailed precise investigation, can give interesting indi
cative results, because it allows the localisation of 
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great anomalies in the distribution of the mean longi
tudinal wave velocity in the upper crust above the 
hypocenter. Particularly important is the case when in 
a restricted epicentral area the mean apparent P0 velo
city decreases, instead to increase, with increasing focal 
depth, because this can only be explained with the 
existence of a low-velocity layer. This method was 
already used in our investigation on the quakes 
occurred during 1968-69 in the western part of the 
Savona's province (M. BOSSOLASCO and C. EVA, 
1969). 

Now, applying the same method to the shocks 
happened in the years 1967-70 along or near the 
section AB of Fig. 1, we have attempted to deduce 
the behaviour of the mean apparent PO wave velocity, 
obtaining the results sketched in Fig. 3. This figure 
shows that the upper crust beneath the West Alps, 
between Val V araita and Val Grana - chiefly below 
the Val Maira - should contain a low-velocity 
layer, because there is an inversion at a depth between 
6 and 10 km for th PO mean velocity with a decrease 
form 6.0 to 5.8 km/s. This finding is in good 1agree
ment with the result found by P. GIESE (1968), 
working out the data derived exploring the deep struc
ture of the West Alps with refraction seismic profiles, 
because herewith just beneath the same are the exi
stence of a lot-velocity layer have already been 
inferred. 

With reference to the undersea shocks Nos. 2 and 
6 ( see Table I), each of the corresponding travel-time 
curve shows two portions, the first one belonging to 
a direct longitudinal wave with a velocity of 6.4-
6. 7 km/ s, whereas the second one is relative to the 
refracted longitudinal wave travelling with a mean 
velocity of nearly 7.6 km./s. Assuming the existence 
of a horizontal discontinuity for explain this behaviour 
of the travel-time curve, we found for the depth of 
the same discontinuity a value of 12 and 18 km, 
respectively from shocks No. 2 and N. 6. Conse
quently, it seems likely that below the depth of 12-
18 km there should be a layer of greater velocity. 

On the other side, investigating the principal shock 
occurred below the western Ligurian Sea on 19th July 
1963, we have also found nearly the same value for 
the refracted wave velocity (M. BOSSOLASCO and 
C. EVA, 1965). Further, by seismic refraction mea
surements in the Western Mediterranean D.A. FAL
QUIST (1963) was able to observe subcrustal P
velocity of 7.7 km/s at a depth of about 11 km 
below sea level, while r,ecent surface wave studies of 
the crustal and upper mantle structure in the same 
area by · M.J. BERRY and L. KNOPOFF (1967) indi
cate that the layer with the 7.7 P-velocity should 
extend at least to depths of the order of 30-50 km. 

Therefore our results confirm that at least beneath 
the border of the western Ligurian sea it exists 
« an upper mantle structure which is more akin to 
the structure of the mantle under the continents, island 
arcs and midocean ridges than to structures under the 
deep oceans (L. KNOPOFF, 1967). 



- 108 -

4 

2 

A 

f 
l : ·;:: 

i 

" " ! -~~ ::, 
,:r 

J:u 
~8 
1 

or.-_:__ _ ______________ ~-------------------~-==::::::::::-1 

-2 
.37 

E 6.0km/sec 92~
3

~ - 5~km~c•46_ 

..=., 5.8 km/sec .._.23 ~
8 027 

• 15 ( / .,-, _ - 5.0 km/sec .32 

-6 s::. ......... / -41(e25\ 21• 1':•2 44V•40 

a. 09 '- •30 / "\ \ •45 / 190 e14 ,' I 
(IJ -..... - \ .36 / / "11~28 ,' •12 

o \ \ _•29 I \ : 
.39 

.38 
' - --

20 
03 ~7 

-10 

016 

- 14 

- 18 . 
6.2km/sec - _ 

08 
_ __ _ 

9"24 - -

-5 

0 10 

,; •• 5.7km/sec ... ., ... ---
--;a ,:111:'' .-;fi"s 

V e2J s /. u ,~ •.u ,. :
1 

6.0lcm1sec 
- ~:-.ro -

1 29,. •u 

20 30 Km 

SSE 

-lOLS~cc:...;.F'.:=.ig~.2:__ __________ _. 

Fig. 3. - Vertical location of the hypocenters along and near the section AB of Fig. 1, 
with indicative behaviour of the P-velocity. (In rectangle a similar profile along 

and near the section EF of Fig. 2). 

Concerning the structure of the crust properly 
below the Maritime Alps, Fig. 3 shows that during 
1967-70 the shocks sufficiently strong to be investi
gated were somewhat rare, also because the seismic 
activity has been concentrated (during 1968-69) chiefly 
in the western part of the Savona' s pmvince. 

The other new result we present here is that 
obtained working out the swarm sequence of February
March 1967 in the Valdieri-Entracque area. For a part 
of the 29 shocks of moderate intensity of this swarm 
(Fig. 2), the section EF, reproduced in Fig. 3, 
shows very clearly that the instable layers are falling 
from South to North ( or better from SSE to NNW), 
i.e. from South of Entracque to V aldieri, at depths 
nearly between 2 and 8 km. 

5. Seismicity and geotectonics 

As it is wellknown, the Maritime Alps are crossed, 
near their conjunction with the West Alps, by a great 
displacement band ranging from the Imperia' s province 
(and the neighbouring part of the Savona's province) 
- through the Tenda Pass, the areas of Entracque
Valdieri, Demonte-Vinadio, and of the upper Val 
Grana - to the Brian<;on zone in France. From the 
tectonic standpoint this displacement band, formed by 
several fault systems, is prevailingly composed by calc
schists in the seawards side of the Maritime Alps, 
wher·eas all other parts are characterized by the meso
zoic brian<;onnais formation. 

Fig. 1 shows that the location of earthquakes of 
moderate or little intensity occurred in four years only 
is sufficient to confirm that the majority of the 
seismic events occur in the mentioned displacement 
band, chiefly on its borders. While this band has a 
minimal width between the Tenda Pass and the 
Valle Stura (Demonte-Vinadio), causing the concen
trated seismicity which in the Valdieri-Entracque area 
occurs, both towards North as towards South the 
great faulted band becomes divergent. Herewith at" 
the West Alps two seismic « lines » are evident, the 
easterly being the more active. Conversely, southwards 
the divergence is very great, chiefly towards East, 
where the seismic active area reaches the western part 
of the Savona' s province, according to the large 
extension in the same area of the calc-schists forma
tion, which should continue in the adjacent undersea 
zone. 

We explain this behaviour by the uplift of the Alps., 
which still persists in the frame of the general oro
genk processes. Following G. SALVIONI (1957), the 
uplift generally increases from Genoa to the West, 
with a mean rate of nearly 50 mm during 63 years 
at the western border of the Maritime Alps, assuming 
that at Genoa no variation have been occurred. There
fore, the seismic activity should take place where the 
differential uplift is greater, i.e. chiefly in the fault
systems of the mentioned great displacement band. 
And this occurs often at the border of the granitic 
Argentera (or Mercantour) massif, just in the Val
dieri-Entracque area, because, as already noted, there 
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the width of the faulted band is smaller than else
where. In broad fault syst,ems any differential vertical 
movement can indeed be easily distributed by little 
continuous sliding on each fault; only, when some 
faults become consolidated or not more active, other 
adjacent faults are compelled to release concentrated 
elastic energy by earthquakes. 

Evidently the great displacement band represents 
also the boundary of the blocks which, each in a 
different range, take part to the uplift, although on 
account of its length at a determinate time only a 
part of them can be active. For instance, the fault 
strip bending the granitic Mercantour massif is actually 
more active in his east side, because the uplift of 
this massif can be considered as regularly continuous, 
whereas the corresponding eastern border is conditioned 
by the powerful fault systems of the great displace
ment band. 

Working out the earth-tide records made simulta
neously at Genoa and Roburent during 1966-67, we 
have deduced that these stations should belong to 
two different blocks (M. BOSSOLASCO, A. CANE
VA, G. CICCONI and C. EVA, 1968 and 1969), 
and now, after the swarm activity of the years 1968-
69 in the western part of the Savona' s province, it 
seems likely that the two blocks should have at 
present its border just in this area. Therefore, from 
East to West the Maritime Alps can ·be separated in 
three parts : one relative to the east and central 
Savona' s province, the second ranging from the west-
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Fig. 4. - Stock frequency vs. local magnitude for the 
231 shocks of the swarm sequence· occurred February-March 

1967 in the V aldieri-Entra.cque area. 

ern part of the same province to the great displace
ment band, and the third that of the g.ranitic Mer
cantour massif. 

6. Swarm sequences 

Finally we try to correlate the characteristics of the 
investigated swarms to the coefficient b of the Guren
berg-Richter' s formula : 

logN = a- bM 

where N is the shock number of each sequence, M 
the corresponding magnitude and a a characteristic 
constant for each sequence. 

According to some Authors, the coefficient b is 
chiefly dependent on the heterogeneity of the seismic 
zone, whereas other Authors consider it as represen
tative of the stress concentration there. 

For ·the sequence of February-March 1967, occurred 
in the Valdieri- Entracque area with 23.1 shoks, Fig. 4 
shows :a value of b = 0.67 - 0. 70. 

Together with the other 8 cases of swarms occurred 
in the Maritime Alps and adjacent areas already 
worked out by us (M. BOSSOLASCO and C. EVA, 
1965; C. EVA, 1968), we can summarize the obtained 
values of b as follows : 

Western Ligurian sea (July-
August 1963) . b 0.24 - 0.81; 

Ligurian Apennine (March 1965) b = 0.43; 
Valdieri-Entracque (February-

March 1967) b 0.67 - 0.70; 
Ligurian Apennine (July 1967) b = 0.72; 
Valle Arroscia (Savona) (March-

May 1968) . b = 0.39; 
Western Savona's province 

(September 1968) b = 0.56; 
Western Savona' s province 

(October 1968) b 0.64; 
Western Savona's province 

(March 1969) b = 0.52; 
Western Savona's province 

(July 1969) b = 0.58. 

It results that the more homogeneous values of b 
belong to the swarms happened 1968-69· in the 
western part of the Savooa' s province, with a mean 
value of b = 0.58. Further, the lowest values of b 
seem to be associated with the deepest shocks, as 
those of the western Ligurian Sea of 1963 (nearly 
30 km depth) with b = 0.24, whereas the V aldieri
Entracque shocks of 1963, with depth up to only 
2 km leads to the value of b = 0. 70. This agrees 
also with the hypothesis that the b coefficient is 
dependent on the crustal heterogeneity, since there is 
generally higher homogeneity in deeper layers. 
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A COMPARISON OF MAPS OF SEISMICITY 

FOR TRANSCARPATHIANS 

by 0.1. YURKEVICH 

The simplest representation of seismicity is an earth
quakes epicenter's map, with their energy shown. Such 
a map illustrates the display of discrete phenomena of 
strained state of the earth's crust and of the upper parts 
of mantle. 

In order to evaluate the degree of seismicity and to 
make a comparison with other seismoactive regions 
there are prepared maps, where is displayed the transit
ion of discrete occurrences of seismicity to the areal 
distribution of their earthquakes' effects upon the 
Earth's surface. Thus now are used maps of the seismic 
energy flows, of seismic activity, of Kmax of shakeability. 

Epicenter maps are reflecting the actual state. Maps 
of seismic energy represent the summary effect of all 
the earthquakes on the Earth's. surface. Seismic activity 
maps replace the discrete manifestations of earthquakes 
by continuous mediated lines., ref erred to conditioned 
units of area and time. The seismic activity - is the 
average repetition of earthquakes during one year on an 
area S - 1000 km2 • 

For Transcarpathians the seismic activity maps was 
plotted after instrumental data by summarizing method 
with a constant detalization, i.e. with the constant ra
dius, of the mediation circle R = 2 5 km. The number 
of earthquakes getting within this mediation circle, is 
as a rule, Ni = 5, and only in separate cases, 
Ni = 4 or 6. Thus, when plotting the maps the condi
tion of summing was conserved with constant ponctua
lity, too. 

The value of seismic activity in different areas was 
calculated after the formula ( 1 - 5) : 

where 

1000 Ni ( 1 - 10-Y) 
A = 

R2 7T T lQr')' (Kmin -Ko) 

A seismic activity 
R - radius of the mediations circle 

R = 25 km 
T - period of observations 

T = 14 years 
Ni - number of earthquakes within the media-

tion circle 
y - 0.45 

Kmin - 8 
K0 - fixed K, assumed K = 10 for the pos-

sibility to compare the seismical maps of 
different regions. 

The seismic activity map for Transcarpathians is given 
in a Fig. I. Isolines of activity A = 0.02 are contouring 

two regions : the Berehovo-region and the Rahov
region; that means, that on the area S = 1 OOO km2

, 

during 100 years have to occur two earthquakes 
K = 10, or 20 earthquakes with K = 9 etc. 

For the same territory and the same time interval of 
observations there was plotted a map of seismicity 
according the formule ( 6 - 8) : 

A 
E - (-)2 

Sep> = --- e h 
4 7T hi2 

Sep> seismicity 
E flow of energy along the surface of a 

sphere with a radius 
h depth of the earthquakes hearth 
,a - distance from each recorded epicenter and 

from each separate mediation areal. 

The seismicity map according to formula [2] takes 
in account the depth of the earthquake's he·arth, what 
gives a more complete idea of seismicity than the 
account of the position of epicenters and their energy 
only. But the hearth's depth is assumed simultaneously, 
by the radius of earthquakes hearth, region, as it fol
lows out of the first member of the right part of the 
equation [ 2]. 
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The second member of the right part of the equa
tion [2] enlits the dying out of seismic waves tog.ether 
with distance - here is recorded also the influence of 
all the earthquakes on each point of the Earth's surface 
within the investigated region. The seismic map of 
Transcarpathian computed after the methods, prepared 



by W. Sponheuer is represented on fig. 2. The isolines 
of the seismic energy flow discern the same seismically 
dangerous regions ; that of Berehovo, and that of Ra
horv. The isoline 107 dyn/km2 contours an area 0.12. 105 

km:2
• If we pass to the energy, upon the contoured area 

we may awaite an earthquake K = 1Ql1 and, respecti
vely earthquakes of lower classes. 

Fis.2 
'Map O( seis111ic en•riy flo1o1 Jy 'II. Sponheuer 1or Tra"scarpathia"• 

The evaluation of energy in the seismicity map ac
cording to W. Sponheuer is important for the compa
rison of the energy picture, available by both methods : 
that of Y.V. Riznitchenko and of W. Sponheuer. It is 
to be something that ·: 

a) both maps are distinguishing the same seismic
dangerous regions, 

b) according to the seismic activity map, plotted by 
Y.V. Riznitchenko's method in the seismo-dangerous 
region there is to be awaited an earthquake of order 
K = 10, with an indication of time, during which inter
val the given earthquake may occur. If we mean, that 
way to evaluate a possible earthquake on W. Spon
heuer's map is right, then on an almost identical terri
tory one may expect an earthquake of order 1011• 

However on the second map it is not shown for what 
a time-interval an earthquake of the given class is to 
be expected. Thus, the seismic activity map gives a 
direct answer regarding the energy of the expected 
earthquake, while a map of seismic energy flow does 
not give such an answer about the possible strength of 
expected earthquake. 

c) the seismic activity map does not account the depth 
of hypocenters, i.e. of space distribution of the strained 
state of the Earth's crust and of its upper cover. 

11.2 

W. Sponheur's map accounts the hypocenters depth, 
thereby - the energy's deep distribution as well as the 
dying out of seismic waves with distance, and in such 
way, it is discerning the properties of the medium it 
self. When constructing the map of seismic activity, 
this question is rejected at once, because of the fact, 
that in calculation of the meaning of the average acti
vity in a given point only those earthquakes are con
sidered, which have fallen within the choked circle 
of reference. 

As Y.V. Riznitchenko map, so the seismic energy 
flow map, built up by W. Sponheuer, both are based 
on the statistic law of earthquakes distribution ; that is, 
in both cases a strong earthquake is to be expected 
there, where the seismicity was higher displayed. 

The map of seismic activity is the first stage - its 
further development is represented by map Kmruc -
of possible and expected maximal earthquakes, and a 
map of shakeability recording the average frequency of 
earthquakes reiteration in any place under investigation. 
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TSUNAMIS OBSERVED ON THE COASTS OF EUROPE 
NORTH AFRICA AND MIDULE EAST 

by Sousa MOREIRA 

The main tsunamis which affected the European 
coasts had their origin either in the Mediterranean Sea 
or in the Atlantic ocean in the zone situated between 
the Strait of Gibraltar and the Azores Islands [5]. 

In modern times the most destructive tsunamis which 
affected the European coasts are those of 1 Nov 1755 
( southern Portugal, Spanish coast of the Gulf of Cadiz 
and coast of Morocco), 5 February 1783 (Sicily and Ca
labria), 28 December 1908 (Sicily and Calabria) and 
the tsunami of 9 July 1956 in the Eagean Sea. 

Tsunamis in Europe are generally local, but there are 
some exceptions as the well-known tsunami of 1755 
and perhaps that of 21 July 365 in the Mediterranean. 
The tsunami of 365, which was caused by a big earth
quake which occurred in Crete Island, reached Alexan
dria, in Egypt, where the sea threw ships over the buil
dings. It reached Sicily and Calabria, in Italy and 
probably the Mediterranean coast of Spain [ 4]. Reports 
say that precisely on the same day an earthquake was 
felt in the southern part of Spain and associate to it a 
big tsunami was observed along its Mediterranean Coast. 

The origin of tsunamis may be earth slides, faulting 
or both simultaneously. Earthquakes may trigger turbi
dity currents in sediments on steep submarine slopes. 

The origin of some tsunamis in Greece seems to be 
earth slides. The starting by smaller aftershocks, some 
hours later, of seismic sea waves with heights compa
rable to those set off by the main earthquakes it is a 
strong argument which supports this theory. Examples 
are the tsunamis of 9 July 1956 and 6 July 1965 [1]. 

On the other hand, faulting accompanied by earth 
slides appears to have been the cause of the tsunami of 
27 April 1894 in the gulf of Euboea. Large slumps 
and faulting were visible along the western coast of the 
channel of Atalanti (gulf of Euboea). The same reason 
appears to have originated the big tsunami of 28 De
cember 1908 on the coasts of Calabria and Sicily and 
the tsunami of 8 September 1905 in the same region. 
Both originated cable breaks, which indicates that earth 
slides and turbidity currents occurred. Cable breaks 
were also caused by a turbidity current which followed 
the Orleansville earthquake (9 September 1954). The 
cables were at a distance of 40 to 70 miles from the 
epicentre. Cable breaks were caused by other earthqua
kes, for example, the earthquake of 25 November 1941. 

Another feature of the problem is the existence of 
tsunamis caused by earthquakes whose epicentre is si
tuated in land. The most clear case is that of the seismic 
sea wave of 26 December 1939 in the Black Sea, which 
was caused by a big earthquake in Anatolia (Turkey). 
The epicentre of this earthquake is surely in land, about 
160 km from the Black Sea coast. At some places there 
is evidence of strike-slip faulting (3). A downthrow of 
about 1 metre was observed in some places. Along the 

Soviet coast of · the Black Sea the movement of the wa
ter began with a rise of the sea in all places except 
Batumi, which is the station closer to the epicentre [2]. 

Another important case was observed on 2 February 
1703. A series of earthquakes whose epicentres are 
situated in the Aquila region (Italy) caused a with
draw of the .sea of some steps at the mouth of the 
Tiber. The earthquake of 1694 in Italy, whose epicentre 
was in land, seems to have caused agitation of the sea 
at Brindisi. Similar cases were observed during the 
earthquakes of 1·638 (Pizzo, Italy) and 1902 (Salonica, 
Greece). 

Fig. 1. - Seismic sea wave of 28 February 1969. 
Wave fronts at 10 minute intervals. 

The big earthquake of Calabria of February 1783 
caused a tsunami which was felt along the coast of 
Sicily ( from Messina to Punta del Faro) and Calabria 
(from Scilla to Regio) . Although situated near the 
coast, the epicentre of this earthquake seems to be 
situated in land. The Orleansville earthquake, whose 
epicentre is situated in land did not cause a tsunami 
but a turbidity current was set off, probably due to an 
earth slump. 

The earthquake of 28 February 1969·, whose epi
centre is situated southwestwards of the Cape of St. Vin
cent (36,2°N ; 10,5°W) caused a small seismic sea 
wave which was recorded by tide gauge stations in 
Portugal, Spain, Morocco, Madeira, Azores and Canary 
Islands. On the Portuguese Coast the height of the 
waves reached 82 cm and at Casablanca about 1 metre. 
A seismic sea wave entered into the Tagus river. Wave 



fronts at 10 minute intervals were drawn (fig. 1 ). 
The computations were made for wave rays using the 
Descartes formula and then points of equal travel time 
were connected together to form the wave fronts. 
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RESULTATS DU SYMPOSIUM INTERNATIONAL 
SUR LES MICROSEISMES 

par P. BERNARD* 

Le symposium international sur les microseismes de 
Paris, qui vient de se terminer, et qui est rJa premiere 
reunion de ce genre depuis plus de 15 ans, a vrai
ment ete l'reuvre de la sous-commission des micro
seismes de la CSE, qui 1' a propose a 1' Assemblee de 
Ziirich en 1967, et l'a annonce a plusieurs reprises 
jusqu' a sa realisation finale. Les autorites Universitaires 
franc;aises, d' abord reticentes, ont tres largement aide 
a I' organisation materielle du Colloque, et la presence 
de notre President, le Professeur Jensen, nous a ap
porte un soutien moral tres apprecie. 

Nous nous sommes particulierement felicite du tres 
large eventail de sujets qui ont ete traites, depuis le 
bruit a periode 1-2 secondes dont M. Mechler a pro
pose 1' etude approfondie prealablement a I' installation 
de toute nouvelle station sismique, jusqu' aux tres gran
des periodes de 1 cycle par heure etudiees par M. 
Haubrich en 3 stations echelonnees a partir de la 
cote Californienne. Il a calcule mathematiquement 
1' extension de 1' eff et des ondes longues oceaniques et 
celui des variations de pression atmospherique. 

Entre ces deux periodes extremes, M. Korhonen a 
presente les spectres d' energie en fonction de la 
periode obtenus a Oulu, ou apparaissent deux et par
fois trois pies correspondant souvent aux microseismes 
dits primaires et secondaires, appellation discutable du 
fait que le phenomene le plus important est qualifie 
de secondaire. La methode des spectres de periode 
semble avoir un grand avenir et la motion finale 
recommande une obtention homogene de ces spectres 
clans les differentes stations pour permettre la com
paraison. 

Deux travaux ont ete particulierement importants 
par leur analyse experimentale approfondie du pheno
mene : M. Bossolasco, par la comparaison de 3 sta
tions dont deux placees clans les Alpes, a aborde la 
question peu etudiee de I' amortissement des on des 
microsismiques et eventuellement de l'effet d'un ac
croissement d' altitude et ii a insiste sur l'universalite 
du rapport 2 entre les periodes des vagues et des 
microseismes. Il a place des le debut le colloque clans 
son contexte reel en etudiant plusieurs situations 
meteorologiques de fronts froids ayant provoque des 
tempetes micmsismiques a Genes. Le Professeur Dar
byshire a compare avec la theorie 1' amplitude des 
ondes microsismiques primaires et secondaires origi
naires de 1' Atlantique et de la mer d'Irlande. Il 
attribue aux microseismes primaires une origine cotiere 
favorisee par un raccourcissement a 9 secondes de la 
periode de la houle : elle tombe alors clans le 
domaine des microseismes secondaires. Par contre, des 
houles de 20 secondes ne semblent pas susceptibles 
de provoquer de microseismes pr.imaires. 

'* I.P.G., Paris. 

Sur ceux-ci, P. Bernard et F.I. Monakhov sont 
arrives a des resultats opposes : le premier les a enre
gistres par hasard sur une jetee du port de la Corogne 
avec d' enormes differences d' amplitude entre deux 
points rapproches. Ces longues periodes disparaissent 
des que le sismographe est installe sur un sol gra
nitique a moins de 2 km de la, ce qui n' est pas 
favorable a une propagation, meme a courte distance, 
du phenomene. Au contraire, M. Monakhov l'enre
gistre aussi loin que Mos.con mais sans s.imultaneite 
avec les tempetes microsismiques ordinaires ( c' est-a.
dire principales plutot que secondaires). 

Le probleme de la nature des ondes microsismiques 
a ete souleve par E. Hjortenberg d'apres les resultats 
de la station quadripartite du Groenland. Celle-ci 
comporte, experience entierement nouvelle, un sismo
graphe place a un niveau different des trois autres, 
qui decele des ondes dont la vitesse a une compo
sante verticale. La presence d' on des P clans Jes micro
seismes conduit a reconsiderer, clans les prochaines 
etudes, les mecanismes de propagation et peut-etre de 
generation de ces ondes. 

Les applications de notre phenomene n' ont pas ete 
negligees : la sensibilite des stations aux ondes sis
miques semble varier avec l'importance de !'agitation 
microsismique qu'on y enregistre et M. Lopez-Arroyo 
nous a fait part de ses remarques a ce sujet; I' Abbe 
P. Levert pense qu'un amateur bien outille dispose 
clans les microseismes d'une source efficace de rensei
gnements meteorologiques; M. Stahl nous a offert la 
primeur des mesures microsismiques qu' il a poursuivies 
a Rabat depuis 5 ans et dont la comparaison avec la 
houle sera poussee aussi activement que possible. 

Enfin j 'ai plaisir a rendre hommage aux auteurs 
qui se sont eleves au-dessus de travaux strictement 
personnels pour essayer de synthetiser les resultats 
accumules. Le Pere Gherzi, retenu au Canada par un 
leger accident de sante, a envoye, avec une biblio
graphie copieuse, I' interpretation qui lui parait la 
meilleure pour chaque categorie de microseismes, et 
M. Grinda, apres avoir rendu compte de tous les tra
vaux effectues avant lui, a enumere les parametres qui 
lui paraissent agir clans la formation des microseismes 
a partir de la houle, et a expose ses vues sur I' im
portance des houles croisees. 

Tous ces travaux seront publies le plus rapide
ment possible, clans le fascicule n° 31 des Monogra
phies de l'UGGI. Puisque cette Union organise l'an
nee prochaine une seance de microseismes a Moscou, 
en liaison avec les oceanographes et les meteorolo
gistes, j'espere que notre symposium aura contribue 
a diffuser les resultats acquis, a eviter les redites, et 
a susciter de nouvelles et fructueuses recherches. 



SOM:E ASPECTS OF SOME MICROSEISMS 
AFFECTING THE U.K. 

by Ernest TILLOTSON 

Introduction 

When considering microseisms of period 4 - 8 
seconds which affect the U.K., it .was taken to be 
just as important to be able to explain any absence of 
microseisms as to explain their presence. We wish to 
be able to give an estimate of possible microseismic 
movement by deduction from the current weather 
chart, as also to estimate the important current weather 
features in the neighbourhood from measurements of 
the microseisms. 

Origin of microseisms 

All estimates of the position of the origin of U.K. 
microseisms have led us to look to the ocean which 
surrounds us, and not to any land area. Further, there 
appear to be four distinct sets of circumstances which 
are best suited to the production of microseisms, 
namely : 

( 1) Ocean waves beating on rocky coasts. 
(2) Two adjacent low air pressure areas ( cyclones) 

over the ocean. 
(3) One fast moving low air pressure area - and 

it must be fast moving, particularly if the air 
pressure is not relatively low. 

( 4) A single slow moving low air pressure area -
but in ·this case the winds round it must have 
a high veJo.city. · 

~t will he realised that air pr:essure systems in the 
n~1g.hbourhood of the U.K. are complicated, and it is 
d1ff 1cult to isolate occurrences in which only one of 
these four possible origins is present. However, the 
following examples from Dr. A. E. M. Geddes, O.B.E., 
of Aberdeen, will illustrate the major features.:-

Case 1 

(A). On September 13th, 1961, there was a slow 
moving cyclone over the north Atlantic ocean 
with a gradient wind of 66 knots off Iceland. 
The gradient wind off the northern part of the 
U.K. was 48 knots. Microseisms at Aberdeen 
had amplitude 8.4 p, on the EW record, and 
4.5 microns on the NS record. The period of 
the microseisms was 8 seconds, and thus the 
estimated stationary sea waves had a period of 
16 seconds. This is more in accord with the 
higher wind speed of 66 knots, and thus the 
microseisms wer:e likely to have arisen from the 
reflection of the sea waves from the South-east 
coast of Iceland. 

(B). On March 7th, 1962, there was again a slow 
moving cyclone over the north Atlantic ocean. 

Microseisms recorded at Aberdeen had an 
amplitude of 10.5 p, on the EW record, and 
8.8 11. on the NS seismogram. In both cases 
the microseisms had a period of 6 seconds and 
therefore the estimated period of thg stationary 
sea waves was 12 seconds. Numerically, the 
gradient wind velocity which occasioned these 
waves would be approximately four times this 
number, namely 48 knots. The gradient wind of 
the cyclone near the NW coast of the U.K. was 
measured as 49 knots and thus the agreement 
of these estimates tends to show that the micro
seisms were to be correlated with the reflection 
of the sea waves from the rocky north-west coast 
of the U.K. 

Case 2 

On February 19th, 1963, there was a double low 
air prssure area situated at approximately latitude 
55°N, longitude 35°W. The gradient wind in the 
n~ighbourhood of this double centred low was appro
ximately 45 knots, and thus according to the reasoning 
cited in the examples given previously the theoretical 
period of the microseisms should be about 5.6 seconds. 
The microseisms recorded on both horizontal seismo
grams at Aberdeen had periods of 6 seconds, that on 
the EW record having an amplitude of 6.3 ./1. and 
that on the NS record 6.0 µ.. Further, since the 
middle of the double fow at the time was almost 
due wets of Aberdeen, the large transverse movement 
shown on the seismogram would appear to indicate 
the presence of Love waves, as well as the usual 
Rayleigh waves in the microseisms. 

Case 3 

Between October 30th and November 3rd, 1963, 
very large microseisms. of :period 6 seconds were 
recorded at Aberdeen. Those on the EW record had 
an amplitude of 21 µ., whilst those on the NS seis
mogram had an amplitude of nearly 17 p, on Novem
?er 2nd when the storm was at its height. The 
important feature on the weather chart at the time 
was a low air pressure area which moved from lati
tude 55·0N, longitude 25°W at 1200 hrs. G.M.T. on 
October 31st to latitude 58°N, longitude 10°E at 
0000 hrs.. on November 2nd. The microseisms were 
probably due to this fast moving cyclone. 

Case 4 

On January 17th, 1965, very large microseisms of 
period 8 seconds occurred in the U.K. At Aberdeen 
the amplitude on the EW seismogram was 21 µ, 
whilst that on the NS record was almost 12 µ.. The 



important feature on the weather chart at the time 
was a slow moving low air pressure area situated at 
latitude 58°N, longitude 13°W having a gradient 
wind of 60 knots. Such strong winds blowing in 
opposite directions on the opposite s.ides of the centre 
of the low could produce sea waves which would 
interfere near this centre to give an area from which 
microseismic movement would radiate. 

Common to all these cases cited there appears to be 
only one factor, namely, the possibility that all four 
can set up stationery sea waves in the ocean by a 
process of the interference of progressive sea waves 
moving in opposite directions. 

Further, it has been demonstrated mathematicaUy 
that if microseisms are generated from these oceanic 
standing waves, then the periods of the principal 
microseisms would be one half those of the corres
ponding sea waves. 

Wave motion 

Microseisms affecting the U.K. are often of very 
large amplitude and are progressive waves. 

Although there does not appear to be any reason 
why body waves should be excluded, yet we do not 
find any of note and microseisms may be .condidered 
to be surface waves. If we separate these into con
ventional Rayleigh waves and Loves waves, Rayleigh 
waves are always present but what we might term the 
plane of polarisation does not seem always to be 
vertical. Love waves are almost always present and 
the plane of movement is near horizontal. Both 
fundamental mode and higher mode Rayleigh waves 
are usually present and any attenuation in amplitude 
with distance appears to affect the higher frequency 
waves more than the lower frequency ones. 

Although some frequency analysis of microseisms 
has been carried out at the National Institute of 
Oceanography, so far as has come to my notice 
nothing appears to have been done in the U.K. on 
the statistical analysis of microseisms crossing seismic 
arrays. Rather in the U.K. in array work we appear 
to have concentrated on (1) .choice of relatively 
noisefree sites, (2) better instrumentation, recording 
and transport of information, ( 3) elimination of ran
dom noise by delayed output from one seismograph 
to another followed by addition ( 4) careful reading 
of onsets, and ( 5) distinction of onsets. 

Direction of travel 

Rayleigh waves of microseisms largely appear to be 
beamed, whereas Love waves are not. Since Love 
waves can thus come from many directions to a 
recording station it appears best to concentrate on 
Rayleigh waves for possible direction finding. 

However, the direction of travel of Rayleigh waves 
is not constant since they may be refracted. As an 
example of this, the speed of Rayleigh waves depends 
upon the depth of water involved in their pas.sag~. 
Thus, they will be refracted when coming in from 
the deep ocean over the continental shelf and in 
other cases where the depth of water changes. For 
Rayleigh wave microseisms of period 6 seconds if 
the depth of water is 4000 metres, the velocity is 

117 

1.16 Km/sec. whereas if the depth of water is only 
200 metres the speed is 2.59 Km/sec. If, therefore, 
we consider _ a wide front of approach of these waves, 
there could also be a lens effect at a particular recei
ving station, giving rise to a greater or lesser ampli
tude than would otherwise be the case. 

Transfert of energy 

In any future studies, apart from statistical recogni
tion, probabdlities and evaluation of errors, it will 
be important to examine questions of energy and 
energy transfer including damping effects. Microseisrns 
ar,e often of small amplitude when, judging from a 
synoptic weather .chart, one would expect them to be 
large, and they are sometimes of large amplitude on 
a seismogram when one might anticipate them being 
small. 

During 1963 at Aberdeen microseisms and maximum 
microseisms were remarkably uniform in · amplitude 
thus :-

Date 
Amplitude µ, 

1963 E.W. Maximum 

May 13 4.4 10.47 
September 14 3.73 11.54 
October 14 - 15 4.01 8.14 
November 18 - 19 3.2 11.19 
December 19 3.65 11.0 
December 24 3.3 8.03 

However, the weather charts showed very variable 
conditions and wind speeds such as :-

Average wind speeds (Knots). 

Month U.K. Norway 

May 30 3 
September 15 45 
October 6 9 

November 23 15 

In the open ocean, as we have seen, the depth of 
water plays a significant part, and on the coast there 
is often a shelving beach in front of high cliffs so 
that the maximum reflection of energy in a particular 
direction only occurs at certain times. Thus, the state 
of the tide could be significant. No doubt there are 
many other factors. 
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MIKROSEISMIKBEOBACHTUNGEN 
IN EINER NORDDEUTSCHEN TIEFBOHRUNG 

von H. HAR.W ARDT 

presentee par E. HJORTENBERG 

1. Einleitung 

Im Rahmen der Erprobung eines an der Sektion 
Geowissenschaften entwickelten Tiefbohrlochseismo
meters wurden erstmalig in der DDR im Jahre 1968 
Mikroseismikbeobachtungen in einer Tiefbohrung 
durchgeführt. Die Messungen erfolgten in den Fre
quenzbereichen 0, 1 Hz bis 1 Hz und 1 Hz bis. 1 O Hz 
in folgenden Teufen : 2200 m, 1700 m, 1200 m, 
700 m, 200 m und 50 m. Parallel zu den Registrierun
gen in jeder Teufe wurde die Bodenunruhe an der 
Erdoberfläche am Bohrlochmund gemessen. 

Die Auswertung des Registriermaterials erfolgte 
hinsichtlich 
a) der Ermittlung der Amplituden-Frequenzcharakte

ristiken 
b) der Berechnung von Korrelationsfunktionen 

2. Messmethodik 

Das eigentliche Messinstrument der Tiefbohrloch
sonde ist ein elektrodynamischer Vertikalseismograph 
mit einer Eigenfrequenz von 1,3 Hz und einer Seismo-

1 

Abb. 1. - Die Tiefbohrloch~onde vor dem Einfahren in die 
Tiefbohrung. 

metermasse von 10 kg. Das Seismometer weist 2 Trans
ducersysteme auf, so daß bezüglich Anpassung, Däm
pfungseinstellung und Eichung gute Möglichkeiten 
gegeben sind. Nach den Ergebnissen der Laborerpro
bung ist die Tiefbohrlochsonde in Teufen bis ca. 
5 000 m einsatzfähig [ 1]. 

Mittels einer speziellen Arretierungsvorrichtung 
wurde die Sonde fest an die lnnenverrohrung des 
Bohrlochs angedrückt und das Meßkabel · um durch
schnittlich 5 m entlastet. Für die Signalvergrößerung 
wurden die an der Sektion Geowissenschaften ent
wickelten Galvanometerverstärker verwendet, deren 
Eingangsgalvanometer über das abgeschirmte Bohrloch
meßkabel direkt mit der Sonde verbunden war. Als 
Registrierinstrumente dienten 12 Hz-Galvanometer. 

Die Gesamt-Meßeinrichtung war in beiden Fre
quenzbereichen als Geschwindigkeitsmesser abgestimmt. 

Die zeitliche Aufeinanderfolge der Meßteufen 
wurde so gewählt, daß vor Beginn der Messung im 
Sonden~örper Temperaturgleichgewicht mit der Um
gebung herrschte. Für jede Meßteufe wurden die opti
malen Dämpfungswerte von Seismometer und Galva
nometer eingestellt und eine Empfindlichkeitseichung 
mittels Ausschwingtest durchgeführt. Für die maximale 
dynamische Vergrößerung V'l für v = l Hz ergaben 
sich folgende Werte : 

im Frequenzbereich 0,1 Hz bis 1 Hz : V1 

= 1,0 . 106 (+ 5 %) 

im Frequenzbereich 1 Hz bis 10 Hz : V.1 

= 4.0 . 106 (+ 5 %) 

Für die Parallelregistrierungen an der Erdoberfläche 
dienten im kurzperiodischen Frequenzbereich das lnge
nieurseismometer IS 1/V (Eigenfrequenz 1,4 Hz) und 
im langperiodischen Frequenzbereich ein Bodenseis
mometer mit der Eigenperiode 1,7 s. Als Verstärker 
wurden optisch-elektrische Verstärker und als Regis
trierinstrumente 12 Hz-Galvanometer verwendet. Der 
übertragene Frequenzbereich entspricht nur im kurz
periodischen Bereich dem der Tiefbohrlochapparatur 
gut; im langperiodischen Bereich weist die Amplitu
den-Frequenzcharakteristik der Oberflächenstation ein 
Maximum für 0,37 s auf. 

Als Zeitmarken wurden die Sekundenimpulse eines 
Chronometers parallel zu den beiden Meßspuren von 
Tiefbohrlochseismometer und Oberflächenseismometer 
auf gezeichnet. 
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Abb. 2 - 7. - Amplituden-Frequenzspektren der mikroseismischen Bodenunruhe für 6 Meßteufen T. 

s : Bodengeschwindigkeit, v: Frequenz. 
Die Meßpunkte für die Bohrlochmikroseismik ( •) sind durch ausgezogene Linien, die der zeitgleichen Oberflächenmessungen (o) 
durch unterbrochere Linien miteinander verbunden. In jeder Abb. ist für den lang- und kurzperiodischen Arbeitsbereich der Zeit

abschnitt angegeben aus dem die Probenintervalle genommen wurden. 
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3. Auswertung der Registrierungen 

Im Frequenzbereich 1 Hz bis 10 Hz wurden für 
jede Meßteufe innerhalb eines Zeitabschnittes von 2 
Minuten 5 bis 10 2 s-Intervalle willkürlich ausge
wählt. Durch Aufgliederung jedes 2 s-Intervalls in 
48 zeitgleiche Teile gewinnt man die Amplituden
werte für 48 Stützstellen. Entsprechend wurden im 
Frequenzbereich 0,1 Hz bis 1 Hz innerhalb eines 
Zeitabschnittes von 20 Minuten 5 15,2 . s-Intervalle 
willkürlich ausgewählt und jedes, Intervall in 48 zeit
gleiche Teile eingeteilt. 

Die Amplituden-Frequenzanalysen und die Berech
nung der Korrelationsfunktionen sind mit Digitalre
chenautomaten durchgeführt worden. 

Bei den Frequenzanalysen wurden die Ergebnisse 
aller Auswerteintervalle für jeden Frequenzwert, ent
sprechend ihrer Anzahl, arithmetisch gemittelt und mit 
den zugehörigen Empfindlichkeitsfaktoren multipliziert, 

um die Bodengeschwindigkeit ~ in der Einheit nm . ~-1 

zu erhalten. Die Werte für die Frequenzen 2,0 Hz, 
1,5 Hz und 0,99 Hz sind korrigiert worden, um den 
Abfall der Amplituden-Frequenzcharacteristik der Auf
zeichnungsapparaturen, zur Frequenz v = 1 Hz hin, 
zu kompensieren. Für den Frequenzbereich 0,1 Hz bis 
1 Hz sind die Oberflächenwerte zusätzlich so korri
giert worden, daß ein weitgehend der Bohrloch
meßeinrichtung angeglichener Verlauf resultiert. Die 
Ergebnisse der Frequenzanalysen sind zusammenfas
send in den Abb. 2 bis 7 dargestellt. 
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Abb. 8. - Autokorrelationsfunktion im langperiodischen 
Arbeitsbereich für die Bohrlochmessungen in 2200 m Teufe 
und den gleichzeitig dazu registrierten Oberflächenmessungen, 

zu 5 aufeinanderfolgenden Auswerteintervallen 
A (T) : normierter Autokorrelationskoeffizient; 

r : Verschiebungsparameter .A,- := 1 entspricht 
At := 0,3165 s; 

to : Anfangszeitpunkt des Auswerteintervalls ; für das 
l, Auswerteintervall wurde to := O gesetzt. 
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Alle anderen Bezeichnungen und Angaben wie in Abb. 8. 
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Abb. 10. - Ergebnis der Kreuzkorrelationsanalyse zwischen 
Oberflächen- und Bohrlochmikroseismik in verschiedenen 

Meßteuf en für 2 Arbeitsbereiche ; 
K* : normierter Kreuzkorrelationskoeffizient, Definition siehe 
3., T: Meßteufe, • : Arbeitsbereich 1 Hz bis 10 Hz, o: Ar

beitsbereich 0, 1 Hz bis 1 Hz. 

Die Ergebnisse einer Autokorrelationsanalyse sind 
für 5 aufeinanderfolgende Zeitwerte in Abb. 8 (Fre
quenzbereich 0,1 Hz bis 1 Hz) und Abb. 9 (Fre
quenzbereich 1 Hz bis 10 Hz) dargestellt. In Abb. 10 
sind die Ergebnisse der Kreuzkorrelationsanalyse 
zwischen Bohrloch- und Oberflächenmessungen für 
beide Frequenzbereiche wiedergegeben. Der Berech
nung des Kreuzkorrelationskoeffizienten k ( T) liegt 
folgende Gleichung zugrunde 
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x1 : Bohrlochmeßwerte 
Yi : Oberflächenmeßwerte 
N : Gesamtzahl der Meßwerte 
,.,. : Verschiebungsparameter 
k ( T) variiert zwischen + 1 und - 1. Die in 
Abb. 10 angegebene Gr.iöße K * bezeichnet den 
Betrag des Extremwertes von k ( T) innerhalb einer 
Periode in der Umgebung T = 0. Die Streubereiche 
kennzeichnen den mittleren Fehler des aritmetischen 
Mittels. 

4. Diskussion der Ergebnisse 

Bei der Diskussion der Ergebnisse ist folgenden 
Besonderheiten der Meßwerterfassung Rechnung zu 
tragen : 

a) Die Registrierungen wurden für die 6 Meßteuf en 
und für die beiden Frequenzbereiche zu ver
schiedenen Zeiten durchgeführt. Zeitliche Änder
ungen im Charakter der Mikroseismik können 
jedoch nur dann gleichsinnig auf Oberflächen- und 
Bohrlochmessung wirken, wenn Korrelation zwis
chen diesem Messungen vorliegt. Nach Abb. 10 
besteht eine Korrelation im kurzperiodischen Be
reich ab etwa T = 700 m jedoch nicht mehr. 

b) Die Registrierungen erfaßten nur die Vertikalkom
ponente der Bodenbewegung. Daher sind keine 
Aussagen über den Wellencharakter möglich, so 
daß z.B. auch nicht entschieden werden kann, 
inwieweit die Meßergebnisse durch Konversionen 
verschiedener Wellentypen ineinander beeinflußt 
sind. 

c) Die Registrierungen wurden in jeder Meßteufe nur 
einmal durchgeführt. 

Unter Berücksichtigung dieser Besonderheiten · kön
nen aus den in den Abb. 2 'bis 10 dargestellten Er
gebnissen folgende &hlußfolgerungen gezogen werden. 

I. Der Mikroseismikstörpegel ist in großen Meß
teuf en kleiner als an der Erdoberfläche. 

Unter Störpegel wird das arithmetische Mittel der 
zur gleichen Teufe gehörenden Meßwerte aller Aus
wertefrequenzen verstanden. Die Ergebnisse sind für 
den Frequenzbereich 0,1 Hz bis 1 Hz in Abb. 11 
und für den Frequenzbereich 1 Hz bis 1 O Hz in 
Abb. 12 dargestellt. Die jeweils 2 zusammengehören
den Störpegelwerte für Bohrloch- und Oberflächen
messung sind durch gleiche Symbole wiedergegeben. 
Für die Teufe T = 0 m sind zusätzlich die nach den 
von Brune und Oliver angegebenen Amplituden-Fre
quenzcharakteristiken der Mikroseismik (2, S. 71) 
berechneten Werte angegeben und durch Max (Maxi
mum), D (Durchschnitt) und Min (Minimum) ge
kennzeichnet. 

Die Darstellungen zeigen, daß der mikroseismische 
Störpegel in 2200 m Teufe für den kurzperiodischen 
Bereich etwa 20 bis 200 mal kleiner und für den 
langperiodischen Bereich etwa 50 mal kleiner als an 
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Abb. 11. - Störpegel der langperiodischen Mikroseismik für 
verschiedene Meßteuf en 

s. : Störpegel, Definition siehe 4.I. 
T : Meßteufe. 

der Erdoberfläche ist. Für den kurzperiodischen Be
reich hat man .dabei zu berücksichtigen, daß keine 
Korrelation zwischen Oberflächenmessung und Bohr
lochmessung vorliegt, so daß prinzipiell mit verschie
denen Anregungsmechanismen für Oberflächen- und 
Bohrlochmikroseismik gerechnet werden muß. Die 
gegenüber dem langperiodischen Bereich weit höheren 
Streuungen der Oberflächen-Störpegelwerte im kurz
periodischen Bereich deuten auf eine hohe Beeinfluss
ung der Mikroseismik durch Industrie- und Verkehrs
unruhe hin. Die Oberflächenwerte des Mikroseismik
störpegels liegen zwischen dem Durchschnitts- und 
Maximalwert nach Brune und Oliver, in weitgehender 
Übereinstimmung mit Messungen, die 1966 im nord
deutschen Raum durchgeführt wurden (3, S. 39). In 
Teufen der Größenordnung 1000 m werden Stör-
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Abb. 12. - Störpegel der kurzperiodischen Mikroseismik. 
Alle anderen Bezeichnungen und Angaben wie in Abb. 11. 



pegelwerte erreicht, die in die Nähe des Wertes kom
men der nach Brune und Oliver für die mikroseis
misch ruhigsten Gebiete der Erdoberfläche gemessen 
wurde. 

II. Die Registrierungen weisen das Vorhandensein 
von Vorzugsperioden für die Mikroseismik nach. 

Relative Maxima der Bodengeschwindigkeit treten 
für die Perioden 4 s, 2 s und 0,2 s auf. Im lang
periodischen Bereich ist besonders die Existenz der 
Vorzugsperiode 2 s zu allen Meßzeiten gesichert. Das 
Auf treten dieser Vorzugsperiode wurde durch andere 
Messungen im norddeutschen Raum bestätigt ( 4, S. 
57). Das relative Maximum für die Periode 4 s wurde 
nur in der Zeit vom 10.11.1968 1054 bis 10.11.1968 
21 47 nachgewiesen, für die späteren Zeiten jedoch 
nicht mehr. Das in den meisten Fällen gleichzeitige 
Auftreten der Vorzugsperioden für Oberflächen- und 
Bohrlochmessungen bestätigt das Ergebnis der Kreuz
korrelationsanalyse nach guter Korrelation für alle 
Meßteufen im langperiodischen Bereich. Im kurz
periodischen Bereich ist die Existenz der 5 H~-Vor
zugsfrequenz für alle Meßteufen ab 700 m ges1ehe~t. 
Ein gleichzeitiges Auftreten dieses Vorzugswertes m 
den Oberflächenmessungen ist nicht signifikant nach
weisbar. Diese Aussage wird durch das Kreuzkorre
lationsergebnis nach Abb. 10 unterstützt. 

Das Auf treten von Vorzugsperioden im langperio~ 
dischen Bereich wird von Schneider mit dem Vorhan
densein von speziellen Wellentypen und von Diskon
tinuitäten in der Erdkruste in Verbindung gebracht 
[ 5 J. Wegen der Einkomponentenregistrierung gestatten 
unsere Messungen keine Aussagen über den Wellen-
typ. 

III. Nur im langperiodischen Bereich weisen Ober
flächen- und Bohrlochmikroseismik eine gute Kone
lation auf. 

Die Kreuzkorrelationsuntersuchungen für Oberflä
chen- und Bohrlochmessungen zeigen, daß im lang
_periodischen Bereich für alle Meßteufen .eine Korre
lation vorliegt, während im kurzperiodischen Bereich 
ab ca. 700 m keine Korrelation nachweisbar ist, siehe 
Abb. 10. Für den kurzperiodischen Bereich kann 
daraus gefolgert, werden, daß verschiedene Anregungs
quellen für Oberflächenmikroseismik und Bohrloch
mikroseismik ab T ~ 700 m vorliegen. 

Das Ergebnis der Autokorrelationsanalyse im lang
periodischen Bereich nach Abb. 8 zeigt, daß sich 
sowohl die Oberflächenmikroseismik als auch die Bohr-
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lochmikroseismik über einen Zeitraum von ca. 20 Mi
nuten weitgehend stationär verhalten. Im kurzperio
dischen Bereich erweist sich nur die Bohrlochmikro
seismik über eine Zeitspanne von ca. 40 s als hin
reichend stationär. Die Obcrflächenmikrosefa.mik änd~rt 
ihren Charakter innerhalb weniger Sekunden. UrsaGhe 
hierfür dürften z.eitlich und räumlich in ihrer Int~n
sität variierende oberflächennahe Quellen, wie z.B. 
Verkehr, Wind usw., sein. 

Hinsichtlich der Anwendung von Mikroseismikbeo
bachtungen in Bohrlöchern für die seismische Erkun
dung können aus den vorangehenden Ausführung~n 
folgende Schlußfolgerungen gezogen werden 

Im langperiodischen Bereich ergeben sich durch 
Registrierungen in Bohrlöchern gegenüber Oberflächen
messungen keine Vorteile. Die kurzperiodische Mikro
seismik ist bisher für Erkundungs auf gaben nicht inte
ressant. Die Oberflächenmikroseismik dürfte für diese 
Auf gaben wegen ihrer zeitlichen und räumlichen Insta
bilität prinzipiell ungeeignet sein. Wesentlich günsti
gere Voraussetzungen bietet die Mikroseismik in 
größeren Teufen. Jedoch gibt heute die Vertikalpro
filierung bessere Möglichkeiten, mit weniger Aufwand 
gute Resultate zu erzielen. 
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AMPLITUDE VARIATIONS 
OF THE 2-CPS SEISMIC NOISE 

by Axel PLESINGER * 

presented by V. KARNIK 

Investigations of the spectral properties of short
period seismic noise (T < ls) measured at a number 
of stations have shown that a sharp peak near 2 cps 
exists. This peak is o.f ten hidden by cultural noise 
at the surface but at quiet sites and at depth it is 
commonly clearly visible. At Kasperski: Hory in 
Bohemia, e.g., the average value o.f the peak-frequency 
during one month (December 1967) was f'P = 2.0214 
cps, the maximal deviation 2.96 % of fP (Fudk, 1970) 
and at least 90 % of the noise energy during 1962 
and December 1967 was concentrated within the 
frequency interval M = 1.85 - 2.4 cps (Kulhanek, 
1966 ; Fueik, 1970)xx>. At various deep-hole and 
surface sites in the USA a nea:rly stable value of f P 
= 2.04 cps was found out and high resolution 'Spect-ra 
often indicated the presence of another peak at approxi
mately 1.96 cps (Douze, 1967). Thus, the values of 
the peak-frequency observed in the USA and in 
Bohemia show a surprising coincidence. 

Fig. 1. - Schematic diagram of the selective seismograph 
system. S - short-period seismometer ; PGA - photogalvano
metric amplifier; 1, 2 and 3 - operational amplifiers ARITMA; 
IR - ink recorder. The system is an inverse modification of the 
filtering seismograph type A described by Plesinger ( 1967). 

A complex analysis of short-period surface and deep
hole noise carried out by Douze has shown that the 
sharp peak near 2 cps consists of Rayleigh mode 
or modes of orders higher than the third, or of body 
waves. In explaining the peak, Frantti and Dooze 
consider the following hypothesis : 

the peak corresponds to a minimum or a maximum 
in the group velocity curve for the geological 
structure at the recording site, or specific sources 

* Geophysical Institute of the Czechosl. Acad. of Sciences, 
Bocni II, Praha 4, Sporilov II. 

** The records analysed by Fucik were obtained from an 
electronic Seismograph system with constant displacement 

magnification V := 2 . 10° in the frequency range 1 - 8 cps ; 
the spectra of 108 portions each of 60s length were computed 
by FFT (Cooley-Tukey) with sampling intervals from 0,04 
to 0,08s. 

over extensive regions of the earth's surface exist 
which generate surface waves of this frequency 
(Frantti, 1963), 

- if the waves are surface waves, some filtering 
mechanism for surface waves exi1sts, because no 
common surface source has been found that could 
expfain the peak, or, if the waves are body waves, 
some subsurface source of this noise exists, because 
earthquake records show that the earth does n<;>t 
act as a filter which would prefer 2-cps noise for 
body waves (Douze, 1967). 

According to Douze a mixture · of different wave 
types cannot be excluded, too. 

To get some further information supporting or 
denying any of these hypothesis, long-term measure
ments of amplitude variations of the 2-cps noise 
carried out simultaneously at various quiet places with 
different local geology might be useful. The exrremely 
narrow-band character of this noise allows to use very 
selective seismographs which pass only the frequency 
rc:nge of interest and sufficiently suppress other noise 

10 --. f [Hz] 100 
•' 

Fig. 2. - Amplitude-frequency"characteristics. 1 - relative sen
sitivity curve of the system seismometer-photoamplifier ; 2 -
relative amplification curve of · the active filter circuitry ; 

3 - absolute sensitivity curve of the complete system. 
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Fig. 3. - Amplitude variations of the 2-cps noise recorded at 
Kasperske Hory, 11.-21.7.1970. 
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Fig. 5. - Comparison between amplitude variations of the 
2-cps noise recorded at Pruhonice and Kasperske Hory, 

29.-30.8.1970. 

components ( micro5eisms, high-frequency cu.itural 
noise). Two such ·recording systems were put into 
operation at our stations near Kaspe·rske Hory 
( 49°08'N, 13°35'E, abondoned gallery, depth 30 m, 
gneiss) and Pruhonice ( 49°59'N, 14'0 32'E, surface, 
algonkian slate) in July 1970. 

The schematic diagram of the equipment is shown 
in Fig. 1. The output signal of an electromagnetic 
short-period seismometer is amplified by a photogal
vanometric feedback-amplifier which acts as a pass
band filter with cut-off frequencies 0.8 and 8 cps. 
An active narrow-bandpass circuitry follows the fil
tered signal is rectified by a diode detector and the 
rectified signal is than low-pass filtered. In this way, 
the envelope of the peak values of the 2-cps noise 
is obtained and recorded by an ink recorder. The 
response curve of the system is plotted in Fig. 2. 

Examples of records obtained from the two systems 
are given in Figs. 3, 4, 5 and 6. The sharp peaks 
on the ·records correspond to 2-cps components of 
seismic signals excitated by earthquakes (EQ), quarry 
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Fig. 4. - Amplitude variations of the 2-cps noise recorded 
at Kasperske Hory, 2.-11.7.1970. 

Fig. 6. Comparison between amplitude variations of the 
2-cps noise recorded at Pruhonice and Kasperske Hory, 

18.-19.8.1970. 

blasts ( QB) O'r by local traffic (LT) . On Fig. 3 
an expressive oscillation character of the amplitude 
variations of the noise is evident. The oscillations hold 
out for several hours and even days, their periods vary 
bc-1:ween approximately 30 seconds and 15 minutes. On 
Fig. 4, the oscillation character i·s again clearly visible, 
but substantial fong-term variations of the noise level 
occur here too. A long-term increase of the level is 
mostly accompanied by an increase of the periods 
of the oscillations. 

In Fig. 5, records obtained from two identical 
systems placed at Pruhonice (PRU) and Kasperske 
Hory (KHC) are compared. A·s a consequence of the 
presence of local ( cultural) 2-cps noise components at 
PRU, the upper records- are - in compa:raisoa with 
those from KHC - relatively disturbed. Nevertheless, 
a generally similar course of at least the long-term 
variations of the noise level at both stations is evident. 
But there are inverse anomalies too, e.g. between 21 
and 2 2 UT on the upper and between 16 and 18 UT 
on the lower •records. On Fig. 6, nearly identical periods 
and amplitudes of the oscillations of the noise levd 



at both stations between 15 50 and 17 UT are -remar
kable, while, on the other hand, no unambiguous 
coherence of the long-term variations seems to exist. 

With regard to the fact, that records from July and 
August 1970 were up to now analysed omy visually, 
only few concluS'ions can be presented here. The rather 
pt.·rsistent oscillation character shows that very probably 
the 2-cps noise at both stations consists of at least 
two interfering ,components the frequencies of which 
vary only slightly. To find out if there exists a 
common source, long-term measurements of the 2-cps 
noise level in distinct geographical regions might be 
useful. Our investigations are continuing and a 
progress report will be presented at the end of the 
year. 
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DETERMINATION OF TRUE FRACTURE PLANE 
IN THE SOURCES OF THE HINDU-KUSH EARTHQUAKES 

by O.G. SHAMINA 

It is known that an earthquake· is the sudden release 
of the elastic stresses by means of shear fracture. The 
study of focal mechanism based on the signs distribu
tion of the first arrivals allowed to determine nodal 
planes orientation and principal axes of stress. 

Figure 1 shows the fracture, which was caused by 
some system of forces, two nodal planes and the signs 
distribution for P-waves. We see that for the same 
system of stresses any one of two planes may be real
ized as fault plane (or even both together). The signs 
distribution does not depend on what one of the 
possible cases has really happened. That is why the 
true fault plane can not be chosen by means of method 
of signs distribution. To solve the problem it is ne
cessary to investigate the amplitude distribution. 

I used a procedure for the determination of the true 
fault plane, following an idea proposed by Dr. Kos
trov [1]. It was to exclude the· radiation pattern of 
the point source from the observed wave amplitude 
distribution. The pattern so obtained should depend 
only on the relative motion of the fault faces. 

Suppose that the rupture propagation velocity is 
finite and less than that of S-wave. Then the maximum 
reduced amplitude should be in the direction of maxi
mum rupture propagation velocity. For sufficiently 
short waves this result does not depend on the shape 
of the fracture. 

I selected 50 deep Hindukush earthquakes for which 
fault plane solution has been found by Dr. Soboleva 
[2]. These earthquakes have nearly coinciding epicen
tres and magnitudes from 4 to 4 1f2. I used records, 

obtained with identical seismographs on the station situ
ated in the distance from 100 to 2000 km. About 10 
records for each earthquake have been analized. Maxi
mum amplitude of P-waves in the time intervals from 
2 to 6 seconds depending on epicentral distance were 
measured. Predominant period was about 1 Y2 seconds. 

The angular dependency of radiation pattern of the 
point source in a homogeneous medium is expressed by: 

cos <p cos "" A = 
R 

(1) 

Here 'P and tfr are angles between a seismic ray and 
normals to the nodal planes (fig. 2). One of them 
coincides with the displacement direction (the angle tfr 
corresponds to it) ; the other is the normal vector to 
the fault plane (the angle 'P corresponds to it). R is 
the ray length from the focus to the station. 

STATION' 

For each earthquake we determined angles between 
seismic ray and normal to nodal planes for all the 
stations. (In that moment we did not know which 
of two angles is the angle 'P and which is the angle 
tfr). The correction factors from equation (1) were 
calculated and observed amplitudes were divided on 
these factors. The amplitudes were corrected for the 
absorption too. 
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The reduced amplitudes were plotted versus both one 
angle and another. In order to answer the question 
« which is which » we should look where the maximum 
of reduced amplitude tends. If the maximum tends 
to 90°, we believe the angle be 'f', if not - the angle i/J. 

Now we know which of two angles is the angle 
between the seismic ray and the normal vector to the 
real fault plane. The other words we know which 
of to nodal planes is one real fault plane. 

Obtained conclusions were confirmed by the com
parison of observed and calculated amplitudes as func
tion of the epicentral distance. Amplitudes were cal
culated from expression for the radiation pattern of 
a propagating penny-shaped crack; obtained by Dr. 
Kostrov [3] 

cos 'P cos 1f 
A = · Const 

[(v/V)2 
- sin2 cp] R 

(2) 

Here v is the propagating velocity of the elastic 
waves and V is the propagating velocity of crack. 
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In figure 3 are shown the observed and calculated 
amplitudes for the different stations. It is necessary 
to note that the stations are situated not only at 
different epicentral distances, but in different azimuths 
too. 

That was a fair coincidence. Most cases were even 
better than that one. 

Having obtained the solution for all the 50 earth
quakes I have made an attempt to classify the results 
according the depth of foci. We have divided all 
the earthquakes into 4 stories : the crust, depth from 
80 to 130 km, from 140 to 170 km and from 180 to 
250 km. According our date the 2nd story corres
ponds to the low velocity channel in the mantle [ 4]. 

Figures 4 a, b shows the results obtained only for 
the 2nd and 4th stories, where the statistics was more 
rich. Here are presented polar diagrams, showing the 
distributions of the number of earthquakes versus the 
azimuth of the strike of fault plane and of the dis
placement direction. One can see that the predomin
ant orientation of fault planes in 2nd story is nearly 
north-east. It is interesting to note that the direction 

fault-plane 

-f1Q 1<m <h < 250 Km 

dispfacement in the 
fault-plane 

of the surface faults in the epicentral area is also 
north-east. The diagram for displacement is less 
expressive. Nevertheless predominancy of the same 
directions. is evident. 

Analogical results were obtained for foci in the 
crust and in the lower velocity channel. 

For earthquakes of the 4th story the strike of the 
faultplane diagram has in this case two predominant 
directions: one nearly north-east and the other one 
perpendicular to first one. The displacement diagram 
shows predominancy of the NE directions as for 2nd 
story. It means displacements are relative. 

As to the vertical component of the motion of 
material it has been found the same for all the stories. 
It coincides with that obtained from geological evid
ences for the epicentral area. But horizontal displace
ment as we have seen are different in the upper and 
lower stories. 

What is the reason of a difference in the strike 
diagrams for the upper and the lower stories ? 

It may be explained in a following way. The stress 
field in all the stories is nearly the same. But it is 
reasonable to suppose that the strength of material in 
the upper stories up to the Earth's surface is aniso
tropic. And namely this can lead to the predomin-



ancy of cracks in upper stories only in one direction 
of the two possible ones. The anisotropy disappears 
with the depth. And in the lower story both pos
sible direction of cracks can happen with equill fre
quency. 
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THE 1969-70 SWABIAN JURA EARTHQUAKES 

by D. EMTER, G. SCHNE.IDER and W. ZORN 

Since november 16, 1911 the Swabian Jura is the 
most active earthquake province of Central Europe. 
The energy - sum - curve (Fig. 1) demonstrates 
clearly that the sock-series of 1943/44 were followed 
by a period of relative seismic quiescence lasting until 
february 26, 1969. At this day a magnitude M = 4 1/2 
shock starts an earthquake series including about 20 
aftershocks. On janua:ry 22nd, 1970 another principal 
shock of the same magnitude as this of february 26, 
1969 took place in the same region. This event is 
followed by about 200 aftershocks. 

. The epicenters of the most important shocks in the 
Swabian Jura are quite closely situated along the 9°E 
- meridian. Between 1911 and 1970 a wandering of 
the foci in northern direction is remarkable (Fig. 2). 
A crustal section in North - South direction makes 
the displacement of hypocenters more impressive 
(Fig. 3). The according East-West section shows the 
accumulation of hypocenters on a vertical plane as it 
can be observed in regions with a similar focal mecha-
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nism, so as on the Cholame fault in California (Fig. 4; 
Eaton a.o. 1970). The epicenters o.f the 19'70 after
shocks are observed all over the region where between 
1911 and to-day earthquake foci could be located. 

The fault-plane solutions of the Swabian Jura earth
quakes are very uniform during the whole interval! 
of observation. All quakes for which one disposed 
over a sufficient number of records show the type of 
a horizontal strike stlip motion along a vertical fault
plane. By comparaison of amplitude spectra measured 
north and south o.f the epicen.tral a!rea at the stations 
Mefistetten and Tiibingen (MSS, 1UB) it became 
evident that in a number of studied cases the North
South striking plane was acting as fault-plane 
(Schick, 19"68) . For the stronger earthquakes as those 
of 1911 and 1943 the lengthening of the strongest 
isoseismal surfaces in North-South direction is also 
an argument for the North-South direction of the 
fracture-plane (Berckhemer, 1962). The orientation 
of the axis of principal horizontal stresses is NW-SE 
for the maximum pressure axis, and l\TE-SW for the 
tension axis. One knows these directions from many 
other earthquake regions in Central Europe ( Ahorner, 
1967, Schneider, 1968). 

To get some more informations on seismotectonic 
parameters as focal length and fracture velocity one 
has compared the amplitude spectra of aftershocks with 
different magnitudes. It is well-known qualitative 
observation that the length o.f seismic pulses increases 
with magnitude of focal length respectively. Berckhemer 
(1962) published the method to evaluate focal para
meters by taking seismograms of two ea:rthquakes of 
different magnitude but of the same hypocenter recor
ded with the same instrument at the same station. 
The most important advantage of this method is that 
by division of two according amplitude spectra the 
influence of the propagation path and the instrument 
can be eliminated. The time functions and the ampJi
tude spectra for two aftershocks with different magni
tudes are shown in Fig. 6. Fig. 7 contains the quotient 
of the two spectra of Fig. 6. 
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For interpretation of the spectral 1"atios theoretical 
models of the seismic focal mechanism have been used 
as published by Aki (1967), Berckhemer (1962) and 
Schick (1970). Schick's model fits best the m"'asured 
values. He assumes a continous fracture propagation. 
In the case of small magnitude shocks this process 
is more probable than the statistical models as propo
sed by Haskell (1964, 1966), which can explain the 
focal process of very extended and therefore more 
complicated fracture processes. 

The recording of small ea:rthquakes on magnetic 
tape is not only advantageous for evaluating correct 
amplitude ·spectra but also for ·resolution of seismic 
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pulses which appeared on a direct record (ink or 
smoked paper, recording speed of 60 mm/min) as 
uniform pulses. Remarkable onsets following the first 
P-puilse can be explained as •reflections from deeper 
layers in the earth crust which give the impression 
of a uniform pulse on low-speed seismograms but 
being superpositions of different rays. The dete·rmina
tion of focal coordinates in the near-field suffers 
very of ten from the incompatibility of the onsets 
used for the location since the seismographs used 
have generally different magnification so that the 
reflections can be misinterpreted as first P- wave 
onsets (Fig. 7 and 8). 
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Fig. 9. - Play-back of near-earthquakes from magnetic tape re·cords. 
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HYDRODYNAMICAL EFFECTS IN THE PROBLEM 

OF TECTONIC ENERGY RELEASE AND TENSILE CRACKING 

by Roman TEISSEYRE 

Introduction 

In several papers the dislocation theory of con
tinuous media was applied to geophysical problems 
(Vvedenskaja 1956, 1959; Steketee 1958a, 1958b). 
Geophysicists became used to deal with dislocations 
in order to discuss surface deformations due to internal 
displacement of masses (Maruyama 1964; Chinnery 
1969; Weertman 1964; Rybicki 1970). Dislocations 
are there treated as the macro units and serve to 
describe simple macro clef ects in an elastic medium 
associated with their own internal stress field (Teis
seyre 1961, 1964). 

In this paper author turns to applications of dis
location theory in a more micro sense. However, the 
seismological applications still need to deal with cumul
ative effects. The tectonic macro phenomena arise in 
consequence of concentration of dislocations in arrays. 
The parallel dislocation planes can be regarded as a 
model of tectonic activity when a high number of 
dislocations enter to form the arrays or, as one can 
called them, a piled up groups. Such stress concentra
tion can then reveal in different macro phenomena 
like crack formation, fissures, rupture, troughs etc. 

In this paper the problem of tensile cracking is 
discussed under special condition defined by the pre
sence of an active dislocation plane and a layer with 
fluid filled pores. The problem is treated as a plane 
one. The case of a dislocation array and a single 
fluid filled cavity was considered in the former paper 
(Teisseyre 1970). The cavity forms a boundary which 
stops the dislocations to overpass it. Moreover the 
cavity assists to form a crack and help its growth as 
dislocations from a piled up group successively enter 
into crack. 

In the first part of the present paper the conditions 
of tensile cracking are discussed. It is assumed that 
tectonic stresses reveal in dislocation movements and 
grouping along some active tectonic planes. There can 
occur some regions or spots which stop dislocations 
or make further spreading of dislocations difficult. 
Such places - intersections or bends of tectonic plane, 
inclusions or some other inhomogeneities - act as 
obstacles which stop spreading of dislocations. and 
cause dislocation concentration. In result there arises 
high stress concentrations, which can produce tensile 
cracking at the above said obstacles. 

In the second part the special case of layer with 
fluid filled cavities or pores is considered. A tectonic 
plane is represented by a plane along which edge 
dislocations approach to a porous layer. The hydro
dynamical effects which arise in the given conditions 
are considered. These effects and the conditions of 
dislocational energy release are counterparts in rela-

I 

Fig. 1. 

I 
I 

I 

I 
I 

I 

I 

I 
I 

I 

tion between shocks and hydraulic phenomena in rocks. 
The aim of this consideration is to study the phe
nomena of the forced appearance of earthquakes as 
discussed by Rothe ( 1968) and in the monography 
on the Denver earthquakes (1968). 

Energy balance in the process « dislocations-crack » 

Cottrell (1958) has determined the energy of crack 
formed by the tensile stresses of a piled up disloca
tion group and of some regional ( external) field u 

(fig. 1 ). The Cottrell formula can be generalized for 
the case of a group of dislocations with different 
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Burgers vectors bi , according to the rule given by 
Teisseyre (1964) which allows to replace product nb 
by sum ·~ bi , where n is a number of dislocations 
with Burgers vector b 1 • The energy of crack is thus 
given by: 

µ .0 4 R 
W = --- (~ bi)2 In - + 2y'A 

477"(1-v) i=t 'A 

7i (1 - v) n 
- ---~ u2 'A 2 - } u A ~ bi (1) 

8 µ i=l 

where n is a number of dislocations which have entered 
crack and R is a cut off distance. Following Cottrell 
we can now calculate crack equilibrium length 'A ac
cording to 8 W = 0 principle. In our case we get : 

where the coefficients ,\.1 , 'A2 are given by : 

8µ.y 
'A2 = ----

77" (1 - v) 
(3) 

In the case with no regional field u = 0 the equi
librium length is given by ,\. = ,\.1 , while in the 
case with no dislocations n = 0 the equilibrium length 
is that as given by Griffith criterium : 

fl01, 
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The curve u ('A) = ('A/1 2 'A,-112 - 'A/1 2 ,\.- 1 ) according 
to equation (2) is pr,esented on figure 2; it describes 
the relation between the value of regional stress u 
and equilibrium length of crack ,\., while figure 3 
presents relation between the number of dislocations 
n which entered crack and length A. This last rela-
tion is given by curve y 'A1 with u and A2 as para
meters. For u = CTmax (fig. 2) there does not exist 
equilibrium length and crack spreads infinitely. Here 
CTmax is given by : 

2y 
(4) CTmax 

n 

Original calculations on crack formation due to a 
piled up group of dislocations ref er to the values 
.:elated to a crystal lattice. For example one takes 
h = 10-8

, n = 104, A = 103, hence : 

2y 
CTmax = ~ ~ 2 .107 

nb 

In a macro scale we shall take quite different values 
for y and ~ bi . For example : 

y = 107
' 

It is however possible to relate both sets of values 
assuming that macroprocess arise as cumulative effect 
of the closely lying parallel dislocation planes. A kind 
of band consisting with a great number N of parallely 
grouped arrays can be thus considered. The piled up 
dislocations in arrays will form then a set of parallel 
microcracks (fig. 4). Summing now the surface energy 
y of all microcracks associated with every microarray 
and also summing all dislocations we will get in
stead of equation (4) : 

CTmax 

2 Ny 

Nnb 

2 y' 

}: b'1 

Taking for N a value of an order 104 we get the 
values for y' and ~ b' i is demanded above for macro
processes, considered here in application to the earth
quake phenomena. A set of parallel microcracks will 
form in a further development a fairly complicated 
structure, especially joining of microcracks can be 
expected (fig. 4). This system will thus approach to 
a real picture of crack or fissure in a geological sense. 

To proceed further with our consideration we will 
return to a simple model of one dislocation plane 
with a piled up group of dislocations. The parameters 
of dislocations and their number will ref er here to 
a cumulative macro description. 

The energy of a group of piled up dislocations has 
been given by Stroh (1953) for bi = canst. Here 
we get: 

µ 0 o 4 '11' el/2 (1 - v) T R 
WN = (~ bi)2 In ----'-

4 7r (1 - v) i=t µ ·~ bi 
i=l 

(5) 
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where -r is a regional shearing stress field and n0 

is a number of dislocations in a group. 

In the process « dislocations ----:, crack » we assume 
that concentrated group of dislocations assists in crack 
formation and that a part n of them entered crack, 
while the remaining part n' = n0 - n forms a 

· subgroup piled up still before the crack. Energy of 
the group n0 = n + n' ( eq. 5.) can be rewritten as 
follows: 

4 7r e1 / 2 (1 - v) -r R 
x In 
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We can hete assume that second term represents 
interaction energy between subgroups n and n' and 
also the self energy of the n' group (both treated in 
a system of n0 dislocations). After crack is formed 
the stress field and energy of the first n dislocations 
are transformed to the corresponding values related 
to the crack. Thus we assume that energies related 
with the second subgroup of the n' dislocations remain 
unchanged in a first approximation. According to 
this assumption the energy balance of « dislo·cations ~ 
crack» process is given by difference between first 
term of the above equation and the energy of a crack 
thus formed equation (1 ). This difference can be 
written as follows : 

e1 !2 ~TA 
2 y A1 In - 2 y A 

(,\1 A2)1/2 

+ Y a2 A 2 + 4 y a,\ ,\//2 A.2-1/2 (6) 
A2 

n n
0 

where ~ = ~ b1/~ bi 
i'=l i=l 

Internal energy r.elease occurs when AW > 0. This 
condition can be considered here in respect to regional 
stresses -r and u. Putting approximately -r ·::::::: u we 
can define after equation (6) the curve -r(A) which 
limits region AW for -r' > -r. 

The region AW > O lies outside the equilibrium 
condition curve a (,\). 

To calculate the curve -r (,\) we will introduce new 
set of variables ,\/4 A1 = x, T/Umax s, xs = z. 
Then we get after equation ( 6) : 

4 z 
s = 

In Ve~ z + 0.5 z2 + 2 z 

z 
(x = - ) (7) 

s 

The curve s (x) is given on figure 2. Condition 
AW > 0 is fullfiled for the regional stresses over
passing values T (,\). In this region crack formation 
is accompanied with the internal ene·rgy release and 
a crack grows up to a certain length 1 ----:, 2 (fig. 2). 
In the process of crack development one can expect 
a decrease of regional stresses as indicated by symbol 
1 ----:, 3 (fig. 2). A mechanism, however, is not quite 
dear how the crack growth affects local decrease of 
regional stresses. 
Hydrodynamic response in porous layer to dislocation 

stresses 
The mechanism of tensile cracking at fluid filled 

cavity is treated here similarly to that considered above, 
however in the present case fluid pressure Po helps 
in crack development. The pressure effect is equi
valent to decrease of confining pressure p to the value 
p - Po, or it is equivalent to tensile stress increase 
to the value u + Po . 

Our present consideration will begin with the pro
blem of a cylindrical cavity and dislocation (fig. 5). 
Both axes of cylinder and dislocation line are parallel 
to z. In the next step we will consider a row of cavi
ties forming a model of a porous layer. 

Thus, we are considering a plane problem. An 
edge dislocation is situated at (x0 , Yo) with Burgers 
vector b1 = b. Its stress field at point (x, y) is 
given by: 
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s.Lxx 
/Lb y (3X2 + y2) 

-------
2 71" (1 - v) R4 

S .... yy 
/L b °X (X2 - y2) 

(8) - ----- ------ -
2 71" (1 - v) R4 

s .... = - /Lb X(X2 - y2) 
xy 

2 71" (1- v) R4 

where R2 = X2 + Y2, x = X - Xo, y = J - Yo• 
Cylindrically symmetric distortion around cavity 

(point x = 0, y = 0) given by a change of its radius 
p0 ~ po (1 + e) is described by displacements (plane 
problem, r2 = x2 + y2) : 

c po2 c 
u i = e xi - ; u i, i 

r2 
0 (i = 1, 2) (9) 

associated with stress field . 

sc yy 2 µ e pl 

1 2 x2 

(- - --) 
r2 r4 

1 2 y2 

(- - --) 
r2 r4 

xy 
Sc xy = - 4 /L e Po 2 -

r4 

where S\i = 0 (i = 1, 2). 

(10) 

Following Bilby method, in which interaction energy 
between point defect and dislocation is calculated (J. 
Weertman, J .R. Weertman 1966), we can now derive 
the interaction energy between cylindrical cavity and 
dislocation. The force on dislocation ( equal to the 
force on cavity) is given by (at x = x0 , y = y0) : 

xy 
b S0 xy = - 4 p, e pl b (-)o 

r4 
F = x 

1 2 x2 (ll) 
Fy = - b S0

xx = - 2 p, e pl b (-. - --)o 
r!. r 4 

Hence the interaction energy amounts to : 

sin O 
ei = 2 p, e b p0

2 (--)o 
R 

(1 2) 

where R0
2 = r0

2 = x0
2 + ya2, sin() = y0/R 0 (fig. 4). 

It should be noted that hydrostatic stress caused by 
dislocation amounts to : 

1 + v p, b sin 00 
--------

1-v 371" Ro 
(13) 

This stress influences a distortion e of a cavity 
radius po. To calculate this effect we will adopt here 
the following appmx:imation procedure. in which radius 
distortion e is independently calculated from the 
boundary conditions. To this aim let us denote by 
Sixx, Sixy, S\y the interaction stress field induced at 
cavity by the presence of dislocation. The boundary 
conditions at cavity r = po (1 + e) are the following : 

- S.._rr - S\r - Sirr + p + 6K e = Po (14) 

s-1-rcp + S\.cp + Sircp = O (15) 

where p is the rock hydrostatic pressure, 6 K e pre
sents its change due to a change of cavity volume 
dp = 3 K (dv/v), K refers to rock elastic moduli, 
p0 is the fluid pressure in cavity, r,.rp are cylindrical 
coordinates with origin at cavity : S\ Sc, Si are stresses 
due to dislocation, symmetrically deformed cavity and 
to the by interaction induced deformation of cavity. 
Near cavity the dislocation stresses s-1- rr, s-1- rep are 
according to (8) (r ~ R0 ) : 

µb 1 
S .... rr ,..._, - [sin 00 + cos 00 

2 1r (1 - v) R0 

x (sin 2 () 0 cos 2 rp - cos 2 () 0 sin 2 rp)] (16) 

p, b 1 
s-1- rcp ::::::; - ----- - - [sin () 0 (1 + 2 cos 2 Oo) 

2 ·1r (1 - v) r R0 

x sin 2 rp + cos () 0 cos 2 ().0 cos 2 rp] 
Stresses due to cavity are according to (10): 

p, e pl 
S\r = -2 ---

r2 

(17) 

(18) 

(19) 

For the solution of interaction field Si we will 
look in terms of Airy stress function Ui. To this 
aim we choose the solution which corresponds to the 
functions cos 2 rp, sin 2 rp appearing in equations. (16) 
and (17) : 

Ui F r 2 sin 2 rp + G r 2 cos 2 rp 

2 F xy + G x2 - G y2 (20) 

The stresses Sixx, Sixy, S\y are given by known 
relation : 

From (20) and (21) we can calculate S\r and Si rep : 

Si,.r = - 2Gcos 2 rp + 2Fsin 2 rp (22) 



1 
S\cp = (2 G sin 2 'P + 2 F cos 2 'P) (23) 

r 

The second boundary condition ( 15) yields taking 
into account (19), (23) and (17) with assumption 
r ~ R0 : 

2 G = 

2F 

µ. b sin 00 
-~- -- (1 + cos 2 00 ) 

2 ,r (1 - v) R0 

µ. b cos 00 
- · ----- -- cos 2 00 

21r(l-v) R0 

(24) 

Then, inserting constants G, F into (22) we can 
find that first boundary condition (14) yields for 
r = po (1 + e) and r ~ R0 : 

µ. b sin 00 2 µ. e 

2,r(l-v) R0 (1 + e) 2 

= P - Po + 6 K e + 6 k e (25) 

where p O is the initial pore pressure related to a pore 
radius po, dp0 = - 6 k e represents its change due 
to radius distortion e, k reffers to fluid incompres
sibility modulus. 

In the further consideration we will take a row 
of cavities and we will assume that the pore pressure 
Po remains unchanged dp0 = 0. This means that 
fluid can penetrate through a permeable medium from 
cavity to cavity. The changes of the radii o.f cavities 
take here place in consequence of fluid migration. 
Fluid is assumed to be incompressible. A row of 
cavities (fig. 5) forms a model of porous layer, in 
which the cavity radii subject changes according to 
function e (Ro, 00 ) given by (25) with k = 0. 
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For e ~ 1 we get from (25) : 

(p - Po) µ b sin Oo 
e = - + ----- -- (26) 

6 (,.\ + p,) 6 1r (,.\ + 2 µ.) R0 

The force (11) acting on dislocation is. now given 
by (x = Xo , Y = Yo) : 

xy 
Fx = b (S0xy + S1xy) = - 4 µ e po2 b (-)o - 2 b F 

,y4 

1 2 x 2 

F = - b (S0 + S1 ) = - 2 µ. e p 2 b (- - -'-) y xx xx o ,,2 ,4 
+ 2bG (27) 

Hence the interaction energy is given instead of (lJ) 
by the following expression : 

sin(} 
[ 2 µ. e b po 2 __,__ - 2 b G R sin (} 

R 

+ 2 b F Reos (}] 0 (28) 

where for x = x 0 , y = Jo we put sin 00 = Jo/Ro 
and cos (} 0 = x0/R0 • The parameters e, G, F depend 
on R0 , 00 as given by (24) and (26). 

Taking thus into consideration a layer with a row 
of cavities we can compute the total interaction energy 
between dislocation and a fluid filled porous layer 
with some linear density of cavities m (fig. 5). 

To this aim we shall integrate the interaction energy 
(28) over the positions of cavities along y-axis from 
-oo to +oo : 

EI = m f :o et dy 
-OC 

The first term of (28) brings a finite integral value, 
while second and third term become infinite. We get : 

£i Joo p- Po sin 00 µ. b sin2 
(} µ b2 m f +oo 

- 2 µ. b po 2 m _.
00 

(

6 
(,.\ + µ) - R

0 

- ----- ---

0

) dy - ----- cos2 
(} 0 dy 

6 rr ( ,.\ + 2 µ) R0 
2 2 1r ( 1 - v) -oo 

Hewever, the infinite term with cos2 (} does not 
depend on R0 and thus it represents a self energy term 
to be omitted in further consideration. 

The integration yields : 

£i = 
µ.2 b2 po2 m 1 

(29) 

This result allows to calculate the force on disloca
tion near porous layer : 

p.1- b2 p0
2 m 1 { - for x0 > 0 l 

Fx = + 6 (,.\ + 2 µ.) X
0

2 { + for X0 < 0 
(30) 

This force is of the attraction character; the force 
is directed towards porous layer independently of the 
sign of Burgers vector of dislocation as indicate factor 
b2 in equation (30). This attraction force prooves that 
internal energy will release when a dislocation reaches 
porous layer. 

The distribution of distortions e obtained is pre
sented on figure 6; this distribution corresponds 

directly to the values of pressure caused by a disloca
tion (13). 

We mentioned above that to maintain constant 
value of pore pressure p0 fluid shall penetrate through 
permeable medium from cavity to cavity. In the 
equilibrium state the final fluid distribution is not 
uniform through a layer but corresponds to the de
formed radii of pores (26). The fluid transport sub-

1 

Fig. 6. 



ject here Darcy equation : 

K 
q = - p - grad cp (31) 

'Y/ 
~ 

where q is vector describing the amount of fluid 
penetrating through an unit of surface element during 
time unit; K is a permeability coefficient; p is the 
fluid density; 11 is the coefficient of viscosity; cp is 
hydrodynamical potential. 

In our case (x = canst. and p = canst.) : 

--.:.. K 

q = - p - grad p (32) 
'Y/ 

The hydrodynamic force grad p related to pressure, 
which dislocation exerts on cavity, can be directly 
computed according to equation (13); its y-component 
amounts to (fig. 6) : 

o S0
·kk 1 + v µ. b cos 2 flo 

- -! (-~-)o = - ~- - Ro2 (33) 
oy 1-v 371" 

Now, the total hydrodynamic force grad p follows 
from the change of rock pressure at cavity dp = 6 Ke 
and from the above given dislocation pressure (33). 
This hydrodynamic force causes fluid flow until it 
will reach the equilibrium state described by the e
distribution. It should be noted here that both S1kk 

and sckk equal zero. According to equation (26) we 
get that this hydrodynamical force equal here zero : 

sin Bo µ. b 
grad (- i S-'-kk + 6Ke) = - grad -- --

R0 3 71" 

This result agrees with the assume·d condition of 
the equilibrium state. 

Starting now from the equilibrium state we can 
calculate the rate of fluid mass transport in relation 
to the rate of dislocation approaching to a porous 
layer. To this aim we assume that the approach rate 
of a dislocation is given by .6. x0 = Y .. .6. t. According 
to equations (32) and (33) we get for the rate· of fluid 
transport : 

dq 
.6. t 

dt 

K l+v 2µ.b 1 
p - -- --

'Y/ 1-v 37!' R0.
4 

x cos Bo (1 - 4 sin Bo) V_._ .6. t (34) 

The amount of fluid which penetrates through an 
unit element of surface for Bo = 0 is equal to : 

~ 

dq 
(--)o .6. t 

dt 

K l+v 2µ.b 1 
- p - --- --- - - v ... .6. t 

'Y/ 1 - v 3 71" R 0
4 

(35) 

where V... is the velocity of the dislocation approach 
which occurs parallely to x-axis. Fluid flow is ac
cording to (35) directed in the negative sense of 
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y-axis when V .,_ is directed toward porous layer and 
dislocation is characterized by Burgers vector as on 
figure 5. 

The total percentage of fluid migration can be 
obtained from the e distribution as there holds 
dv/v = 2 e: 

.6.V 

v 
~dv 

~v 

µ. b 1 

3 77" (A + 2 µ.) Y 

y 

2m i edy 

~-....-----
mY 

(36) 

where m is pore density, Y is a cut off distance, 
.6. V /V is total relative change of the pore volume in 
the one half of a porous layer. This value represents 
a drop of fluid which has migrated from one part 
of a porous layer to the other. 

The considered hydrodynamical effects caused by 
dislocation activity along a tectonic plane have of 
course the interactional character. That means that 
reversely a forced, by some reason, fluid flow through 
a permeable layer will exert a near-range forces which 
can cause some displacement of dislocations. A near
range character of this intera:ction between hydro
dynamical and tectonical phenomena follows from the 
equations (33)-(35). From the above given considera
tions follows a close relation between hydraulic action 
and the phenomena of strain energy release like earth
quakes. 

The aim of this paper was to give some ideas 
relating physical mechanism of the said· process and 
to derive some quantitative relation governing it. 

It should be noted that author has unde·rtaken these 
calculations basing on the paper by Rothe (1968) on 
the earthquakes caused by great artificial water reser
voirs and basing of the papers on Denver earthquakes 
(Denver Earthquake 1968) caused by water pomping 
into the wells. 
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STRESS WA VE PATTERNS AND THE SIZE 
OF THE NON-ELASTIC ZONES OF AN EXPLOSIVE SOURCE(*) 

by Vladimir SCHENK ** 

ABSTRACT. - The travel-time curves of characteristic moments of stress wave 
patterns were investigated. The arrival time of the onset of stress wave to , of the 
maximum amplitude t1 and of the moment terminating the pressure part ( the first half
wave) of this wave t2 were used to determine the velocities of propagation of these 
moments (Vo , V1 and V2) as functions of the distance from the source. According to 
their variations it is possible to appoint the size of the cavity created by the explosion 
and to determine the distance at which the « elastic source surface» of stress waves is 
to be found. The radius of the cavity is given by 1.5 times the distance at which V1 
separates from Vo . The « elastic source surface » of stress waves is defined by the 
distance from which Vo is constant and at which V1 and V2 have minimum values. These 
two distances determine the points at which the character of the stress wave pattern 
changes : from shock wave in gases, through shock wave in a solid medium to a seismic 
wave; 

* Full text of this paper will appear in « Pure and Applied 
Geophysics», 1971. 

** Geophysical Institute of the Czechosl. Acad. Sci., Prague. 



DETERMINATION OF THE PREDICTION COEFFICIENTS 
OF THE WIENER-KOLMOGOROV LINEAR EXTRAPOLATION 

FORMULA FOR A RANDOM SEQUENCE 
OF EARTHQUAKE ACTIVITY IN KOMARNO 

by Alexander MOLNAR* 

presented by MRAZOW A 

ABSTRACT. - Earthquake activity is considered to be a stationary, random 
sequence of earthquake. The argument of the sequence is taken to be time with steps 
of ten years. The earthquake activity in the focus considered is known for an interval 
of 370 years. This pattern of the random process is used to make a forecast of m steps 
in advance, using the Wiener-Kolmogorov theory of extrapolating stationary, random 
processes. The prediction coefficients ak of the linear extrapolation formula. 

~ (t + n) = a1 ~ ( t - 1) + a2 ~ (t - 2) + ... + an ( ( t - n) 

where ~ are centred values of the observed intensities of earthquakes in the focus in the 
past, are derived from the correlation theory of stationary, random processes and from 
its spectral formulations, based on the elementary concepts of the Hilbert space and on 
the fundaments of the theory of the function of the complex variable [ 1 J. 

As the occurrence of an earthquake phenomenon is very rare, the step of the 
random sequence is chosen as a decade and, therefore, m in the extrapolation formula 
has the values 0, 1, 2, etc. In the case considered, the forecast is made for three values 
of the argument, for m := 0, 1, 2, i.e. for the decades 1970-79, 1980-89, 1990-1999, 
drawing on the earthquake intensities observed over a period of 220 years, which leads 
to the solution of a system of linear equations of 22 unknowns and, as a check, the 
computation was carried out for the whole known sequence of earthquakes, i.e. for an 
interval of 3 70 years, which lead to the solution of ~ system of linear equation of 
37 unknowns. Also the mathematical expectation of the mean square error of the extra
polation was determined. 

1. Problem of Extrapolation 

The earthquake activity is known in the past from 
time t - 1, t - 2 up to · t -----1 n. The problem is to 
predict the intensity of the earthquake at time t, or 
for an arbitrary number of years in advance. The 
problem in general is as follows : from the known 
values g (t - 1 ), Ht - 2), ... , Ht - n) of a random 
sequence ~ (t) it is necessary to make a prediction in 
respect of the random variable for m steps in advance, 
g (t + m). This problem can be solved by applying 
the Wiener - Kolmogorov theory of extrapolating 
random processes. The prediction coefficients of the 
extrapolation formula can be determined from the 
correlation theory of random stationary processes. 

of all possible ones (1, pp. 76-100] and, therefore, the 
assumption of the linearity of the prediction formula (1) 
is not a restriction, so that the mathematical expecta
tion of the square of the error will also be minimum. 

The predicted value ~ (t + m) will be a linear 
function of the known values, .g (t - 1 ), ~ (t - 2), 
g (t - n) observed in the past: 

Ht + m) = a1 ~ (t - 1) + a2 g (t - 2) + 
+ tin g(t- n) (1) 

This linear extrapolation formula in most cases of 
random stationary sequences is simultaneously the best 

'* Geophysical Institute of Slovak Academy of Sciences, 
Bratislava. 

The prediction coefficients of the extrapolation 
formula (1 ), ai , ... , ttn , can be determined from the 
condition that the mathematical expectation of the 
square of the extrapolation error should be minimum : 

n 

u 2
m,n = M l~(t + m) - ~ ak Ht-k)l 2 ~ min 

k=l (2) 

After raising the expression to the power of 2 the 
expressions for the correlation functions are obtained : 

n 

B (0) - 2 ~ ak B (k + m) 
k=l 

n n 

+ ~ ~ ak a1 B (/ - k) ~ min 
k=l l=l 

Thus, in the sens of the method of least squares : 

n 

= ~ a1 B (/ - k) - B (k + m) = 0 (3) 
l=l 

k = (1 ... n) 



Equation (3) represents a system of linear equations, 
where B represents the values of correlation functions, 
which are to be determined from the sequence of 
observed earthquakes, so that the determination of the 
prediction coefficients becomes trivial when the cor
relation functions are determined. 

The basis of the problem of finding the best linear 
extrapolation formula is illustrated by its geometric 
interpretation. The random variables will be under
stood to be the vectors of a linear· space H. The 
vectors eti~(t-1) + a2 g(t-2) + ... + drr~(t-n) 
form a finite linear sub-space Hn (t) of space H. The 
said sub-space is determined by n basic vectors g (t - 1 ), 
~ (t- 2), ... , g (t- n). The problem of finding the 
best linear extrapolation formula is equivalent to 
finding the point: 

Lm,n (t) = a1 ~ (t - 1) + a2 g (t - 2) + ... + an g (t- n) 
(4) 

of sub-space Hn (t), which has the smallest distance 
from point ~ (t + m). This represents dropping a 
perpendicular from point ~ (t + m} on to sub-space 
Hn (t). The perpendicular, dropped from point 
~ (t + m) on to sub-space Hn (t), is the difference: 

~ (t + m) - Lm,n (t) 

and it is orthogonal to all basic vectors ~ (t - 1 ), 
~ (t- 2), ... , g (t- n) of sub-space Hn (t): 

[g (t + m) - Lm,n (t), ~ (t-k)] = 0 (k = 1, 2, ... , n) 

If the sought linear combination (4) that is the extra~ 
polation formula (1) is substituted into this condition 
of orthogonality, one obtains formula (3 ), derived at 
the beginning from the extreme condition, i.e. a system 
of linear algebraic equations, the solution of which 
yields the prediction coefficients ak. The mathemat
ical expectation of the square of the extrapolation error : 

n 

u 2m,n (a1 , a2 , ••• , Cln.) = B (0) - ~ ak B (m + k) (4a) 
k=l 

Extrapolation o.f Earthquake Activity in Komarno 
(SW Slovakia). 

Using the earthquake catalogue [2], a sequence of 
earthquakes g (t) was arranged in chronological order, 
giving the earthquake intensities over the period 1599 
to 1970. With a view to the rare occurrence of the 
phenomenon, the step of the argument was chosen 
as one decade. This sequence (tab. I), shown in 
figure 1, was used to compute the coerrelation func
tion B (T) for ., = 0, 1, 2, ... , 3 7 (fig. 2): 

B (-r) = M g(t + -r) g(t) (5) 

The values o.f ~ (t) are centred with respect to the 
mean value of the observed earthquake intensity: 

~ It 
mr = - = 1 3.5 1° (MCS) 

38 

so that ~ (t) = It - m1 • 

The values of the correlation function are given in 
table II: 
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TABLE II 

'T B(T) 'T 

0 8.80 13 -1.41 25 3.34: 
1 -2.16 14 -1.86 26 0.3.4 
2 1.70 15 0.03 27 1.23 
3 -2.60 16 -0.63 28 -2.00 
4 -L71 17 0.47 29 3.32 
5 -0.69 18 1.33 30 -1.33 
6 -0.71 19 -0.26 31 0.22 
7 -1.36 20 1.71 32 -3.93 
8 1.88 21 0.47 33 2.70 
9 -0.91 22 1.12 34 -4.40 

10 3.10 23 1.33 35 -0.69 
11 -1.3,3 24 -3.24 36 -5.70 
12 -0.29 37 l.12 

The systems of linear equations required to determine 
the prediction coefficients for a forecast 1, 2 and 3 
steps in advance, made from 2 2 known values o.f a 
random stationary sequence in the past, are as follows : 

a1 B(l - 1) + a2 B(2 - 1) + ... + a22 B{22-l) 
= B (1 + N) 

a1 B (1 - 2) + a2 B (2 - 2) + ... + a22 B (22 - 2) 
= B (2 + N) 

a.1 B (1 - 22) + a2 B (2 - 22) + ... + ~2 B {22 - 22) 

=· B (22 + N) 
N = o, 1, 2. 

(6) 

By solving the systems of equations ( 6), one obtains 
for each system 22 prediction coefficients correspond
ing to the forecasts for the intervals 1970-79, 1980-89, 
1990-99. The prediction coefficients are given in 
table III. 
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TABLE III 

1970-79 

-0.613 -0.082 -0.247 -0.426 -0.118 0.004 -0.140 -0.095 0.170 
0.452 0.165 -0.018 -0.010 0.097 0.302 0.012 0.182 0.561 
0.226 ---0.278 0.578 0.780 

1980-89 
-0.001 -0.603 0.229 0.803 -0.079 0.001 1.4.44 0.453 -1.024 
-0.083 -0.721 -1.273 ---0.713 -0.427 -0.263, - 0.0'36 0.285 1.011 

0.993 0.567 1.268 1.645 

1990-2000 

-0.787 -0.602 0.284 -0.540 -0.87.9 0.818 0.005 0.243 -0.394 
-0.014 -0.218 -0.068 -0.182 -0.681 0.386 0.304 -0.568 -0.307 

0.759 0.007 0.086 -0.341 

TABLE IV 

1970-79 
-1.115 1.337 0.240 0;916 0.301 

0.329 ---0.636 -2.003 -0.908 0.615 
0.603 0.963 1.006 -1.278 -1.058 

-0.578 0.831 ---0.051 0.875 0.932 

1980-89 

1.415 0.994 -2.929 1.816 2.021 
0.640 -2.243 3.988 0.757 -2.105 
0.559 1.628 0.952 -1.638 0.551 

-2.098 1.541 1.397 0.252 1.493 

These coefficients, substituted into Eq. (1 ), give the 
forescast of seismic activity for the decades 1970-79, 
1980-89, 1990-99. 

The forecast for 1970-79 indicates that the seismic 
activity in this interval will reach an intensity of 
8° MCS. The interval 1980-89 will display a decreased 
activity, reaching the intensity 5°. The interval 1990-99 
should be quiet. The mean square error of the extra
polation, according to the formula (4a), is + 3° I (MCS). 

In order to check the results and the stationarity 
of the process, a forecast was computed using the data 
of the overall seismic activity in the past; this lead 
up to the solution of a system of linear equations o.f 
37 unknowns. The interval between 1600, since when 
seismic activity has been observed in Komarno, and 
197.0 represents 37 decades and, therefore, there will 
also be 3 7 unknown coefficients. The values of the 
coefficients for the decades 1970-79 and 1980-89 are 
given in table IV. 

The forecast of seismic act1v1ty, using the data 
corresponding to the activity in the past, agrees roughly 
with the foregoing results: the decade 1970-79 will 
be an active interval (7°) and the decade 1980-89 will 
also display increased activity. 

In solving the problem of extrapolation with the 
help of the data pertaining to the whole random sta
tionary sequence in the past, the number of known 
values, used to make the forecast, is usually large, 
of the order of n = 100 and more. For example, 
in the case considered, should one require a forecast 

0.402 -0.152 1.385 -0.800 -0.970 
-0.004 0.241 0.827 1.325 0.753 

0.297 -0.454 -1.273 0.075 0.544 
-0.894 -1.309 

-1.131 3.603 4.115 -3.619 -1.026 
-0.359 -0.030 1.675 1.751 1.793 

0.771 -3.015 -1.704 -0.706 -0.082 
-3.056 -2.765 -1.704 ---0.706 ---0.082 

for each year instead of each decade, n would equal 
370. However, the solution of a system of a high 
order is very laborious and also the accuracy of the 
solution decreases beyond the limits of usability of the 
results due to approximations in the course of the 
computation. Therefore, in case of a large number 
of observations, it is more convenient to assume that 
n ~ oo and to determine suitable limiting formulae, 
which can then be used directly to make a forecast 
for m years in advance. 

The limiting transition from the finite case to the 
case where n ~ oo is best to make by applying 
spectral analysis. Also this method of solution allows 
for a simple geometric interpretation by means of 
Hilbert' s space of an infinite set of random variables, 
just like the problem of dropping the perpendicular 
in space H on to sub-pace H (t). 

This method makes use of the spectral analysis of 
the correlation function B (T). By determining the 
extrapolation spectral characteristics, one obtains the 
limiting formula (1]. The coefficients of the extra
polation spectral chara.cteristics are identical with the 
prediction coefficients of the extrapolation formula in 
its limiting form. In the case considered, however, 
the correlation function is untreatable in a simple 
analytical form, so that the analytical form of the spectral 
density, necessary for determining the spectral charac
teristics, cannot be presented in a reasonable form. 
Howeve·r, with most practical problems the correlation 
function has a simple analytical form and the method 
of limiting formulae is applicable. 
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Conclusion 

By comparing the forecasts made from n known 
values of the sequence of a random variable and 
from the data pertaining to the whole process, with 
a view to the agreement of the results, it can be said 
that seismic activity is a random stationary process. 
As regards the significance for applications of this 
method of forecasting, it can only be said that the 
forecast is long-termed, unsubstantiated by physical 
observations of the accompanying phenomena. How
ever, in other branches of science, long-term forecasts 
are frequently used, e.g., in meteorology, where it has 
been improved and only lately has its importance 
diminished somewhat due to the introduction of 
meteorological satellites. However, there is no equi-

valent to these satellites in seismology and, therefore, 
this method will be useful for long-term forecasts, 
although its accuracy is not nearly sufficient as the 
security of human lives would require. 
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DETERMINATION OF THE TRUE FAULT PLANE 
IN THE EARTHQUAKE SOURCE 

by O.V. SOBOLEV A 

It is well known that the earthquake source 
mechanism must be connected with the tectonic s.t,ress 
field whi1ch is predominant in the hypocenter vicinity. 
Naturally this connection has to be ·reflected not only 
in the -regularity of stress systems, but in the motion 
direction in the earthquake sources as well. However 
the safe method for the ambiguous determination of 
the motion dil'tection in the focus does not exist 
therefore any comparison fault planes or motion 
directions with a tectonic elements lead to the unam
biguous results as a rule. 

In the present article the method of ambiguous 
determination fault plane has been considered. It is 
based on the statistical investigation of the intermediate 
stress axis in the group of earthquake sources ( or null
vcctors after Hodgson). 

As is known from Hodgson and Scheidegger's works, 
null-vectors in the sources of any seismic region tend 
to lie near one plane only (Hodgson, 195 7 ; Schei
degger, 1958). So far as there is no displacement 
ailong null-vector in each source, therefore in the ideal 
case there is no motion in this plane too. Therefore 
the motion direction in this region is perpendicular 
to this plane. This direction Scheidegger called as 
a direction of tectonic displacement. Actually null
vectors of different sOU!tces don't lie exactly in one 
plane but are situated near it. In order to determine 
the best fitting plane of null-vectors, the statistical 
treatment of the data is necessary. In our work we 
used the statistical method suggested by Scheidegger. 
In present article we'U not fix our attention on this 
method because it had been described very carefully 
in Scheidegger's works (Scheidegger,, 1958 ; 1965 ; 
Fara, Scheidegger, 1965). 

In order to make dear the connection between 
sources mechanism and tectonic stress field Schei
degger ,compared direction of tectonk displacement, 
calculated as the normal to the best fitting plane of 
the null-vectors in the sources with the best fitting 
stress axes in tha:t •region. The last had been calculated 
upon the data about axes of maximum compression and 
tension in the individual sources. 

Scheidegger assumed that the earthquakes are caused 
by the stress which the best fitting axis coincide with 
the « tectoniic motion ». 

As it seems to us such compa:rison has no physical 
seoce because the dioroction of tectonic displacement is 
the average meaning of the motion directions in the 
individual sources. As it follows from the physical 

assumption which all sources mechanism investigation 
is based on, the motion direction in the source make 
an angle 45'0 to the main stresses axes. To our mind 
the coincidence of the average values of these direc
tions for the . group of sources may be due to the errors 
of the statistical method. 

In the suggested determination the true fault plane 
method we base upon the following conditions. Since 
the direction of tectonic displacement is the average 
meaning of the motion directions in the sources the 
true motion direction will have an orientation similar 
to the direction of tectonic displacement. 

Therefore when comparing the direction of tectonic 
dispfa.cement with the two motion directions in the 
sou,rce having been determined from the signs of 
P-v.aves the choice of the true motion direction (hence 
the true fault plane) can be done. 

This method has been used for determination of the 
true fault plane in the sources of the Hindu-Kush 
earthquakes. For this purpose Hindu-Kush earthquakes 
were investigated. The source mechanism of the earth
quakes had been determined by many authors (Fara, 
1964; Soboleva, 1967; 1968a; 1968b). The individual 
fault plane solutions considered in the present paper 
are not listed here because they correspond Fara' s cata
logue and the author's articles. It was noticed that 
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Fig. 1. - Dependence of the azimuths of the intermediate 
stresses axes on the sources depths. 



null-vectors in the earthquake focuses with the depth 
less than 170 km are directed north-east or south-west. 
In some focuses with depth more than 170 km the null
vectors have the same direction but in the most focuses 
they have another direction - north-west or south-east 
as is seen from fig. 1. 

If we devide all earthquakes into two parts depend
ing on their depths we see that null-vectors tend to 
lie near two planes which are different for different 
depths (see fig. 2). As is seen from the fig. 2, the null
vectors of more shallow earthquakes tend to lie near the 
only plane (with the exception of 2 focuses). Null
vectors in the most part of the deeper· focuses tend to 
lie near another plane but several null-vectors of that 
sort of earthquakes lie near the first plane. 

With the help of &heidegger's method the tectonic 
motion directions were calculated. The results of these 
calculations are shown in the table I and on the fig. 2 
(stereographic projection on the upper semisphere). 

Table I. 

Prevailing depth Azimuth of Angle N 
in the group of the direction with the 

the focuses of tectonic horizon 

H < 170 km 

H > 170 km 

displacement 

59() 

40 

40 

Besides the data about earthquakes mechanism which 
had been used in this calculation there are well known 
fault plane solutions for Hindu-Kush earthquakes made 
by Ritsema (Ritsema, 1955). Ritsema determined the 
average source mechanism of 32 earthquakes assuming 
that all they have the same hypocentre with the depth 
of 200 km. These data were not taken into account in 
this paper because it was very difficult to choose the 
statistical weight for one spot including 32 observations. 

\
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Fig. 3. - The example of the determination of the true fault

plane in the source. 
1 - main stresses axes. 2 - strain axes. 3 - direction of tectonic 
displacement calculated from the null-vectors totality. 4 - nodal 

plane determined from the signs of P-waves. 

But as we can see from fig. 2, this spot lies near the 
plane for the deeper eartquakes, e.g. this is in accord
ance with the others. 

Thus, on the base of the statistical investigation of 
null vectors totality the conclusion about difference in 
the directions of tectonic dis1,Iacement on different 
depths in Hindu-Kush region may be done. The boun
dary between different directions lies near 170 km. 

As was noted above, we can determine the true fault 
plane in the earthquake source if the direction of 
tectonic displacement is known. The procedure of the 
determination is shown on fig. 3. The earthquake 
14.III.1965 with the source depth of 200 km. was used 
as an exemple. As is seen from fig. 3, one of the two 
possible motion direction in the source is situated near 
the direction of tectonic displacement for the depth of 
more than 170 km. This motion direction was chosen 

(!I 3 

@4 
- 5 

Fig. 2. - The « best fitting planes» of the null-vectors ( 5) and the directions of 
tectonic displacement ( 4). 

1-null-vectors in the sources with the depth H ;;;., 170 km. 
2-null-vectors in the sources with the depth H < 170 km. 
3-null-vectors for the « average somce mechanism » by Ritsema. 
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Fig. 4. - Motion directions in the earthquake sources. 1 - True motion directions in the 
sources with the depth H > 170 km. 2 - True motion directions in the sources with the 
depth H < 170 km. 3 - Auxiliary vectors. 4 - Directions of tectonic displacement. 

as a true one. Hence we determined the true fault 
plane. It strikes south-east (Az = 1300) and dips 
south-west, forming the angle of 5B'° to the horizon. 

Such procedure was applied to all earthquakes. True 
fault plane was determined in 77 earthquake sources. 
Motion directions in the three sources were situated far 
from direction of tectonic displacement and it was im
possible to cho06e the true one. 

The common stereographic projections for different 
depths with two possible motion directions in all sour
ces are plotted on fig. 4. As is seen from fig. 4, 
one of the two motion directions in every source 
lies near the direction of tectonic displacement and 
the other does not. The grouping of the true mo
tion direction is better than auxiliary vectors. 

The analysis of orientation of the true fault plane 
leads to the following results ( see fig. 5). 

The strike of fault planes in the sources of the upper 
storey (H < 170 km) is various. All fault planes dip 
to east, south-east or south. The submersion angle in 
the most cases is more than 45°. 

Contrary to the above said the fault planes strikes are 
more regular in the sources of the lower storey 
(H > 170 km). Most fault planes have sublatitudinal 
strikes and dip to south-west, south or south-east at an 
angle of more than 45°. 

CONCLUSION 

1. The difference between the directions of tectonic 
displacement on different dephts of the Hindu-Kush 
seismic region was obtained by statistical treatment of 
the intermediate stress axes totality in the earthquake 
sources. 

2. The method of determination of the true fault 
plane in the earthquake sources was described. It based 
on the assumption that the common tendency of tec
tonic desplacement must reflect in every source. For 
choosing true fault plane the motion directions in the 
source and the direction of tectonic displacement had 
to be compared. 

The former is determined upon the data about signs 
of 1P-Waves and the latter is calculated by statistical 
method from the data about null-vectors in the sources. 

0 

180 

0 
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Fig. 5. - Vector-diagrams of the azimuth distribution of true 
fault planes. 

1 - Earthquake sources with the depth H > 170 km. 2 - Earth
quake sources with the depth H < 170 km. 

The motion direction which is nearer to the tectonic 
displacement is chosen as a true one. This motion direc
tion lies on the true fault plane. 

The suggested method was applied to the Hindu
Kush earthquake sources. 
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SEISl'AIC MEASUREMENTS IN JUTLAND 1969 (*) 

by U. CASTEN and H.B. HIRSCHLEBER 

ABSTRACT. - In September 1969 refract.ion seismic measurements have been 
carried out in the Danish Embayment (Jutland) on two reversed profiles. One horizon 
with a real velocity of 4.4 km/s is interpreted to be a jurassic or triassic, a second with 
a velocity of 4.9 km/s a permian layer. The observed total thickness of sediments up to 
8.3 km exceeds the expected values. The velocities of bedrock change from 5.6 km/s 
to 6.0 km/s corresponding to the different lengths of profiles. 

In the range between bedrock and « Moho » only few results are available. There
fore it is impossible to decide either a « Conrad »-discontinuity (in a depth of 13 km) 
or a low velocity channel is existent. The thickness of the crust is between 29 and 
33 km in the Danish Embayment. The observed velocity below the« Moho » is 8.2 km/s. 

* Full text in « Zeitschrift fiir Geophysik » 1970. 



CRUSTAL STRUCTURE ALONG SECTION 11-111 

OF THE TRANS-SCANDINAVIAN DSS PROFILE OF 1969 

by K.A. VOGEL and C.E. LUND 

On the profile section II-III of the trans-scandinavian 
DSS profile eleven almost identical field stations were 
operated. In order to make best use of the shot-pro
gram these stations were set up in 42 sites. Preliminary 
interpretation results are presented. It is attempted to 
compose a crustal model based on seismic, gravity and 
magnetic measurements. 

The results presented in this paper appear in the 
following publications · 

A. Vogel, C.E. Lund: Combined Interpretation of 
the Trans-Scandinavian Seismic Profile, section 2-3. 

Report No. 4, University of Uppsala, Department of 
Solid Earth Physics, Uppsala 1970. 

A. Vogel, C.E. Lund : Interpretation of the Trans-Scan
dinavian Seismic Profile, section II-III. Seventh UMC 
Symposium on Geophysical Theory and Computers, 
Stockholm 1970. Special issue of the Geophysical 
Journal of the Royal Astronomical Society, 1971. 

A. Vogel, C.E. Lund: Trans-Scandinavian Seismic Pro
file, section II-I,II. Colloquium on Deep Seismic 
Sounding in Northern Europe held in Uppsala on 
December 1-2, 1969. Tectonophysics 1971. 



PHYSIKALISCHE PARAMETER 
UND SEISMISCHE GESCHWINDIGKEITEN 

von St. MOLLER und H. STILLER 

Vom 25.-27.5. 1970 fand in Potsdam eine Tagung 
der Arbeitsgruppe « Seismologie und Physik der 
eytremen Bedingungen » der CSE zum obigen Thema 
statt. 

Auf der Sitzung wurden von den T eilnehmern 
Vortrage zu folgenden Themen gehalten : 
Hofer, Erkenntnisse der Gebirgsmechanik iiber das 

mechanische Verhalten verschiedenartiger Gesteine; 
Hurtig u.a., Zur Bedeutung der crack-pornsity bei 

Messungen unter hydrostatischem Druck; 
Mayer-Rosa, Fuchs, Liebau, Lateral inhomogeneities 

of the earth's mantle and their petrological inter
pretation; 

Muller, Velocity and density distributions in the upper 
mantle of Europe as derived from seismological 
observations; 

Schult, Schober, Die Druckabhangigkeit der Curie
Temperatur von Titanomagnetiten; 

Schult, Schober, Die elektrische Leitfahigkeit van na
ti.irlichen Olivinen bei hohen Driicken und Tem
peraturen; 

Stiller, Betrachtungen zum Nahemngscharakter von 
Festkorpermodellen fiir das Erdinnere; 

Teisseyre, Influence of pore fluid pressure in rocks 
on tensile cracking under high pressue; 

Vollstadt, Wagner, Die Hochdrucktechnologie des 
Zentralinstituts Physik der Erde in Potsdam und 
die Zusammenarbeit mit dem Zentralinstitut Physik 
der Erde in Moskau auf dem Gebiet der Hoch
druck- Hochtemperatur- Physik. 
Aufierdem zum Thema der Arbeitsgruppensitzung 

nachtraglich noch folgende Vortrage eingereicht : 
Lebedew, Schapowal, Kortschin, Experimentelle Unter

suchung der spezifischen Volumendeformation, der 
Kompressibilitat und der Dichte van Gesteinen 
,unter hohem Druck; 

Oesberg, Der elektrische Widerstand von Mineralen 
und Gesteinen unter hohen Driicken und Tempe
raturen und der Bau der Erdkruste und des oberen 
Erdmantels; 

Tarkov, On the possible density decrease of the upper 
mantle in the seismic channel zone for V 8 • 

Im folgenden werden die wichtigsten fachlichen 
Ergebnisse der Arbeitsgruppentagung zusammenfassend 
dargestellt. 

Die kritische Sichtung aller iiber Europa, Si.id- und 
Nordamerika sowie die Sowjetunion (Pamirgebiet) 
verfiigbaren seismologischen Daten von Untersuchun
gen mit Oberflachenwellen, Raumwellen und der 
Sprengseismik ergeben folgendes Bild : 

In der Kruste treten in mittleren Tiefen von 10 
und 20 km Kan.ale niedriger seismischer Geschwin
digkeiten auf. Die · Ober. und Untergrenzen dieser 
Kanale sind mit den verfiigbaren Methoden noch 

schwierig zu definieren. Die Existenz dieser Kan.ale 
diirf te im N achweis gesichert sein. 

Weiterhin ist mit erheblichen regionalen Variationen 
der Low-Velocity-Channel von Gutenberg nachweisbar, 
wobei das gegenwartige seismische Material nur noch 
interpretiert werden kann, wenn man diesem Kana! 
entweder eine Struktur (Gradientenstruktur) oder eine 
Unterteilung in mindestens zwei kleinere Kana.le 
zuordnet. Diese Ergebnisse kommen besonders scharf 
und klar zum Ausdruck bei S- Wellen. Die kritische 
-Obersicht iiber das P- Wellen-Bild zeigt jetzt eben
falls im sicheren Nachweis eine solche Kanalstruktur, 
die in beiden Fallen besonders in Mitteleuropa nach
gewiesen worden ist. Wichtig ist folgendes Ergebnis, 
das in der Seismologie auch methodisch neue Aspekte 
bringt : Die Begrenzungen der Gutenberg-Kana.le 
bringen sowohl bei Reflexionen von oben her (bei
spielsweise durch sprengseismische U ntersuchungen) 
als auch bei Reflexionen von unten her (Erdeben und 
Empfanger auf der anderen Seite der Erde) scharfe 
Begrmzungen. Die Kanten der Kana.le sind unter 
dem Aspekt von Reflexionen verhaltnisma:Big stark 
verwaschen. 

In Amerika und in der Sowjetunion sind Diskon
tinuitaten erster Ordnung etwa bei 400 und 600 km 
Tief e nachweisbar ( durch Spriinge in den Geschwin
digkeiten). Diese fundamentalen Diskontinuitaten sind 
in Europa in ihrer Lage jeweils mindestens um 100 km 
nach oben verschoben. Aufierdem zeigen sich bis 700 
und 1000 km Tiefe in der Feinstruktur ( oberhalb des 
Storpegels) klare regionale Unterschiede auch inner
halb der Kontinente. Daraus mu/3 die Schlu{3folge
rung gezogen werden, da/3 der Erdmantel bis zu 
1000 km Tiefe wesentlich inhomogener aufgebaut ist, 
als bisher angenommen wurde. Ab 1000 km Tief e 
sind alle regional unterschiedlichen Geschwindigkeits
verteilungen der verschiedenen Autoren praktisch 
identisch. 

Die Verteilung von Hochs und Tiefs des Geopo
tentials ~ aus Satellitendaten erschlossen - zeigt fiir 
dieselben Gebiete, in ,denen unters.chiedliche Hoch
bzw. Tieflagen der Diskontinuitaten auftreten, charak
teristische Anomalien, Abschatzungen i.iber die Dichte
verteilung im oberen Mantel ergeben ein Gebiet mit 
Dichteverringerung. Dabei ist interessant, da/3 unter 
den Ozeanen ein gro.f3erer negativer Dichtegradient zu 
heobachten ist als unter den Kontinenten. 

. Die Vergleiche mit magneto-tellurisch erarbeiteten 
Leitf.ahigkeitsverteilungen werden immer wichtiger. Es 
wird mit Bedauern festgestellt, da/3 sehr viele Autoren 
ihre Leitfahigkeitskurven nicht unabhangig von den 
seismi::,chen Geschwindigkeitsverteilungen abgeleitet 
haben, so dafi von vornherein bestimmte Oberein
stimmungen in den gesamten Modellrechnungen als 
Voraussetzung stecken. Von 6sberg konnten durch ver-



gleichende Untersuchungen von Labormessungen der 
elektrischen Leitfahigkeit sowie magneto-tellurischen 
Messungen fiir das Auf treten von gutleitenden Zonen 
in den oberen 400 km drei Bereiche ausgegHedert wer
den, mithin die Low-Velocity-Layer unabhangig von 
seismischen Oaten nachgewiesen weiden. 

Auf der anderen Seite zeigen die vorliegenden 
Labordaten zur elektrischen Leitfahigkeit an verschie
denen Olivinzusammensetzungen, da/3 die Leitfahigkeit 
bereits beg.innend von Druck-Temperatur-Be·reichen 
entsprechend der unteren Kruste bis in den oberen 
Mantel hinein so gut ist, da/3 die abgeleiteten Tempe
raturverteilungen fiir den oberen Mantel auch im Kanal 
von Gutenberg keinesfalls die Schmelztempers.turen 
erreichen konnen. Eine solche Feststellung wiirde 
beziiglich der Modellvorstellungen · zum Gutenberg
kanal hinsichtlich der Materialparameter erhebliche 
Konsequenzen nach sich ziehen. 

Zur Auf stellung von Widerstandsmodellen fiir die 
Kruste werden mittlere Widerstands-Temperatur-Kur
ven unter Annahme verschiedener petrologischer 
Zusammensetzung der einzelnen Schichten und unter
schiedlicher Temperaturverteilungen verwendet. Dabei 
konnte die Grenze Kruste /Mantel nicht nachgewiesen 
werden, was den Schlu/3 zulapt, da,8 die Mohorovicic 
- Diskontinuitat nur eine mechanische Diskontinuitat 
darstellt. 

Die kritische Zusammenstellung aller verfiigbarer 
Labordaten zu den Geschwindigkeits- und Dichtever
teilungen · im oberen Mantel bis 1 OOO km Tiefe wiirde 
in der Lage sein, die Hoch- und Tieflagen der funda-: 
mentalen Diskontinuitaten durch Dichteunterschiede zu 
erklaren, die .einem zunehmenden Metallisierungsgrad 
der Materie nach gro/3eren Tiefen hin entsprechen 
wiirden. In der Formulierung der Schliisselreaktionen 
von Ringwood ausgedriickt, wiirde das bedeuten, da/3 
mit zunehmender Tiefe der Fayalithanteil ansteigen 
wiirde. Die beobachteten P-Wellen-Geschwindigkeits 
verteilungen im oberen Mantel konnten durch ein 
Gemisch von 80 % Forstedt und 20 % Fayalith und 
im unteren Mantel von 60 % Forsterit und 40 % 
Fayalith erklart werden. Der zunehmende Fayalithge
halt wiirde zunehmenden Eisenanteil bedeuten. In der 
Sprache der generalis.ierten Hochdruckphysik konnte 
so formuliert werden, da/3 das entsprechende Mate
rial in den betreff enden Tiefen im Erdmantel sich 
durch unterschiedlich starke metallische Bindungs
anteile auszeichnen wiirde, die Dichteunterschiede und 
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damit auch Unterschiede in den Hoch- bzw. Tieflagen 
der Diskontinuitaten zur Falge h.atten. Entsprechend 
den jetzigen Erkenntnissen wiirden die in Europa 
beobachteten Hochlagen der Diskontinuit.aten dem 
hoheren Metallisierungsgrad entsprechen. 

Zur Deutung der verschiedenen Kan~ile niederer Ge
schwindigkeiten in der Kruste und im Mantel kann 
unter ,dem Aspekt von in-situ-Messungen und Laborer
gebnissen etwa folgendes zusammengefa13t werden : 

Der Bereich von 10 km Tiefe scheint im weltweiten 
Maflstab haufig durch pilzformige Granitintrusionen 
gekennzeichnet zu sein, die im Lichte !anger seismischer 
Wellen als ein zusammenhangender Schichtbereich in 
Erscheinung treten. Damit ware eine stoffliche Ursache 
als wahrscheinliche In terpretationsmoglichkei t anzu
nehmen. In 20 km Tiefe werden spezifische Porenfiiul
lungseffekte (z.B. Porenwasser) in den verschiedensten 
Experimenten fiir verschiedene Gesteic.sarten beobach
tet. Diese Beobachtungen zeigen, da13 hierdurch typi
sche Gefiigelockerungsmechanismen in Erscheinung tre
ten, ·die beziiglich der elastischen Eigenschaf ten erheb
fo:he Konsequenzen haben, namlich Abnahme des elas
tischen Verha:ltens. Die Effekte konnen so grof3 sein, 
dafl fiir alle moglichen tektonischen Bewegungsvorgange 
diese Schicht sogar als Schmierungsbereich in Erschei
nung treten konnte. Diesen Effekten soHte zukiinftig 
grofle Auf merksamkeit zuteil werden. Dieselben Labor
ergebnisse zeigen, dafl sowohl Wasser als auch weichere 
Mineralkomponenten ganz ahnliche Aufweichungsef
fekte fiir den Tiefenbereich des Kanals von Gutenberg 
hringen konnen. Diese Ergebnisse stehen auch im Ein
klang mit gebirgsmechanischen Modelluntersuchungen 
an Gesteinen, wonach Umgebungsdruck, Belastungsge
schwindigkeit und erweichungsbedingte Druckabnahmen 
in Teilkomponenten des Materials Bruchvorgange verur
sachen ~onnen, die den Erdbeben entsprechen wfrrden. 
Dieser Mechanismus kame dann auch fiir entsprechend 
groflere Tiefen, als ·sie dem Gutenberg-Kana:! entspre
chen, in Frage. 

Es hat sich gezeigt, dafl eine komplex zusammenge
setzte Arbeitsgruppe fiir die Bearbeitung so komplizier
ter Fragestellungen, die iiber mehrere Arbeitsgebiete 
der Geophysik, Physik und Mathematik hinwegreichen, 
unbedingt erfordedicht ist. Die Tatigkeit dieser Arbeits
gruppe und der Vortragenden war im Hinblick auf die 
Komplexinterpretation auflerordentlich f ruchtbringend. 
Nach Einschatzung der Vertreter der verschiederien 
Lander sollte die Arbeit unbedingt fortgesetzt werden. 
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MODEL INVESTIGATIONS ON THE BOUNDARY 
STRUCTURE EARTH'S CRUST /MANTLE 

by Jorn BEHRENS * 

1. Introduction 

The structure of seismic discontinuities is strongly 
discussed in the last time. 

The results of reflection- and refraction work with 
regard to the investigation of the deeper part of the 
earth's crust and upper mantle stated a number of 
facts published for example by Dohr (1959, 1962), 
Fuchs (1968, 1969), Liebscher (1964), Meissner 
(1967) and O'Brien (1965). 

Investigating the structure of the transition zone 
crust/mantle especially, i.e. the structure of the Moho
rovicic-discontinuity, these facts have to be taken into 
account. 

They can be summarized as follows 

1. The amplitudes of deep crustal · reflections are 
larger than expected. 

2. The reflected signals show bandcharacter; a corre
lation of these signals over a range more than 1 
or 2 kilometer is very rare. 

3. A rather sudden disappearance o.f certain reflec
tions can be recognized; the main energy of the 
signals frequently shifts from one signal phase to 
another until the reflections disappear completely. 

4. The reflections show a lover cut-off frequency at 
about 10 cps. 

5. In spite of the sudden disappearance of reflections 
and the small possibility of correlating reflections 
over a wide distance the refracted waves have 
remarkably large amplitudes. 

From these facts two possible models of the boun
dary structure crust/mantle were derived : 

1. A structure consisting of a transition layer with 
linear-resp. nonlinear velocity-depth distribution. 

2. A laminated transition zone with velocity reversals 
(Meissner (1967], Fuchs (1969]. 

For the most part the above stated field observa
tions can be explained by the second assumption. This 
explanation however is based mainly on concordance 
with the results of reflection work. 

Starting from the observation material and from the 
actual conception of the probable structure of the 
Mohorovicic-discontinuity the model studies described 

* Prof. Dr. Jorn Behrens, Institut fiir Geophysik der Tech
nischen Universitat Clausthal, (3392) Clausthal - Zellerfeld, 
Adolf-Romerstr. 2 A. 

in this paper tried to find an answer to the following 
questions : 

1. Generally, is it possible to characterize the struc
ture of seismic discontinuities by means of reflec
tion and refraction work ? 

2. Are there any other possible interface structures 
besides the above cited laminated structure to 
explain the field observations-especially in case of 
the Mohorovicic-discontinuity ? 

2. Types of investigated models 

Figure 1 shows the types of the investigated boun
dary structures. 

The 2-dimensional models consisted of a layer of 
plexiglas ( thickness h1 ) overlying a half space of 
aluminium (thickness h2 ). Source and receiver were 
placed - in analogy to field work - on the surface 
of the model ( fig. 1). The studies were carried out 
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Fig. 1. - Investigated types of interface structures. 
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on even interfaces o.f first order, corrugated interfaces 
and transition layers. 

The corrugated interfaces are characterized by wave
length Aw and amplitude gw of corrugation. The 
measurements were carried out on interfaces with 
small corrugation (Aw = 5 cm, gw = 1 cm) and 
strong corrugation (Aw = 10 cm, ew = 5 cm). By 
variation of the predominant wavelength A1 of the 
incident signal the amplitude of corrugation gw could 
be varied from 0.1 A·1 to 1.25 A1 and the wavelength 
Aw of corrugation from 0.5 A1 to 2.5 ,\1 . 

The transition layer is characterized by its thickness 
eu in relation to ,\.1 and its velocity-depth distribution 
(fig. 6). To get an exact comparison between cor
rugated interface and transition layer the amplitude 
of corrugation gw and the thickness of the transition 
layer eu were made equal ( 5 cm) for the last two 
models shown in figure 1. 

The thickness h1 of the upper layer is defined as 
the depth of the geometric center line of the consi
dered interface structure. 

3. Seismograms 

Figure 2 shows the comparison between the charac
teristics of deep crustal reflections in southern Ger
many after Liebscher [1964) and model seismograms 
of subcridcal reflections from even. and corrugated 
interfaces. 

Seismogromm, 
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Fig. 2. - Comparison of deep crustal reflections and model 
seismograms of reflections from even and corrugated interfaces. 

The model seismogram for the corrugated interface 
(figure 2, right side) shows a remarkable similarity 
with the field records ( figure 2, upper part) : The 
bandcharacter of the reflected signals, the secondary 
onsets, the sudden disappearance of reflections within 
a .distance range of one wavelength of the incident 
wave (A1 = 5 cm), the phase shifting of the main 
energy and the amplitude variation, all these facts 
can be observed in both seismograms. 

With even interfaces ( figure 2, left side o.f the 
lower part) and with transition layers (Behrens 
(1969)) none of these effects can be observed. 

Model studies on corrugated interfaces with periodic 
semicircular structure carried out by Rapoport (1961] 
and Voskressensky (1962] yielded a similar cumula
tion of energy in some seismogram traces. 

4. Travel-time curves 

The possibility to distinguish interface structures ~y 
means of travel-time measurements is discussed m 
figures 3 and 4. 

Figure 3 shows the travel-time curves of the 
models with small corrugation (gw = 0.1 A1 

0.33 A1 , Aw = 0.5 ,,\.1 - 1.65 J\.1). Figure 4 shows 
the travel-time curves of the models with strong cor
rugation <ew = 0.5 A1 - 1.25 A1 , Aw = 1.0 A1 

- 2.5 A1 ). 

The ,dashed lines represent the computed travel
time curves of the model with even interface. xkr:P 
and xkrs mark the critical distances. 

Considering the first onsets ( figure 3) the inter
faces with small corrugation ( in case of the M
discontin uity : ~w ,-J 50 - 150 m, Aw ,-J 250 -
800 m) can be hardly distinguished from an ,even 
interface by means. of travel-times only. 

However, the second onsets of subcritical reflections 
and the double structures of travel-time curves -
wellknown from field records and observable with 
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small corrugation) . 
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interfaces of large corrugation especially ( figure 4) -
do point to the complicated character of the investi
gated structures. 

In the supercritical region the travel-time curves of 
both the models with even and corrugated interface 
show a very similar behaviour (figure 4). A short 
distance beyond the critical point xlkr-p the travel-time 
curve of the refracted wave is not a straight line. 
This could lead to the wrong assumption of a transi
tion layer instead of a corrugated interface. Therefore 
from travel-time measurements only no correct conclu
sions about the nature of the interface structures can 
be drawn (Behrens, Dresen, Waniek [1970)). 

2 

2 
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5. Amplitude measurements 

The amplitude-distance curves give quite different 
characteristics for the models investigated here. 

In figur 5 the amplitudes of the vertical accelle
ration component are gjven as a function of distance. 
The wavelength of the incident wave is A11 = 5 cm. 

For the model with even interface (figure 5, 
M 24/5 + 6) the amplitude-distance curve shows 
the wellknown behaviour (Cerveny [1965), Couroneau 
[1965), Behrens et.al. [1969]) : The first critical 
maximum beyond the critical point xkr·P, the mini
mum of amplitude in the interference zone (B) of 
reflected and refracted wave and the strongly marked 
second critical maximum ( region C). 

For the models with corrugated interfaces ( figure 
5, M 24/11 + 12 and M 22/2) - in concordance 
with the results of Asano [1966) - the amplitudes 
of subcritical reflections ( region A) are smaller than 
with even interfaces. Moreover, an undulation of 
amplitudes can be observed in the region A and B 
respectively. 

For the model with small corrugation (figure 5, 
M 24/11 + 12) the first critical maximum expands 
and shifts to larger distances. For the model with 
strong corrugation (figure 5, M 22/2) the first 
critical maximum can not be observed. 

The amplitude of the second critical maximum 
depends on the amplitude of corrugation gw. No 
second critical maximum can be observed for models 
with strong corrugation (figure 5, M 22/2). 

A most important observation is the amplitude in
crease of refracted waves in dependance of increasing 
amplitude gw of corrugation. The quantitative evalua
tion of the amplitude of refracted waves as a function 
of gw yields an increase of the amplitudes by the 
factor 1.6 if the ratio gw/A1 is about 0.2. This value 
of gw/A·i = 0.2 corresponds to an corrugation ampli
tude gw ,-.., 150 - 300 m in the case of Mohorovicic
discontinuity. 

~... 2• 100cm 
~-,ocm 

142212 ~Aw- 21, 
t .. • l1 

Hod•II• H 24/S.ti 

H 2'111• 12 

H 2212 

.,,.\s-1-c-
,,. \ ./'"' .. ,. 

11= Sem 

!!L: 8 
i, 

\ \ ! \ 
\ \ ! ·, 

.... \\:::_-,\, .... /~>.~ .. -·:', __ ,_l------\.--... 
' ~- .. \ ',,,M 2'111,12 

·, '( ,' ·· ............................... , ........ M2U2 

'-\::"'.":~i~:;:;~: ... :;;;:~·:~,..··' 
.0 20 60 100 120 140 160. •[cmj 

Fig. 5. Amplitude-distance curves ( even and corrugated interfaces). 
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Fig. 6. - Model of the investigated transition layer with 
nonlinear velocity-depth distribution. 

These results o.f modelseismic measurements for 
corrugated interfaces demonstrate the possibility of 
observing large amplitudes of refracted waves in 
spite of small amplitudes and of a relatively sudden 
disappearance of reflections. 

6. Comparison of corrugated interface and transition
layer 

The characteristic features of the kinematic and 
dynamic parameters of seismic signals for corrugated 
interfaces and transition layers are compared in the 
next four figures. 

6.1. The model 

In figure 6 (lower part) the investigated bimorphic 
model (M 23) with a transition layer of nonlinear 
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Fig. 7. - Travel-time graph (even interface and 
transition-layer). 

velocity-depth distribution is shown. This velocity
depth function is characterized by a strong velocity 
variation in the upper part of the layer ( figure 6, 
upper part) . 

6.2. Travel-time measurements 

The subcritical reflections shown in the travel-time 
curve ( figure 7) are connected to this part of the tran
sition layer. At subcritical distances no second or third 
onsets can be noticed in contrast to corrugated interfaces 
( figures 3 and 4) . 

The <lashed lines represent the computed travel-time 
curves for the mo<lel with even interface (M 20/1) 

100 120 160 x{cm) 

Fig. 8. - Amplitude-distance curves ( even interface, corrugated interface 
and transition layer). 



the solid lines the computed travel-time curves of the 
model M 23 (transition-layer) respectively. xikrp (M 23) 
marks the critical point of the model M 23. 

The travel-time curve of the refracted wave is not 
curved as expected in the case of a transition layer. 
So the structure of the underground derived from the 
travel-time measurements only will not be concordant 
with the true velocity-depth distribution of the investi
gated model. 

6.3. Amplitude measurements 

In figure 8 the amplitude-distance curves of the 
model M 23 (transition layer) and of the models 
with even (M 24/5 + 6) and corrugated interfaces 
(M 24/11 + 12, M 22/2) are compared. 

In the subcritical region A the reflectivities of the 
considered nonlinear transition-layer (M 23) and of 
the interface with strong corrugation (M 22/2) are 
nearly the same. For the model M 23 no undulations 
of amplitudes can be observed - a possibility to 
distinguish these two types of structures. 

In the supercritical region B a large amplitude 
maximum can be observed. It is produced by the 
nonlinear velocity-depth distribution within the investi
gated transition layer. 

It seems to be an important result that for all 
investigated ratios gu/A1 from 0.5 to 1.25 the ampli
tude of the refracted wave for model M 2 3 ( transition 
layer) is much larger than for even or corrugated 
interfaces. This result is in good concordance with the 
conclusions of Nakamura [ 1968] and Abubakar 
(1962). 

With regard to the results from field measurements 
as described above the results from model ·experiments 
point to the undoubtedly complicated, irregular, poorly 
defined character of the boundary structure crust/ 
mantle. Thereby a combination of the irregular geo
metry of Moho-structure with a velocity gradient within 
the structure cannot be excluded. 

6.4. Frequency measur,ements 

From the evaluations of amplitude spectra additional 
results can be obtained. 

In figure 9 the predominant frequencies as a func
tion of distance for the models M 23/1 (transition 
layer, gu/A1 = 0.5) and M 22/1 (corrugated inter
face, gw/Jl.1 = 0.5, Aw/.>,...1 = 1) are compared. 

The predominant frequencies I, II o.f amplitude 
spectra (figure 9, upper part) are normalized to the 
predominant frequency of the subcritical reflection 
from an even interface. 

Three facts are important (figure 9) : 

1. For supercritical distances the behaviour of the 
predominant frequencies of reflected and refracted 
waves for the two models is quite similar. 

2. For subcritical distances the predominant frequen
cies of reflections are lower for a transition layer 
than for an even discontinuity of first order (Datta 
(1964]). 

3 .. On the other hand the predominant frequencies of 
reflections from a very rough interface (M 22/1, 
gw/A1 = 0.5, Aw/A1 = 1) are higher by the 
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factor 1.5 than of reflections from the considered 
transition layer. 
This result could explain the above mentioned high 
values of the lower cut-off frequencies o.f deep 
crustal reflections. 

7. Conclusions 

From the results of model investigations described 
here very briefly the following conclusions can be 
drawn : 

The dynamic and kinematic parameters of seismic 
signals off er useful criterions to characterize interface 
structures and to distinguish structures. The neglection 
of dynamic parameters leads to very uncertain conclu
sions about the nature of interface structures and to 
the possibility of misinterpretation. 

The results of model measurements on irregular 
interfaces and on transition layers in comparison to 
investigation on even discontinuities of first order 
demonstrate that the assumption of an irregular, 
rough or corrugated structure for the boundary crust/ 
mantle provides an explanation of the above described 
facts stated from field work. 

A laminated transition zone and a corrugated inter
face are not the only possible model structures for 
the M-discontinuity. Therefore a number of systematic 
model studies and theoretical studies will be necessary. 
The results of these studies should be compared with 
the results of similar systematic field work. 
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INVESTIGATIONS ON TWO-SEISMIC TEST-MODELS 
AND THREE-DIMENSIONAL 

by J. BEHRENS*, L. DRESEN ** and L. WANIEK *** 

1. Introduction 

In 1966 the European Seismological Commission's 
Seismic Model Working Group suggested the investi
gation of several seismic models with prescribed para
meters, so-called « seismic test-models » (Berckhemer 
and Waniek 1967). 

The propagation of waves, especially reflection and 
refraction, ought to be studied by means of models 
with divers interfaces; moreover different model tech
niques should be experienc,ed. 

The velocity-depth-functions were suggested in 
arrangement with the ESC's-working-groups « Ampli
tude of Body Waves» and « Seismic Wave Theory». 
They are corresponding with simplified estimates of 
the earth's crust and upper mantle structure ( fig. 
1)***'*. 

This paper discusses the investigation of the fol
lowing three test-models : 

i) Test-model TM-1 with one first order disconti
nuity 

ii) Test-moclel TM-2 with one first order disconti
nuity and a velocity gradient 

iii) Test-model TM-5 with a low velocity layer. 

In addition a comparison between TM-5 and a 
model with a large velocity gradient between two 
homogeneous media (TM-TL) is discussed. 

2. Model techniques 

The investigations of both, three- and two-dimen
sional models, have been performed by means of 
ultrasonic equipments on the base of piezoelectric 
sources and receivers (Schick 1962, Klima, Pros and 
Knoblochova 1966, Vanek, Waniek, Pros and Klima 
1966, Dresen 1969). However, three-dimensional 
models consisted of gels of the system water-glyce
rol-gelatin (Waniek 1966, a, b), whereas the two
dimensional models consisted of thin plates of Plexi
glas and PVC (Behrens, Dresen and Hinz 1969). 
Transition layers have been constructed by the method 
of bimorphic models (Oliver 1956, Riznichenko, 
Shamina and Khanutina 1961). 

* Prof. Dr. Jorn Behrens, Institut fiir Geophysik der Tech
nischen Universitat Clausthal. 

** Dr. Lothar Dresen, Institut fiir Geophysik der Ruhr
Universitat Bochum. 

**·* Dr. Ludwik Waniek, Geofyzikalni ustav CSAV, Praha. 
**** For the meaning of the used symbols refer to chapter 3. 

h 

For both, two- and three-dimensional models, the 
seismic waves have been generated and received on 
the free surface of the model. The amplitude of the 
vertical component of acceleration has been measured 
on profiles along the free surface, analogous to field 
seismic reflection- and refraction-shooting. 
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Seismic Test - Models as Suggested by 

the E SC Model Seismic Working Group 

at ter Berckhemer and Waniek 1967 

Fig. 1. 
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3. Parameters of the seismic test-models 

In order to characterize the models under investi
gation the following parameters have been used : 

V!P - P-wave velocity 
,\ - predominant wave length of the generated 

P-wave 
hi - thickness of the layer 
nj -- index of refraction 

grad V,P = (~ Yp)/('A) - velocity gradient, defined 
as velocity change .Ll VP 
per P-wave length ,\, in 
terms of % 

y = (grad Vrp )/(grad VP ) 
j+l 

vp [km/s] --- vp [km/s] 

01.4 1.8 2.00 01.8 2.0 2.40 

20 

so 

h

1 

n,=0.8~ 

100 10 

h 

[mm] 

100 

h.2 40 

[A] 

(3d) 60 

h 
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(2d) 

h2 

200....__~ _ ___._ _ _. 

Velocity- Depth Graph s 

Test-Models: TM-1(3d) and TM - 1(2d) 
Fig. 2. 

20 

Fig. 2 shows the velocity-depth-graphs of the test
model TM-1. Here and in the other velocity-depth
graphs the P-wave velocity V!P is given in (km/s), 
the depth h in (mm), (cm) or predominant P-wave 
length ,\. 

The 3-dimensional test-model TM-1 (3d), with a 
refractive index of 0.8, consists of an upper layer of 
h1 = 13 ,\ and a lower layer of h:2 = 40 A. The 

h 

[mm] 

--- Vp [km/s] Vp [km/s]. 

1.4 1.6 1.8 2.0 1.8 2.0 2.2 2.4 
0 0 0 0 

so 

h1 

"c:•,\ 
· 40 

grad Vp: 0 .25•/e 
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Velocity - Depth Graphs 

Test - Models:TM - 2 ( 3d ), TM - 2 ( 2d) 

Fig. 3. 

10 

20 

corresponding thicknesses of the 2-dimensional test
model TM-1 (2d) are : h1 = 4 ,\ for the upper layer, 
h2 = 11 A for the lower layer and n1 = 0.8. 

Fig. 3 displays the velocity-depth functions. for the 
test-model TM-2. 

The 3-dimensional realization of the test-model TM-2 
( 3d) consists of an upper layer with h1 = 20 ,\. The 
refractive index n.1 = 0.9. The transition layer has a 
thickness of h2 = 40 ;... The velocity gradient 
grad VP = 0.25 %, 

The analogous data for the 2-dimensional model 
TM-2 (2d) are : h.1 = 14 A for the upper layer and 
h2 = 8 ,\ for the lower layer, n1 = 0.93 and 
grad VP = 2.5 %, 

Fig. 4 shows the third type of test-models under 
investigation. 

TM-5 (3d) and TM-5 (2d) are models with a low 
velocity layer, embedded in two homogeneous media 
of the same acoustic properties. 

--- VP [km/s] ---- vp [k m/s] 
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20 

The characteristic parameters for the 3-dimensional 
model are 

15 ,\ for the upper layer, 
12 ,\ for the low velocity layer, 
30 A for the lower layer, 
1.18 and 

n2 0.85; 

whereas in the twa..dimensional case the corresponding 
values are 

h1 = 
h2 == 
hs 

7 ;.. for the upper layer, 
3 ;.. for the channel, 

14 ,\ for the lower layer, 
1.25 and 

n:2 = 0.80. 

.4. Results of travel-time and amplitude measurements 

4.1. General remarks 

On account of the different model techniques used 
at the divers geophysical institutes, the thicknesses of 
the upper layers of the test-models differ evidently as 
shown above (fig. 2 - 4). These differences in the 
upper layers thicknessses have been eliminated by 
means of a normalization. Hence follows that the 
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amplitude curves of the figures 5 - 9 are directly and 
quantitatively comparable. However this normalization 
did not cover .effects of different thicknesses of the 
transition layers and low-velocity channels, so that the 
amplitude curves are affected by the influence of these 
differ·ent thicknesses. Yet all the other corresponding 
parameters of the constructed two- and three-dimen
sional test-models are dfoectly comparable. 

Concerning the travel time curves it must be men
tioned that only the absolute values have been plot
ted (fig. 5 - 9). 

4.2. Test-model TM-1 

The jnvestigation of this model type has mainly 
been carried out to check whether the results of 
measurements performed by three- and two-dimen
sional models are quantitatively comparable. 

Fig. 5 shows the travel-time and ampHtude curves 
of TM-1. 

Travel-time curves of the direct P1-wave, the P1Pi
reflection and the P1 P;2P1-head wave have been plotted. 
Xcr is the critical distance. 

In this one and the following figur:es the amplitudes 
of the vertical acceleration component only belonging 
to reflected or diving waves hav;e been drawn. 

The amplitude graphs show the well-known critical 
amplitude maxima (refer for example to Richards 
1960, Cerveny 1965, Couroneau 1965, Behrens et al. 
1969) in a distance of 50 ;\. Behind these maxima, 
the amplitudes decrease continuously and monotonously. 

The comparison of the 3-dimensional and 2-dimen
sional curves shows very clearly that the positions of 
the critical maxima coincide in a satisfactory way. 
This holds for the amplitude decrease behind the 
critical maximum, too. But a substantial difference is 

t 
(lls] 

13dl 
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__ --+~ 
~p ~r+ ~-~-p·------

..... ,.,,./ 
/~--+---+--~~---' 

/ 12dl 

1110 D> 300 

---- x[cm] 

-vp 

h 

observed concerning the increase of the curves in front 
of the maximum, i.e. within the· subcritical distance. 
The amplitude increase in the 2-dimensional case is 
steeper than in the 3-dimensional analogous case. The 
different behaviour of the two curves might be 
explained by some differences of the elastic properties 
of the media used. Obviously these different elastic 
properties have a bigger influence in the subcritical 
region than in the supercritical one. 

As conclusion it can be said that a general shape 
of the amplitude curves for both 2- and 3-dimensional 
model-techniques exists; in the supercritical region 
there is even a quantitative comparison possible. 

4.3. Te'St-model TM-2 

Fig. 6 gives the travel-time curves and amplitude 
curves for the test-model TM-2. 

The 3-dimensional travel time curve shows the 
Pi-wave, the P1P1-reflection and the P1P2P1 -wave, 
being a head- or diving wave resp. In the two
dimensional case the Pi-wave and the P1Pi/P1P~P1-
reflected/ diving wave can be seen. 

These travel-time curves do not demonstrate in a 
doubtless way that there is a velocity gradient under
neath the first order discontinuity. The characteristic 
features of the travel-time curves could for example 
be produced by models of the type TM-1 as well. 

A significant difference in the TM-2 curves com
pared with the TM-1 curves is only visible in the 
2-dimensional case. In TM-2 (2d) true P1P2P1-arrivals 
are not observable. 

Again the amplitude curves TM-2 (3d) and TM-2 
(2d) show distinctive maxima., the positions of which 
nearly coincide. But the course of the amplitude curve 
for TM-2 (2d) is much steeper than for the 3-dimen-
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sional case. The amplitude enhancement is concen
trated in a smaller region. Undoubtedly the evident 
difference between these two curves is caused by the 
different velocity gradients, which is in the 2-d case 
10-times larger than in the 3-d one. 

The above discussed graphs of the travel-time 
measurements do point out that it is easy to misinter
pret the travel-time curves with regard to the construc
tion of velocity-depth functions. But this ambiguity of 
the interpreting travel-time measurements may be 
limited by means of amplitude measurements. 

A summary of the interpretation of the measurements 
allows the following conclusions : 

i) A comparison between the amplitude-curves of the 
models TM-2 (fig. 6) shows the dependence of 
the shape of the curve on the change of the velocity 
gradient. 

ii), Comparing the amplitude curves of TM-1 (3d) 
with thooe of TM-2 (3d) (fig. 7) it is visible 
that the absolute value of the amplitudes' maximum 
o.f TM-1 (3d) is about 45 % smaller than that of 
TM-2 (3d). This holds for the 2-dimensional case 
as well. The position of the amplitudes' maximum 
of TM-2 (3d) is shifted to a larger distance 
compared with TM-1 (refer to fig. 5 and 6). 

However the interpretation by means of amplitudes 
is limited, too. So, for example, the general and quali
tative characteristic of the amplitude curves of TM-2 
and TM-1 is nearly the same. 

4.4. T,e-st-model T M-5 

Fig. 8 shows the travel-time and amplitude curves 
for the test-model TM-5. 
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As this figure shows, reflections (P1 P1 ) only from 
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case reflections (P1P1 ) and (P1P2P2P1 ) from the upper 
and lower surface have been analyzed. 

Again the travel-time measurements do not allow a 
clear deduction of velocity-depth functions whereas the 
amplitude curves give some hints : There is a signi-
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ficant undulation for both, two- and three-dimensional, 
cases; yet no characteristic amplitude maximum exists. 
The amplitudes' decrease is less steep than in the cases 
of the models TM-1 and TM-2 (refer to fig. 5 and 6). 

Moreover the 2-dimensional measurements show 
that the amplitudes reflected on the lower interface 
(P 1P 2P 2P1 ) are smaller than the ones reflected on the 
upper interface (P1P1 ). 

The travel-time curve TM-5 (2d) with its two 
reflections (P.1P1 ) ;and (P1P2P2P1 ) provokes a com
parison between travel-time and amplitude curves res
pectively of another model, having a transition layer 
with a positive gradient grad Vrp = 25 % instead 
of a low velocity channel. This model, denoted by 
TM-TL (2d), is similar to the model TM-2, yet has. a 
velocity gradient of 25 % and no first order descon
tinuity between the upper and the transition layer. 

Fig. 9 shows travel-time curves, velocity-depth func
tions and amplitude curves of these two different 
models. 

For both models reflections from the upper and 
lower interfaces of the structure are significant. They 
are annotated with P1P1 and P1P2P2P1 for the model 
TM-5 (2d) and P.1P1a and P1P1b for the model TM
TL (2d). 

Whereas the travel-time curves differ in the super
critical region due to the existance of the travel-time 
branch of the P1P2P1-wave they do not distinguish 
in the subcritical distance. On the contrary the ampli
tude curves obviously show specific differences. Hence 
follows that it is undoubtedly possible to dinstinguish 
velocity-depth functions with a transition layer from 
velocity-depth functions having a low-velocity-layer by 
means of a comparison of the amplitudes. 

5. Summary 

Three types of seismic test-models have been inves
tigated. (i) A two-layer model with a discontinuity of 
first order (TM-1). (ii) A homogeneous layer over 
a halfspace with a vertical velocity gradient, the inter
face itself being a first order discontinuity (TM-2). 
(iii) A model with a low velocity layer embedded in 
two homogeneous media (TM-5). In addition a com
parison between TM-5 and a model with a large 
velocity gradient between two homogeneous media 
(TM-TL) has been carried out. 

The results show that investigations by means of 
two- and three-dimensional model techniques are in 
good agreement. Especially for the supercritical dis
tance they are strictly quantitatively comparable. 

The investigations obviously demonstrate that the 
possibility of a misinterpretation of travel-time curves 
concerning the composition of velocity-depth functions 
is limited by the additional interpretation of ampli
tude curves. Especially the comparison of the models 
TM-5 (2d) and TM-TL (2d) gives a clear evidence 
for this conclusion. 

However the similarity of the amplitude curves of 
the models TM-1 and TM-2 does point out that 
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besides travel-time and amplitude measurements more 
criterions must be applied to fulfill all the require
ments for the correct derivation of velocity-depth 
functions. 
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INVESTIGATION OF WAVE PHENOMENA 
ON CORRUGATED INTERFACES BY MEANS 

OF THE SCHLIEREN-METHOD 

by J. BEHRENS*, J. KOZAK** and L. W ANIEK ** 

ABSTRACT. - Results of model studies on two-layered plate models with cor
rugated interfaces are briefly described. The schlieren device used made it possible to 
investigate kinematic and dynamic parameters of the observed P waves. The wave 
field generated · by an exploding wire was studied on identical models V1 < V2 I water 
over perspex I with different corrugation parameters. The amplitude of sinusoidal 
corrugations varied between 0.2 - 2.4, the corrugation lengths between 1.2 - 4.7 of the 
wave length of the incident wave. The observed wave fields were compared with these 
of a plane interface model. 

Introduction 

An intensive research into the deep seismic struc
tures has been drawing the attention of many seismo
logists to the wave propagation phenomena arising 
on different types of seismic discontinuities. · Among 
many boundary parameters it is even their geometry 
which strongly influences the pattern of seismic wave 
records on the surface. Computations and model studies 
on two-layered structures with sinusoidal corrugations 
can be regarded as the first step to solve this problem. 

Theoretical results obtained by Asano [1 ], together 
with detailed two-dimensional model studies presented 
at this meeting by Behrens [2], give a nearly com
plete picture of reflected and refracted waves in a 
wide range of epicentral distances. However, the ex
planation o.f kinematic and especially dynamic pro
perties of these waves in dependence on the corruga
tion parameters of the lst order discontinuity cannot 
be easily reached. 

Therefore, it seemed to be useful to complement 
ultrasonic model measurements by optical methods of 
visualisation of elastic wave fields. An attempt was 
made to apply the schlieren-method to the kinematic 
and dynamic analysis of the wave propagation in models 
with corrugated interfaces. 

Experimental technique 

Figure 1 shows the block diagram of the schlieren 
device used. The arrangement of the collimating sys
tem 1 and the focusing system 2 makes it possible to 
observe the elastic wave field in a parallel beam of 
light in a circular field of observation, 230 mm in 
diameter. The elastic waves generated by an explod
ing wire 8 are recorded by a high-speed camera 7 
with a control panel 11. The recording rate of the 

* Prof. Dr. ]. Behrens, Institut fiir Geophysik der TU 
Clausthal. 

** Dr. ]. Kozak, Dr. L. Waniek, Geofysikalni ustav CSAV 
Praha. 

camera goes up to 2 mil. frames/s. The seismic model 
4 is located between 1 and 2. The light source 3 is 
an ordinary flash light. The mechanism of the schlieren 
edge (knife) 5 creates a characteristic schlieren pattern 
which is transferred into the input objective of sup
plementary objectives 6. The symbols 9' and 10 
represent power supplies of the seismic model source 
whereas the power supply of the light source is 
.denoted by 12. The time-delay of the· triggering pulse 
for the light source is controlled by delay circuit 13. 
Detailed information about the apparatus can be found 
in [3]. 

On applying a linear schlieren edge·, the highest 
sensitivity is reached in the direction perpendicular to 
the schlieren edge, the sensitivity minimum lies in 
the direction parallel to the schlieren edge. It has also 
to be noted that the schlieren-method is particularly 
convenient for studies of longitudinal waves as direct 
visualisation of shear waves by this method is not 
possible [4]. · 

The models investigated were built of water and 
perspex. Perspex plates (thickness 25 mm, length 
1000 mm) were submerged in a special model vessel 

2 1 

11 

Fig. 1. - Block diagram of the schlieren device for seismic 
modelling. - I - collimating system, 2 - focusing system, 
3 - light source, 4 - seismic model, 5 - knife edge, 6 - supple
mentary lenses, 7 - high-speed camera, 8 - wave source, 
9 - HV-generator, 10 - HV-capacitor, 11 - high-speed camera 
control panel, 12 - light source power supply, 13 - delay circuit. 
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Fig. 2. - Model vessel. 

shown in figure 2. The transparent window for 
schlieren observations is built in between two metal 
parts. The dimensions of the model vessel are the 

/( 

Fig. 3. - Arrangement of model measurement. - 1, 2 - metal 
parts of · the model vessel, 3 - . exploding wire seismic source, 
4 - field of vision with distance markers, An - schlieren ele
ment, x - epicentral distance, r - spatial distance, a - angle of 
incidence, ho - depth to which the exploding wire of the length 
I is submerged, h - depth of the schlieren element, 

h1 h2 - thickness of the layers. 
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Fig. 4. - Models and their description. - K1' - models in
vestigated, n - refraction index, A1 - wave length, of the inci
dent wave, Aw - corrugation length, hw - corrugation amplitude, 
hi (h2) - height of the upper (lower) layer, L - model length, 

d - model thickness. 

following: length 1200 mm, height 300 mm and 
thickness 25 mm. 

Figure 3 shows the arrangement of the model 
measurements. 1, 2 denotes the metal parts of the 
model vessel, 4 is the field of vision with distance 
markers of 100 mm, and 3 is the seismic source, the 
exploding wire. The symbols used are the follow
ing: epicentral distance of the schlieren element A n 
is noted by x, r is the spatial distance, x0 is the refer
ence distance from the source to the first distance 
marker, h1 and h2 are the heights of the model layers, 
h is the depth of observation and h0 is the depth to 
which the exploding wire of l in length is sub
merged. 

In the experiment six different sinusoidal corruga
tions were treated. Their description, together with 

Fig. 5. - Wave propagation in the plane interface model K\n . 
Numbers under the :frames - time in µs. · 
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o~her parameters of the models, are given in fi
gure 4. The predominant wave length of the inci
dent elastic wave ,\1 in water was found to be 5.1 mm 
[5]. The model dimensions were the same for all 
models discussed in this paper. Here, h1 and h2 are 
the heights of the model layers, L the model length 
and d the plate thickness The different sinusoidal 

corrugations are denoted by the symbols K~ , where 
i = Aw/,\1 is the ratio of corrugation length Aw to 
the incident wave length ,\1 , and j =1 hw/,\1 is the 
normalised corrugation amplitude. Schlieren observa
tions were realized at enicentral distances of 
0 < x < 240 mm. ... 

Results obtained 

The wave field investigated was recorded on extreme 
sensitive photographic film. Each experiment repre
sents 30 frames on a film record 300 mm in length: 
the exposure time was 0.32 µ.s, the time interval be~ 
tween the individual frames was 4 µ.s. An example 
of the high-speed camera record is shown in figure 5. 
In this figure five schlieren frames (plane interface 

model K:) having a time interval of 12 µ.s are repro
duced. The time values represent the travel-times of 
the direct P wave measured on the surface of the model. 
It is evident that by using high-speed camera technique 
travel-time curves of all occuring wave groups can 
easily be plotted for any arbitrary model depth. 

Travel-time curves for direct P1 and reflected P1 P1 

waves are given in figure 6. The four high-speed 
camera records of different shot point reference dis
tances x.0 are denoted by different symbols. The 
travel-time curves presented in figure 6 demonstrate 
good kinematic reproducibility of the experiment. 
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Fig. 6. - Travel-time curves of direct and reflected waves 
obtained by evaluation of high-speed camera records. - x - epi
central distance, t - travel-time, different symbols denote 

records of different shot point reference distanced Xo • 

Figure 7 shows schlieren frames of the different 
models recorded at the P1 travel-time, t = 110 µ.s. 
These pictures illustrate the distinct influence of 
corrugation parameters i and j on the wave pattern 

Fig. 7. - Wave pattern in dependence on corrugat~on para
meters. The wave field in all frames is recorded in the same 
time t := 110 µs. K I j. - models investigated, interpretations 

of wave groups see upper right corner. 

generated in the case of a lst order discontinuity. 
The wave groups of all five pictures are in 
the same spatial position; the direct and reflect
ed P waves are denoted by P1 and P1 P1 respect
ively, as usual, the refracted P wave by P 12 and the 
head wave by P 121 • The results obtained are particul
arly appropriate for complex studies of wave processes 
in general, especially the forming of wave fronts, in
cluding the dynamics of the process. 

As an example the reflection process on corrugated 
boundaries can be studied by the schlieren-method 
step by step. It can be also shown that the structure 
of the refracted P 12 wave becomes more and more 
complicated as a result of the increasing dimensions 
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Fig. 8. - Wave propagation in microphotometric representa
tion. Densitograms taken close under the surface. - Kil -

models investigated, t - registration time of separate schlieren 
frames, x - epicentral distance, aD - difference between the 
optical density of the wave and the optical density of the 

undisturbed field. 

of the individual corrugations. Unfortunately a very 
weak head wave P 121 can be observed in our exper
imental conditions due to weak energy transport be
tween the model media used. However, an increase 

of the head wave amplitude from the K: model to 

K~:! can be found. 

All schlieren frames were treated microphotometric
ally by an automatic microdensitometer (MARK III 
CS-Joyce, Loebel and Co. Ltd). The main experimental 
conditions for the dynamic interpretation of the schlie
ren frames were satisfied [ S]. The microphotometric 
profiles-densitograms were applied in direction parallel 
to the model surface. The results obtained can now 
be mainly exploited for investigation of direct and 
reflected waves. 

An example of wave propagation study on the basis 
of the photometric evaluation of schlieren frames is 
shown in figure 8. The picture represents the spatial 
distribution of direct P 1 and reflected P 1 P 1 waves just 
under the model surface at equidistant time intervals 
of 4 p.s. Here, a comparison of wave pattern between 

the plane interface model K: and model K~:! , the 
corrugation parameters of which are comparable with the 
wave length A1 , is given. The epicentral distance in 
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the figure is denoted by x, t is the time of observation 
and ~ D is the difference between optical density of 
the elastic wave and the optical density of the un
disturbed field . 

In figure 8 particular difference in the wave pat
tern can be seen. Whilst the wave pattern of P 1 

is approximately the same in both cases, the wave 
pattern of P1 P1 differs in both models distinctly. 
Undoubtedly, it is the corrugation in the second model 
which makes the wave pattern of the reflected wave 
P 1 P1 much more complex in dynamic properties than 
in the plane interface model. Further investigations 
will be carried out in order to find out these differ
ences in dependence on corrugation parameters i and j 
by means of amplitude and frequency analysis. 

em 
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Fig. 9. - Seismograms obtained on two-dimensional perspex
aluminium models after [2}. The description corresponds to 

symbols used in this paper. 



In figure 9 results of ultrasonic measurements on 
two-dimensional models having similar parameters as 
in previous case are presented [2]. The-arrangement 
of model seismograms is also similar to densitograms 
in the previous figure. On comparing both pictures 
it is evident that the same physical phenomenon, i.e. 
the boundary corrugation, can be studied by both 
methods with the similar efficiency. Moreover, the 
schlieren method makes it possible to investigate the 
wave pattern at any depth and in any direction inside 
the model. 

An attempt was made to derive amplitude-distance 
curves for P 1 and P 1 P 1 waves using densitograms of 
these waves (see fig. 10). The symbols are of the 
same meaning as in the previous figures, only A de
notes the amplitude in arbitrary units. If the ampli
tudes of reflected waves are to be compared, normal
ized amplitude-distance dependences for direct P-waves 
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Fig. 10. - Amplitude-distance curves of reflected waves 
obtained on the basis of densitograms. - K 11 - models investi
gated, t - travel-time, x - epicentral distance, A - maximum 
amplitude of the wave group, each point represents an average 

of five measurements. 
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must be used. The large scatter of independent exper
imental results does not enable to find out all the 
typical features of reflected waves in detail yet. 
On the other hand, the results obtained prove 
the essential changes in the amplitude curves of 
reflected waves for models with different corrugation 
parameters. Considering the fact that the densitograms 
in question can be interpreted as the horizontal com
ponent of compressional stresses, a good , accordance 
with results on two-dimensional models can be 
found [2]. 

In concluding this paper it must be emphasized 
that the present possibilities of the schlieren method 
have not been exhausted yet. Further studies will be 
carried out, namely as regards the fine structure of 
wave processes in the vicinity of corrugated interfaces, 
A final quantitative dynamic analysis of the schlieren 
frames can be expected in the near future. Moreover, 
the results of these measurements could be important 
for a better interpretation of seismic discontinuities 
on the basis of seismological observations. 
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VELOCITY AND DENSITY DISTRIBUTIONS 

IN THE UPPER MANTLE OF EUROPE * 
by D. MAYER-ROSA and St. MOLLER** 

The travel time analysis of P- and S-waves in the 
distance range between 4° and 25° for different areas 
of Europe has indicated the existence of several pro
nounced vertical and lateral inhomogeneities in the 
upper mantle. In particular two different models had 
to be constructed for SE- and SW-Europe. But the 
differences between the SE- and SW-models seem to 
disappear for depths greater than 210 km. Figure 1 
shows the velocity-depth distribution for P- and S
waves for the model SE-Europe (Mayer-Rosa 1968/69). 
For S-waves, three velocity reversals exist in the depth 
ranges between 70-120- km, 160-210 km and 260-310 
km. The P-velocity distribution has two less pro
nounced low-velocity channels in the two upper ranges 
and again a discontinuity at a depth of 310 km. An 
additional discontinuity for P- and S-velocities seems 
to be present at a depth of 540 km. The accuracy 
of velocity-determination is about -+- 0.07 km/sec for 
P-waves and -+- 0.15 km/sec for S-waves. Depths of 
the lower two discontinuities could be adjusted within 
-+- 25 km. 

100 

:::c 400 ,-
0.. 

~ 500 

600 

700 

I MODEL SE-EUROPE I 
Fig. 1. - V"elocities and Density as Function or Depth for 
the Model SE-Europe (Letters Pd, Pm ... and Sd, Sm ... refer 

to certain branches in the travel time curves. 
See Mayer-Rosa 1969). 
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** Dr. Dieter Mayer-Rosa, Professor Dr. Stephan Mueller, 
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The availability of P- and S-wave data for two 
distinct areas in Europe makes it possible for the first 
time to draw some conclusions about possible density
distributions within the upper mantle. Birch (1%1, 
1964) propo5ed a linear relation between density (p) 
and P-velocity (VP) in the form : 

p = a (M) + b . VP 

This function is based on experimental low-pres
sure studies o.f rocks (silicates and oxides of about 
the same iron content) with a mean atomic weight 

M = 20-22. Using this relation with a = 0.25 and 
b = 0.3788 (Birch 1964, solution II) down to a depth 
of about 310 km, a reasonable density-distribution could 
be calculated also including the low-velocity zones. 
The depth range of density inversions between 70 and 
21 O km (the « asthenosphere ») possibly indicates the 
zone of decoupling of the uppermost part of the 
mantle (the «lithosphere») from the underlying part 
of the mantle. 

For the conditions in the transition zone within the 
Earth's mantle between 310 and 540 km it seemed 
preferable to use Anderson's seismic equation. of state 
(1967) given in the form : 

p = A.M.t1> 

4 
where t1> = VP2 - ~ V5

2
; 

3 

M == · mean atomic weight; 

A a constant : 0.30 < n < 0.35 ; 

in order to take also into account a higher iron con
tent in .the supp05ed olivine-type comp05ition of the 
mantle (Forsterite .· + Fayalite). Following Anderson's 

concept {1968) and taking A = 0.048 and M = 23.7 
(for Fo60 Fa40 ) a density-distribution could be 
obtained for the transition zone which also explains 
why the transition zone in North America is at a 
greater depth compared to Europe. This is not in 
contradiction to Birch's hypothesis (1961) of an in-

creasing--mean atomic weight M by about 2 units 
(21 ,-..., 23)from the upper to the lower mantle, and 
may provide as explanation for the observed harmonics 
(second to sixth order) of the geopotential (Toksoz 
1968, Fuchs, Liebau, Mayer-Rosa 1970). 
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TABLE I 

Depth 
z (km) 

45 

70 

70 

120 

120 

160 

160 

210 

210 

260 

260 

310 

310 

540 

540 

700 

Compressional 
Velocity 

VP (km/sec) 

8.2 (8.0) 

8.1 (7.9) 

8.2 (8.1) 

8.0 

8.4 

8.5 

8.5 

8.8 

9.5 

10.2 

10.7 

Shear Velocity 
V. (km/sec) 

4.6 (4.6) 

4.1 (4.0) 

4.7 

4.1 (4.0) 

4.9 

4.3 

5.0 

5.0 

5.7 

6.0 

BIRCH ( 1964) 

3.35 (3.30) 3.34 

3.33 (3.25) 3.43 

3.37 (3.33) 3.28 

3.30 3.39 

3.44 
3.31 

3.47 

3.47 3.54 

3.60 3.45 3.55 

3.86 3.75 3.85 

4.13 3.83 3.93 

4.31 3.94 4.04 

TABLE 1. - Velocities and densities as a function of depth for the model SE-Europe (SW-Europe). 
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DEEP CRUSTAL REFLECTIONS ON A 17 KM DIGITAL 
REFLECTION PROFILE IN SOUTH GERMANY 

(Nordlinger Ries) 

by G. ANGENHEISTER and J. POHL * 

SUMMARY. - In connection with reflection measurements in order to investigate 
the structures of the Ries crater, the seismic signals were recorded up to 14 seconds. The 
field measurements were made by Prakla-Seismos, Hannover, with 3-fold coverage, a shot 
point distance of 240 m and digital recording. Data treatment was also made by Prakla
Seismos. Digital frequency filters and an optimum filter were used. The best results 
were obtained with the optimum filter. Deconvolution showed no improvement of the 
results. 

Numerous reflections and reflection zones from inside the crystalline basement can 
be seen on the record section. Some reflections can be traced over several km. The main 
reflection zones have travel times of approximately 3 - 4 s, 6 - 7 s and 9 - 10 s 
(Mohorovicic zone). A calculation of the depth of the reflecting zones is made on the 
basis of velocity-depth curves deduced from refraction measurements in neighbouring 
areas. The distribution of the reflecting elements is compared to the results of deep 
seismic sounding with refraction methods. 

In 1968 seismic reflection measurements with digital 
recording were. made on a 17 km long profile· in order 
to investigate the structure of the Ries Crater. The 
location of the profile is shown in Fig. 1. The seismic 
signals were recorded up to 14 seconds with hope of 
observing .deep crustal reflections as described by Dohr 
(1957), Dohr and Fuchs (1967), Liebscher (1964). 
The field measurements were made by Prakla-Seismos, 
Hannover in collaboration with the Institut fiir Ange
wandte Geophys.ik, Miinchen. The profile was recorded 
with 3-fold coverage, a mean shot point distance of 
240 m, a spread length of 1380 m and a distance of 
60 m between the seismometer groups. Generally 
charges of 12 kg o.f explosive (Seismogelit) were 
used. The digital data treatment was also made by 
Prakla-Seismos, Hannover. 

volution experiments showed no improvements of the 
results. 

For reflection times less than 4 s special record 
sections were made in order to obtain optimum infor
mation about the structure of the Ries crater to a 
depth of about 2 to 3 km. . The results have been 
published by Angenheister and Pohl (1969). They 
have been incorporated in the cross section of the 
Ries crater in Fig. 2. - The complete play-back of 
the 14 s recording was made with a digitization 
intervall of 4 ms, stacking, digital frequency filters 
and an optimum filter. The best results were obtained 
with an optimum filter and a frequency filter 
(bandwidth 15 - 70 Hz), but the reco,rd sections 
obtained with only frequency filtering (15 - 70 Hz) 
showed reflections of nearly the same quality. The 
reflections can also be seen in the unfiltered record 
section, which contains however much low-frequency 
surface noise. The frequency of the reflected signals 
from the crust is about 18 to 20 Hz. Some decon-

* Institut f ilr Angewandte Geophysik, Miinchen. 

In Fig. 3 all the elements in the record section 
which could eventually be interpreted as seismic 
signals ( reflected or refracted or surf ace waves) have 
been drawn together to make them more visible. Some 

e· g• 12· 

8" g• 10' 11' 12· 

Fig. 1. - Location of the seismic reflection profile (D), the 
Ries crater (circle) and seismic refraction profiles in south-Ger
many. Only profiles near the Ries Crater ~re included. 
(see Fig. 4). 
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Fig. 2. - Cross section of the Ries Crater along the seismic 
reflection profile. 1 = lake sediments, 2 = suevite (high 
temperature breccia . with glass), 3 = crystalline breccia, 4 ;= 
crystalline and sedimentary breccia, 5 == sedimentary and 
crystalline breccia, 6, 7 = undisturbed mesozoic layers, 8 ;= 
undisturbed crystalline basement. The hypothetical line indi
cating the lower boundary of the crater has been drawn in 

analogy to similar meteorite craters. 

of these arrivals have a very low apparent velocity, 
especially .in the center of the crater. They are pro
bably partly refracted waves and reflected surface 
waves. 

In the record section and in the drawing of Fig. 3, 
three zones can be distinguished horizontally. In the 
western part of the profile numerous reflections, 
that can be followed over several km, are clearly 
visible. This part of the profile lies outside the Ries 
Crater (Fig . . 2). In the middle part of the profile only 
very few reflections can be seen. We think that on 
this part of the profile, which is situated between the 
inner rim and the outer rim of the crater, most of 
the seismic energy is absorbed and diffused in the 
unconsolidated near-surface brecciated material which 
fills the crater near the border. In the eastern part of 
the profile (which ends at the center of the crater) 
numerous reflections can be seen again, but the reflec
tions are of minor quality than outside the crater. 
Much oblique noise is also visible in this part of the 
record section. 

In the vertical direction ( time axis) three main 
reflection zones with reflection times of about 3 - 4 s, 
6 - 7 s and 9 - 10 s can be distinguished. There 
are nearly no reflections beyond 11 seconds. The 
depth of the reflecting elements can be calculated with 
the use of velocity depth distributions deduced from 
refraction measurements. 

In Fig. 4 a summary of results is given together 
with velocity-depth curves and the corresponding travel 
time curv:es for vertical reflections of different authors 
for neighbouring regions. To the right in Fig. 4 the 
reflecting dements in the western part of the profile 
(SP 15.1 to SP 25.1, outside .the crater) are shown in 
a cross section and as a statistical distribution. Only 
the best reflections, which could be traced over at 
least 690 m in the record section, were used for this 
calculation. 690 m in the record section correspond 
to one geophone spread of 1380 m in the field. Thus 
the results can be compared to similar results in other 
areas, where single film records were used for statistical 
inteipretati~ ( e. g. Liebscher 1964, Dohr and Fuchs 
1967). The time interval! for the statistical treatment 
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Fig. 4. - Seismic reflection profile Ries 1968. Depth dis~ri
bution of reflecting elements for the western part of the prof tie, 
outside the crater (SP 15.1 - SP 25.1). Depth below sea level. 
Comparison with velocity-depth curves obtained from refraction 
measurements in southern Germany. The corresponding travel 
time curves for vertical reflections are also shown. The depth 
of the reflecting elements has been calculated with the curve M. 
Only the best reflections were used. The time intervall for the 
statistical distribution was 0.1 s. B-G :== Bram u. Giese 1968, 
profile C; M := Meissner 1967, profile C; F-L := Fuchs a. 
Landisman 1966, profile A. 

is 0.1 s. It can be seen that the statistical treatment 
of sharp reflections extending over a length of several 
km and coming from inclined reflecting horizons 
yields broadened peaks, which can gjve a false idea 
of the structure of the reflecting horizons and about 
the thickness of the reflecting zones, in Fig. 4 espe
cially for the Mohorovicic. zone (27 - 30 km). The 
depth of the reflecting elements in Fig. 4 has been 
calculated with the travel time curve for vertical reflec
tions deduced from the velocity depth curve M of 
Meissner ( 1967). The travel time curves calculated 
from the two other velocity depth distributions also 
shown in Fig. 4 give nearly the same results for the 
depth of the reflecting elements. In the calculation 
of the depth of the reflecting elements as shown in 
Fig. 4, it was not taken account of possible inclina
tions of horizons, but this is obviously necess.ary for 
some of the best reflections in the record section. 
Thus the strong reflection between 10 and 11 s e.g. 
leads to . a reflecting horizon with a depth of about 
29 km and a rather high inclination of 24°, and ,the 
whole Mohorovicic reflection zone becomes thinner 
(about 3 km, from 27 km to 30 km). 

With Fig. 4 a comparison between the results of 
the reflection measurements and refraction measure
ments ( velocity depth distribution) in south Germany 
can be made. The location of the refraction profiles 
is shown in Fig. 1. They are all located in the south 
German triangle, where in general the layering of the 
crust seems to be very flat. Only the refraction pro
files nearest to the Ries Crater have been included in 
Fig. 1. The curve B-G (Bram and Giese 1968) and 
the curve M (Meissner 1967) in Fig. 4 have been 
obtained with profile C, the curve F-L (Fuchs a. 
Landisman 1966) with profile A. The curve F-M is 
representative for a region about 100 km north of the 
Ries Crater, whereas the two other curves, B-G and 
M, are representative for a region about 60 to 80 km 
south of the Ries Crater. This must be kept in mind 
while comparing results. Preliminary results for pro
file B have been published by Ansorge et al. (1970). 

The first reflection zone at a depth of about 10 km 
could possibly be correlated with a low velocity zone 
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in the upper crust (curve B-G and F-L). The second 
reflection zone can be correlated with the velocity 
increase as indicated by the curve F-L, but there is 
no equivalent increase in the two other curves. The 
third reflection zone clearly must be correlated with 
the velocity increase in the Mohorovicic zone at a 
depth of 28 to 29 km. 

Until now no more detailed interpretation can be 
given, but it is hoped that from a careful and 
detailed analysis of the spectral properties of the 
reflections some information about the structure of 
the reflectors can be obtained. Special attention must 
be given to laminar models as those described by 
Fuchs (1969) . 
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EXPLOSION SEISMOLOGY DATA GENERALIZATION 
- EXAMPLES FROM THE EASTERN ALPS -

by Cl. BEHNKE 

SUMMARY. - The recommendations by the Working Group on Generalization 
of Explosion Seismology Data are applied to seismic refraction records obtained in a 
project area in the Eastern Alps. Examples are given. 

In 1969, the Working Group on Generalization of 
Explosion Seismology Data of the European Seismology 
Commission .published recommendations on how to 
represent and interpret seismological data ( 1]. The 
objective of these recommendations is to bring about 
a generalization of both data and methods of inter
pretation, thus enabling a direct comparison of the 
results from various large-scale areas. The application 
of seismic-refraction methods was of eminent import
ance in this context, and the following discussion is 
based on them. 

The attempt is made to apply said recommendations 
to data from seismic surveys in the central part of 
the Eastern Alps, and to illustrate this application by 
giving some examples. In the last few years, recordings 
were made in this area along 12 profiles and in two 
fans. In Fig. 1, the size of the project area is shown. 
The attempt to apply the recommendations to the 
results obtained in this area at the same time consti
tutes a test as to which size is required of the project 
area for rendering the recommendations practicable. 

Deutschland 
Miinchen 

0 

Fig. 1. - Size of the project area - heavy lines 
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In item 1) of the recommendations the presentation 
of DSS data is dealt with. The essential data of 
seismic refraction recordings are comprised in the travel 
time curve. It has for long been common practice to 
take travel time curves from record sections. In the 
recommendation exact statements are made about the 
latter : they are to represent travel time curves in a 
reduced form with a definite reducing velocity at 
given axial ratios. Moreover they are to include the 
geological situation of the profile, the elevation of 
points above mean sea level, the amplitudes for each 
seismogram in the form of a calibration signal, as 
well as data about charges and type of equipment. 

In Fig. 2 an example is given o.f the application 
of these items, i.e. a record section of a profile from 
the survey area. 

In item 2) recommendations are given about the 
principles of correla.tion. The main wave groups to 
be correlated are : Pg-wave, PM-wave and Pn-wave. 

These three groups provide information about the 

average velocity in the crust 
velocity distribution in the upper crust 
depth of the Mohorovicic discontinuity 
velocity in the upper mantle. 

Further possibilities of correlation exist, yet they 
have not been included in the recommendations. To 
apply them is within the discretion of those engaged 
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in the interpretation. It is moreover advised to base 
the correlation on phase correlation, if possible. 

In Fig. 3 a correlation according to the recom
mendations is shown of a further record section from 
the Eastern Alps. 

In item 3) the presentation of some basic data is 
dealt with. A ,presentation is to be given of the cross
over distance between the P 111 tr.avel time curve and 
the abscissa (Aci). This parameter is a direct measure 
of the depth of the Mohorovici discontinuity. When 
representing this value for the project area (Fig. 4) 
a depth :position of the Moho discontinuity is obvious 
within the area of the Bernina Massif. 

Similar information is obtained when representing 
the shot point distance to the beginning of the PM 
travel time curve ( critical distance Ac , Fig. 5). 

The examples show that by means of an adequate 
generalization o.f some basic data - without advancing 
to any actual detailed interpretation - conclusions may 
already be drawn as to the depth structure of a pro
ject area. 

With respect to the method of depth interpretation 
any recommendation is not given. It is merely recom
mended to represent the result of this interpretation in 
cr()ss sections with velocity isolines. In Fig. 6 an 
example is given of an N-S vertical section from the 
project area. 

Neither are any suggestions for the method of 
depth cakulation made in the last item of the recom-
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Fig. 4. - Presentation of the value .6,d for the project area. 
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Fig. 5. - Presentation of the value .Ac for the project area. 
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Fig. 6. - N-S vertical section in the Eastern Alps - Interpretation by GIESE [2) 
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mendations - depth c,a/,culation. Yet it is advised to 
maintain the possibility of detecting low velocity 
layers and transition zones. 

Based on these few examples of generalized data 
from a definite project area a comparison with data 
from other areas is already possible, leading to far
reaching geological comparison. The importance of a 
generalization of seismology data has thus be·en de
monstrated. 

(1) Report of the Working Group on Generalization of 
Explosion Seismology Data. - Moscow 1969. 

(2) GIESE P.: Versuch einer Gliederung der Erdkruste im 
nordlichen Alpenvorland, in den Ostalpen und in Teilen 
der Westalpen mit Hilfe charakteristischer Refraktions
laufzeit-Kurven sowie eine geologische Deutung. - Geo
physikalische Abhandlungen 1, 2, Freise Universitat, Ber
lin 1966. 



CRUST AND UPPER MANTLE BENEATH 
THE SOUTHERN PART OF THE ZONE OF IVREA 

by P. GIESE*, C. MORELLI**, C. PRODEHL *** and 0. VECCHIA**** 

Since 1956 the structure of the earth's crust and 
upper mantle of the western Alps is investigated 
intensively by explosion seismology ( see, e.g., Groupe 
d'Etudes, 1963; Giese et al., 1967; German Research 
Group, 19'68). Giese (1966) has shown that on most 
profiles in central Europe a similar system of wave 
groups can be detected. The complicated and ano
malous structure of the southern part of the western 
Alps, however, is the reason that the seismic-refraction 

* Institut fiir Meteorologie und Geophysik, 'Freie Universi
tat, Berlin. 

** Osservatorio Geofisico Sperimentale, Trieste, contrib. 
204 bis. 

*** Institut fiir Geophysik, Universitat Karlsruhe. 
**** Istituto di Geofisica applicata del Politecnico, Milano. 
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observations show patterns which differ significantly 
from observations in other areas of central Europe. 
A review of seismic-refraction data which cover the 
southern part of the zone of 1 vrea was made, and 
it is tried to define the areas where the so-called body 
of lvrea is pres,ent and can seismically be separated 
from the upper mantle. 

Moving from the French Alps across the zone of 
lvrea to the Po Plain, the character of the basic travel
time diagram of profiles crossing different regions 
changes. Therefore the areal distribution of the main 
wave groups is investigated systematically. The results 
shown here are confined on the area south of the 
line Mont Cenis - Torino. Two couples of wave 
groups : c (i), d (i) and c, d, are of interest. As 
far as possible the location of the corresponding depth 

-
_\--

IVREA ·' -; 

+ 

+ 
0 50 km 

Fig. 1. - Areal distribution of the main wave groups. 
LN Lac Negre, LR Lac Rond, L V Levone, MC Mont Cenis. 

Further explanation in the text. 



of maximum penetration was mapped for every pro
file crossing the area of investigation. It is assumed 
that half of the distance where the wave group is 
recorded is equal to the distance where the corres
ponding ray reaches its depth of maximum penetration. 
The wave groups c (later arrivals, = PM wave) and 
d (first arrivals, = Pn wave) have their origin in 
the boundary zone between crust and mantle and in 
the upper mantle. The occurence of the additional 
wave groups c (i) (later arrivals) and d (i) (first 
arrivals) shows that the material of the body of lvrea 
and its eastward continuation is clearly separated from 
the rocks of the transition zone crust/mantle. Those 
parts of profiles where this separation can be reco
gnized are marked by thick lines in Figure 1. The 
approximate western boundary of the body of Ivrea 
is indicated by the profiles : Mont Cenis - SE, Lac 
Negre - Lac Leman, and Lac Negte - Aosta. On the 
eastern side of the gravity high of Ivrea the material 
characterized by the wave groups c (i), d (i) dips 
and passes into the transition zone crust/mantle under 
the western part of the Po-plain (Choudhury et al., 
1967). Here a separation, based on the traveltime 
diagrams, is no more possible. The corresponding 
parts of profiles are marked by less thick lines. With 
the aid of these results the authors hav,e tried to 
define the area in which the material of the body of 
Iv~ea is . separated from the transition zone crust/ 
mantle ( crosshatched area). The western limit can be 
approximately marked by the following points : 20 km 
southwest of Cuneo, the Monte Viso, and Borgone 
Susa between Torino and Susa. To the east a separa
tion can still be traced under the western spurs of 
the Monf errato. The area hatched by horizontal lines 
comprises the block of the Southern Alps - Po Plain, 
the western front of which is erected in the zone of 
Ivrea (Giese et al., 1968). This block has overridden 
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the western alpine subsurface (hatched by vertical 
lines), and a separation of ,both units can be reco
gnized within the crosshatched area. 
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A COMPARISON OF THEORETICAL AND OBSERVED 
SEISMOGRAMS FOR MODELS OF THE CRUST 

AND THE UPPER .MANTLE(*) 

by G. MOLLER and K.. FUCHS 

The comparison of observed and theoretical se.ismo
grams forms a new method to deduce more reliable 
crustal and upper mantle models than those based 
only upon a travel time analysis. The procedure for 
matching observed and theoretical seismograms will 
be discussed in detail. If no absolute amplitudes are 
available, the relative amplitudes of different phases 
observ,ed at the same station can be used for the com
parison with the theoretical seismogram. 

* This text is an abstract of the two following papers : 
K. Fuchs and G. Muller, 1971. Computation of synthetic seis

mograms with the reflectivity method and comparison with ob
servations. Geophys. J. Roy. Astr. Soc. 

G. Muller and K. Fuchs, 1971. Caculation of synthetic 
seismograms and comparison with field seismograms, in : Mo
nograph of the Deutsche Geophysikalische Gesellschaft on 
Deep Seismic Sounding in West Germany, to be presented 
at the 16th General Assembly IUGG in Moscow. 

In this first study special attention is given to the 
amplitude variations of the reflection from the crust
mantle boundary and the refracted wave from below 
the Moho. The observed seisrnograms were taken from 
the refraction profile Hilders-S. The theoretical seismo
grams computed for crustal models from two previous 
travel time inversions are not concordant with the 
observed amplitudes. 

The main features of the improved Hilders-model 
are as follows. The crust-mantle boundary is a sharp 
transition at a depth of 27 km. Here the P-velocity 
increase from 6.8-7.0 km/sec to 8.00-8.05 km/sec. 
Below the Moho, there is a layer with constant velo
city and a thickness of about 7 km. This layer is 
followed by a new increase of velocity to 8.15 km/ 
sec at a depth of 36 km. 



PRELIMINARY RESULTS OF SEISMIC MEASUREMENTS 

IN THE JONIAN SEA AND ON THE MALTA SHELF 

by W. WEIGEL* und K. HINZ** 

ABSTRACT. - Some preliminary results of refraction and reflection seismic measu
rements with the German research vessel « Meteor » in the area of the East Malta 
Shelf and the West Jonian Sea in 1969 are demonstrated. 

Observations from two profiles show thick sediments in the shelf area as well 
as in the Jonian Sea. The upper sediments in the Jonian Sea seem to be unconsolidated, 
those of the shelf more consolidated. The seismic results give some evidence to a fault 
zone on the shelf margin. A 6, 1 km/s velocity in about 10 km depth in the Jonian 
Sea points to crystalline rocks and a tectonical movement of a perhaps formerly continen
tal crust. Velocity depth functions on two stations in the deep Jonian Sea show a low 
velocity channel in the sediments, the origin of which is brought in connection with 
olistostromes as have been found by drillings on Sicily. 

In 1969 reflection and refraction seismic work has 
been done with the German research vessel « Meteor » 
in de Mediterranean. 

Charges of Seismonex S and TNT were fired by an 
Italian boat. 

* Institut fi.ir die Physik des Erdkorpers, Universitat Ham
burg. 

** Bundesanstalt fi.ir Bodenforschung, Hannover. 

In physiographicaly different areas of the Jonian Sea 
sono buoys had been placed by the Institut fiir die 
Physik des Erdkorpers from the University Hamburg 
and the Bundesanstalt fiir Bodenforschung, Hannover, 
for the refraction measurements. One deep reflection 
profile was shot by the University of Hambourg in 
about East-West direction from the Malta Shelf to the 
deep Jonian Sea. The reflection equipment was a 600 m 
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Fig. 1. - Location map. 
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floating cable with 24 hydrophone groups and an SIE 
instrumentation. The work was supported by the 
Deutsche Forschungsgemeinschaft. 

Figure 1 shows the profiles the prelimany results of 
which will be given in this report. 

The Western profile runs from a depth of 100 m 
down the margin of the Malta Shelf and ends at about 
3200 m water depth in the Jonian Sea. The dotted line 
shows the reflection profile. The water depth of the 
refraction stations 11 and 12 is about 4000 m. 
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In Fig. 2 a record section of the Western profile is 
presented. The seismogra.rm have been recorded with a 
sono-buyo system anchored at 500 m water depth at 
the continental slope. The inclination of the straight 
correlation lines give the apparent velocities of 3,5 
and 4,6 km/s in South-West direction and 3·,3 ; 4,9 
and 3, 7 km/s in North-East direction. The velocity of 
3,5 km/s belongs to the sea bottom and points to con
solidated sedimentary velocity. NE of the buoy, in the 
steep part of the margin~ the travel time curves are 
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Fig. 3. - Travel-time diagram of reflections in the area of the continental slope 
East of Malta. 
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Fig. 4. - Record section of the Eastern part of the shelf margin refraction profile 

in the deep Jonian Sea. 

strong broken lines. The reason may be fractured layers 
in a faulted area. This supposition is supported by the 
reflection results in the same part of the profile be
tween shot-point 60 and 90. Figure 3 shows a travel
time diagram of this profile section. On the left (SW) 
in direction to the shelf, the travel-time curve elements 
can be correlated to horizons. In direction to the deep 
sea follows a zone with very pour or no reflections 
and farther to the NE a correlation is scarcely possible. 
These irregular reflection elements also point to a frac
tured_ and perhaps faulted underground. 
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Figure 4 shows a record section of a Hannover 
telemetric buoy ( H-B) in direction to the deep sea. 
Strong first onsets near H-B give a watersound velocity 
of 1519 m/s. First and second bubble-pulses are clear 
and also the high energy reflections from the sea 
bottom and between sea bottom and surface. A 
4,5 km/s velocity can clearly be correlated. Further 
p-phases of 3,7 (very faint) ; 6,3 and 8,4 km/s have 
been correlated. Straight lines as correlation lines have 
been pref ered with respect to the accuracy of the shot 
and hydrophone positions at sea. From this a first 
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Exaggeration 1: 4 
Fig. _ 5 . .:.._ A first crust model from the shelf margin profile. 

Thin lines from reflection, thick lines from refraction. 
3,4 and 4,3 West of B?-aj~o._-from refraction; _6,t·,a-ssu,med (tom 6,3._ 
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from reflection, the thick ones from refraction. The 
6, 1 km/ s is assumed to be a crystalline velocity. 

0o 2 4 6 8km/s 
0
o 2 4 6 8 km/s The velocity-depth functions derived from the rever

sed refraction profile 11 and 12 are presented in Fig. 6. 
The travel-time curves were interpreted according to 
Wiechert-Herglotz methode. 
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Fig. 6. - Velocity depth functions derived from reversed 
refraction profile 11 and 12. 

model has been calculated on the basis of layers with 
constant velocities. The profile is not long enough to 
give a decision, whether the apparent velocity of 8,4 
increases more with continuous distances as has been 
found at station 11 and 12 (Fig 6). 

The sea bottom has not been observed hy refraction 
in the deep sea. This points to unconsolidated sediments 
with a p-wave velocity near that of the water sound. 
The 2,5 km/s is assumed to be a plausible velocity for 
the upper sediments. The 4,5 and 3, 7 apparent veloci
ties were interpreted as belonging to one tefractor with 
increasing and decreasing inclination. 

Because the sea bottom shows a little uplift to the 
deep sea, and the horizons from ·reflection seismics in 
the upper part of the crust follow this inclination, the 
observed 6,3 and 8,4 were assumed to be a littre influ
enced by these inclination and are really a little less. 
So we asumed 6,1 and 8,1 km/s as true velocities. 

Figure 5 shows a summary of the· first results from 
the shelf margin profile. The thin lines are results 

In all travel-time curves a time shift was observed, 
which points to a velocity channel in the upper crust. 
It seems that the transition to the Upper Mantle is not 
marked by a discontinuity. The apparent velocity of 
8,1 km/s is reached in a depth of about 18 km on 
Station 11 and in about 17 km on Station 12. 

A low velocity in the upper crust was also observed 
on other profiles in the J onian Sea. As to their crustal 
structure the velocity depth diagrams have the following 
similarities : Below a thin layer of sediments a layer of 
1 km up to 2,2 km thickness follows. Within this layer 
the apparent velocity increases with depth from 2,5 to 
nearly 5 km/s. It follows a low velocity channel with 
an average velocity between 2,,5 up to 3,6 kmjs and a 
thickness from 0,5 up to 3 km. Below the channel the 
velocity increases with depth. Up to now, the geological 
nature of the velocity channel is not clear. 

The velocity-depth diagrams derived from seismic 
refraction records of the J onian Sea are very similar 
to velocity logs obtained from drillings in the Sicilian 
Tertiary basin. 

Acc:ording to these drillings the Upper Tertiary series 
of Sicily is composed of a vertical alternation of thick 
chaotic rock accumulation ( olistostromes) and normal 
sedimentary series ( Alia shales). These show lower 
velocities than the olistotromes. 

Owing to the similarity of the velocity-depth dia
grams from seismic refraction records and the velocity 
logs from the Sicilian Tertiary basin, it could be 
assumed, that in the Tertiary similar conditions of 
sedimentation must have existed in large parts of the 
Jonian Sea as in Sicily, and that in the Jonian Sea, too, 
olistostromes are widely distributed. 

Summary of the preliminary results;· 

The sea bottom was observed by refraction on the 
Malta Shelf, but not in the deep sea. This points to 
hard upper sediments on the Shelf and soft sediments 
in the deep sea near the sea-bottom with a velocity not 
far away the water-sound velocity. 

There are more than '5 OOO m sediments on the Malta 
Shelf. It seems to be a fault-zone in the area of the 
continental margin. More than 6 OOO m sediments in 
the deep Jonian Sea near the Malta Shelf are overlaying 
rocks with 6,1 km/s. The thickness of the upper uncon
solidated sediments seems to be several 100 m. 

Near the Malta Shelf a crystalline-depth in a1bout 
1 O OOO m and a Moho-depth in about 1 7 OOO m has 
been found. 

The velocity depth diagrams show, that in the deep 
Jonian Sea a 6,1 km:fs velocity is reached in about 
10 OOO m, and 8,1 km/s in about 17 OOO m depth. 

The great depth o.f the 6,1-horizon points to a sun
ken area in the J onian Sea. 

Velocity-logs from the Sicilian Tertiary basin are 
similar to the velocity-depth function from refraction 
measuremants in the deep J onian Sea. The low velocity 
channel - beginning in a depth of about 5000 m - is 
interpreted as a zone which is overlayn by sediments of 
higher velocity : the olistostromes. 



PRE'LIMINARY REPORT 

ON THE FIRST DEEP-SEISMIC SOUNDING EXPERIMENTS 

IN THE IBERIAN PENINSULA 

by St. MUELLER*, A.S. MENDES**, C. PRODEHL * 

and V. SOUSA MOREIRA ** 

Following recommendation of the International 
Upper Mantle Committee an agr,eement was reached 
between the Servi\'.O Meteorol6gico N acional de Portu
gal and the Geophysical Institute of the Universitaet 
Fridericiana at Karlsruhe, Germany, to initiate an 
extensive program of de,ep-seismic sounding in Portu
gal. First experiments have been carried out during the 
summer and late fall of 1970. 

Evora• 

/ 
I 

,./ 

i 
.I 

,, 

..... 
\ ..... 

\ 
' \, .... ').., 

) 
I 

(''· _,, 
{.--

' { 

/ 

Fig. 1. - Shot point and recording stations along the first 
seismic refra_ction profile in the southwestern part 

of· the Iberian peninsula. 

At the end of July 1970 a series of ten shots was 
fired off Caho de Sines in shallow water. The loca
tion of the shot point is indicated in Fig. 1. De
tailed information about the explosions is given in 
Table 1. By utilizing a novel shooting technique stan-

* Geophysikalisches Institut der Universitat Karlsruhe. 
*-* Servi~o Meteorol6gico Nacional de Portugal. 

ding waves could be generated in the water thus con
siderably increasing the seismic efficiency of the explo
sions. With this scheme, for example, excellent signals 
were received from a 11.4 kg charge of TNT at a 
distance of 50 km. 

A string of ten recording stations was moved along 
a NW-SE profile ( see Fig. 1). Each station was 
equipped with a Ma.rs 66 system consisting of three 
2 Hz vertical seismometers - placed approximately 
500 m apart at each station - and operating into 
amplifiers and a FM multiplex system whose output 
was recorded on magnetic tape. A total of 40 stations 
was occupied during the first phase of the seismic 
experiments in the Iberian peninsula. The average 
separation of stations was about 4 to 5 km. All records 
were of sufficient quality along the entire length of 
the profile. In Fig. 2 an example of a record taken at 
a distance of approximately 165 km is reproduced 
illustrating the ,exceptional signal-to-noise ratio at great 
distances. The record in Fig. 2 is originated from a 
720 kg charge of TNT (see Table 1). A time scale 
with second impulses is indicated. 

57 H-11 

K1 

K2 

ll = 165 km 
3-20 Hz 

K3 

Fig. 2. - Magnetic playback seismograms : 
Shot H-II, Station 57 
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Table 1 : List of Shots near Caho de Sines, Portugal. 

Identifi- Date Shot Instant Rectangular Coordinates 
Geographic Coordinates 

Water Charge 
cation July (GMT) (km) Latitude Longitude Depth Size 
Code 1970 Hayford-Gauss (N) (W) (m) (kg) 

x y TNT 

A 20 07:40:03.539 133.960 117.713 38'0 01'20,15" 8°53'02,35" 58 11,4 
D 20 09:10:05.962 133.491 118.351 38°01'40,75" 8°53'21,75" 74 45,6 
z 20 11:13:04.908 133.740 118.571 38°01'47,95" 8°53'11,65" 75 60,0 

(E) 20 Misfire 132.740 118.106 38°01'32,60" 8°5 3' 52,45" 90 136,0 
c 22 07:35:06.065 134.078 117.854 38°01'24,75" 8°52'57,55" 59 34,2 
G 22 14:08:05.122 132.872 118.140 38°01 '33, 70" 8'0 53'47,05" 87 360,0 
E 23 06:55:04519 132.796 118.016 38°01'29,70" 8°53'50,15" 90 136,0 

H-1 23 12:20:04.343 129.165 119.451 38°02'15,20" 8°5·6' 19, 50" 120 720,0 
F 27 07:07:03.552 132.228 118.899 38°01'58,15" 8°54'13,75" 100 272,0 

H-II 27 09:30:05..161 131.741 118.991 38°02'01,00" 8°54'33,75" 105 720,0 

Accurate timing of the explosions was achieved 
through time signals transmitted by Radio Foia (see 
Fig. 1), a short-wave station (3.15 MHz) installed 
on top of Mount Foia (902 m above sea level). The 
time code was synchronized by comparison with the 
program of station HBG (75 kHz) near Geneva 
(Switzerland), thus ensuring an absolute timing of the 
explosions. 

series of 12 shots covering a SE-NW profile partially 
reversing the Sines-SE profile have been recorded 
in late November and early December of 1970. The 
results of the first deep-seismic sounding experiments 
in the Iberian Peninsula will be reported in 1971. 

The . seismograms are ,presently being processed for 
interpretation. In a first step record sections have been 
assembled to facilitate the correlation of signals. A 

It is a pleasure to acknowledge the active support of 
these investigations by the Portuguese Navy as well 
as the assistance of the Erprobungsstelle 71 der fi.un
deswehr, of the Bundesamt fiir Wehrtechnik: und 
Beschaffung and of the Sociedade Portuguesa de 
Explosivos (Lisboa). 



STRUCTURE DE LA CROUTE TERRESTRE 
LE LONG DE LA COTE DE PROVENCE 

par Mme, Y. Henri LABROUSTE 

Des courbes d' egale profondeur de la surface de 
Mohorovicic en Provence ont ete publiees en 1968 
(1 J et en 1970 (2). De nouveUes donnees ont pu 
etre deduites des enregistrements obtenus, a partir de 
tirs en mer, sur des profils de refraction en direction 

de Cadarache, Serre-Pon~on, Chaudanne;, Isola et Men
ton. Elles concernent notamment la zone de transition 
entre la croute continentale et la croute oceanique. 

Les principaux resultats mis en evidence sont : 
d'une part, le rapide plongement du talus cristallin sous 
les sediments marins, jusqu'a atteindre, a 50 km de fa 
cote, une profondeur de 8 km environ au-dessous du 
niveau de la mer; 
d' autre part, la forte remontee de la surface de Moho
rovicic dont la profondeur varie de 28 km le long de 
la cote a 15 km a une distance de 45 km au sud 
de Toulon, ainsi que le montre la carte des courbes 
de niveau (fig.). 

Les valeurs respectives de 4,2 km/s et 6,2 km/s 
ont ete adpotees clans les calculs comme vitesses des 
ondes longitudinales dans les sediments et au toit du 
socle [ 3]. Les profondeurs de la discontinuite de 
Mohorovicic au-dessous du niveau de la mer ont ete 
determinees, apres avoir applique aux: temps de pro
pagation des corr,ections d'altitude et de sediments, dans 
l'hypothese d'une vitesse moyenne de 6,24 km/s dans 
la croute et d'un,e vitesse de 8,15 km/s a la partie 
superieure du manteau. 
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Visite du Laboratoire souterrain de Geodynamique de Walferdange. 



CRUSTAL VELOCITY MODELS AND STRUCTURE 

OF THE SEISMIC BOUNDARIES 

by J.P. KOSMINSKAY A and N.l. DAVYDOV A * 

The features of crustal model depend on system of 
observations and idealogy of scientists. The evolution 
of the crustal models from model by Mohorovicic to 
modern one is shown in fig. 1. The models 1-3 are 
usually based on seismological data; more complicated 
4-6 models are composed on DSS data. 

Next discussion will concern the modern models 
and peculiarities of seismic data on which these 
models are constructed. 

This report is based on numerous data obtained in 
USSR. Observations, accomplished on DSS profiles 
with very detail systems of time-distance curves and 
short distances between recorders, permit to classify the 
types of wave-fields and corresponding velocity crustal 
models. 

There are two quite different types of wave-fields : 
the first type, are the fields with many regular stable 
waves or group of waves, which we can interpret as 
refraction or reflection from seismic boundaries 
(fig. 2). To the second type belong the fields with 
only M reflected wave in the second arrivals ( fig. 3). 

According to characteristics of seismic wave-fields 
we can distinguish two types of crustal models: multy
layered ( fig. 2b) and nonlayered one ( fig. 3b). 

First we shall discuss more complicated model 
( fig. 2) . The schemetical time-distance curves for this 
models are shown in fig. 2a. This wave field contains 
usually several regular stable wave groups, which are 
well correlated along profile from different shot points. 
Subcritical, critical and overcritical areas of waves's 
registration are shown on the time-distance curves 
(fig. 2a). 

The registration of reflected waves in the subcritical 
area is the main sucsees of DSS for the past 3-5 years. 

(I) (2) (3) (+) (5) (6) 

Fig t 

Evolution of the velocity crust models. 

* Institute of Physics of the Earth of the USSR Academy 
of Sciences, Moscow. 

It is necessary to remain that the previous cross
sections were constructed according to the refracted 
and overcritical reflected waves. Analysing DSS data 
we now try to find out the relationship between the 
wave' s characteristics in subcritical, critical and · over
critical areas. It is important that the model is usually 
more simple if it is constructed according to the data 
in overcritical one. 

Fla,2 "Ultr-UTEIIED CIIUST nODEL 

Tl'avel ·tl•• wrvea Veloclty ltOCler 
6 1 lkm/aec. 

a/ 
30 

20 

60 
Distance ""' 

Typical time-distance curves (a) and multylayered crust 
model (b). 

- - - reflected waves 
refracted waves. 

For the crustal model ( fig. 2b) total velocity 
increase is observed with depth. The relatively thin 
high velocity layers are included in this model. They 
correspond to the tops of thick layers. Velocities in 
the thick layers are usually a little bit lesser than 
boundary velocities according to the time-distance 
curves of refracted waves. Low velocity zones are 

Travel-time curves 
6 

Velocity 
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~~-+---+--

a/ I/ 

J>lstance 
F11.'3 !IONLAY!REI> CRUSTAL MODEL 

• TURBIDITY CRUST • 

Typical time-distance curves (a) and the model of unlayered 
crust (b). 
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finded out from the data of reflected and refracted 
waves. They are usually in the upper parts of the 
earth's crust. Evidently, their spreading is local. 

Inclusion of the subcritical reflections into interpre
tation helped at least to find out two principal mis
takes. Such mistakes are possible in DSS even with 
continuous profiling, if wave registration is carried 
out only in over.critical area. 

a/ 

Flg.4 ON the TYPICAL MISTAKES of the IDENTIFICATION ot 
reflected and refracted Waves in DSS 

~istance 

overcrftical 
aTea 

distance 

To possible mistakes in the interpretation of DSS data: 
a) time-curves of the waves, reflected from boundaries into 

crust 
b) time-curves waves, reflected from M and K3 boundaries. 

The meaning of these mistakes is shown in fig. 4. 
The first mistake consists in the wrong division of 

the areas of registration of reflected and refracted 
waves ( fig. 4a). Evidently, that some of the reflected 
waves wer·e thought to be head waves. The use of the 
travel-time curves in the subcritical area lead to over
statement of boundary velocities. 

The second of possible mistakes (fig. 4b) is con
nected with observations in the overcritical area wave 

M . 
P ri , reflected from M boundary. It may take place 1f 
there are a good reflector in the lower part of the 
crust. 

Recently this event was well illustrated by Dr. Fuchs 
(1968) in his cakulations o.f theoretical seismograms. 
As we can see in fig, 5 amplitudes of wave m, 
reflected from the M discontinuity in the overcritical 
area ( distances R > 120 km) are rapid attenuated. Pro
bably, that the interpreter will continue correlation of 
this waves by wave d, which has big intensity. (It 

is known that the wave P~ in major cases on the 

Theoretical seismogram (after K. Fuchs, 1968), illustrating the 
possible mistake in the correlation JiMr1 wave in overcritical 

area. 

J/ 

land has a dominate intensity). In this case when there 
are a wrong correlation, the evidental velocity of over
critical waves will be lesser than the true one. Experi
mentally such event was observed recently on Russian 
platform. 

The second modern model ( fig. 3) is characterised 
for the blocks with nonlayered curst. Nicolaev (1968) 
develops the theory of so caled « turbidity » crust, 
which can be used for intrepretation of such data. 

Statistical characteristics of wave field for this model 
permit to estimate predominant thickness of separate 
lensis and their length. Thickness is approximately 1-2 
km and length 2-4 km. 

Considered above velocity crust models represent 
DSS cross-sections, which are built on solving of 
direct and inverse problems for travel-time curves and 
amplitude-distance curves of regular waves. 

The main difficulties in model's construction consist 
in concordance of the data of refracted and reflected 
waves in all three areas : subcritical, critical and 
overcritical. This concordance can make sufficiently 
better conformity between model and real medium. 

Structure of the deep seismic boundaries. In all 
models of the crust, except modern ones, thick layers 
are divided by abrupt boundaries, i.e. by the first 
order discontinuities. Some transitional zones of diff e
rent structure are suggested to be seismic boundaries 
in modern crust models. 

Registration of reflected waves in subcritical and 
overcritical areas helps to make analysis of the fine 
structure of seismic boundaries. For it may be used 
two types of data : amplitude-distance curves and 
amplitude spectra of reflected waves. 

An example of utilization of such data for inter
pretation features of deep seismic boundaries K4 and 
M is illustrated in fig. 6. 

Figure 6a shows three main models of boundaries : 
1 - the first order discontinuity, 2 - gradual layer, 3 -
zone of thin layers with high and low velocities. Fig. 6b 
gives module of reflection coefficients ~P compressional 
waves versus distances for three models of boµndaries. 
In fig. 6c we can see the theoretical amplitude-

distance curves A (r) : A [r] = R,,, V ~ , where S 

is spreading function, for crust models of the 
Western Priural region and Bukhara region, USSR. 
As we can see (fig. 6c), the amplitudes-curves for 
resonant frequency in the case of third model of 
boundaries are sufficiently differ from those for 
another two models of boundaries. In the case of the 
thin-layered zone the maximum of amplitudes takes 
place near the shot point; but in the cases of the first 
order discontinuity and of gradiental layer - near the 
critical distances. 

In fig. 6c, d experimental amplitude-distance curves 
are shown: E1 - constructed according to records of 
wav:e, reflected from M discontinuity in band of fre
quencies f = 9 - 18 cps for the Western Priural 
(Druhzinin and others, 19'70) and E2 - constructed 
out of records of wave, reflected from boundary K4 
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in the lower part of crust in Bukhara region (a f 
= 4 - 17 cps). Comparison of theoretical and expe
rimental curves shows that most likely such boundaries 
in this region are represented by the thin-layered zones 
with reversal velocities. 

In order to estimate the middle parameter of the 
thin high velocity layer in layered zones we used 
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iig.6. ON THE STRUCTURE of THE SEISrnc BOUND.ARIES 

Types of boundaries and amplitude-distance curves 

a) types of boundaries 
b) module of reflection's coefficients of the compressional 

waves R 
- - - R1 - for the first-order discontinuity ( type 1) 

. . . . . ~ - for gradual layer ( type 2) 
--- Ra - for the complete thin-layered zone with 

reversal velocity ( type 3) in the case of 
resonant frequency 

c) amplitude-distance curves. 
(1) - (3) - theoretical curves for the first order disconti
nuity (1) and thin-layered zone (3) for resonant frequency. 
E1 - experimental amplitude-distance curve for pMr1 wave 

by "1 f ·= 8-1 7 cps (West Priural after Druhzinin and 
others, 1970) 

E2 - experimental amplitude-distance curve for wave Pl re
flected from the boundary K. laying in the lower part 
of the crust in region Bukhara ( A f ::= 4-17 cps). 

the values of resonant frequencies of spectra. The 
thickness (h2) of high velocity (V2) layer difints as 

V2 
h2 = --- , where Ires is resonant frequency, by 

4 Ires 
which the reflection coefficient near shot point is 
maximum and lager than for the first order discon
tinuity by the same ratio of velocities. 

The results of such estimation of the thickness h2 

of the high velocity layers are given in the table for 
the different regions of the USSR. 

Thickness h2 of high velodty layer 

(for the M boundary V2 = 8,2 km/sec, and for the 
K4 - V2 = 7,6 km/sec) 

Ratio of Reso-
ampl. in nance Thich-

Region sub. and freq. ness 
over critical /rea h2 km 

areas cps 

West Priural 1,6 15 0,158 

Bukhara 5~0 16 0,118 

Kizil-Kum 2,4 15 0,136 

East Pricaspian 33 0,062 

In these regions subcritical reflection from M or ~ 
boundaries were registriered on small distances from 
shot point (to 25 km). They have large intensity. 
Their amplitudes are lager than those in critical area 
( see graph second in table). 

Therefore it can be suggested that here the deep 
boundaries have complicated thin-layered structure. 
Thickness of thin layers changes from 60 to 160 m 
depending on resonant frequency. 

If we assume that the thin-layered zone consists of 
2-5 layers, the thickness of whole zone may be from 
200 m to 1,0 km. These values can .characterize the 
thickness of so called M-discontinuity (transition zone 
from crust to the mantle of the earth), which gives 
intensive near-normal reflections. 

In the major regions the clear reflections near the 
shot point we can not distinguish; but we can esti
mate their possible most high intensity. Evidently, it 
is equal to the middle level of phone between the 
waves on the seismograms. 

Estimation of level of this phone shows that it can 
be less or the same order as the intensity of wave 

P~ in critical area. Therefore we can make conclusion 
that the M discontinuity, usually, on frequency about 
10 cps, is represented as sharp discontinuity or as 
gradual layer. 

In conclusion we shall note that analyse of seismic 
wave fields shows the large complication of the velo
city models of the crust in which there are the high 
and low velocity layers. The main significance in the 



wave field have, evidently, reflected waves, linked up, 
in general, with zones of high velocities. 

The great importance for the foundation of the 
explosion seismology methods, to our point of view, 
have the theoretical works, devoted to calculations of 
seismic wave fields (theoretical seismograms) for dif
ferent crust models and complicated types of seismic 
boundaries. 
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By the field experimental observations it is important 
to improve the technique of the registration of sub
critical reflections. Only combination of the data in 
subcritical and overcritical areas gives the complete 
information about the cross-section of the earth's crust. 

In domain of interpretation the main problem is 
concordance of data of the refraction and reflection 
waves. 
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THE FI.NE STRUCTURE OF THE UPPER MANTLE 
IN EUROPE AND IN NORTH AMERICA * 

by J. ANSORGE and St. MUELLER ** 

Among the various investigations during the course 
of the Upper Mantle Project especially phase velocity 
measurements demonstrated the existence of a zone of 
low shear velocity in the upper mantle. By this method 
only the gross structure could be determined. The fine 
structure can only be revealed through the investigation 
of body waves generated by earthquakes, chemical, and 
nuclear explosions. . 

The comparison of the results obtained in different 
regions shows that the distribution of velocity with 
depth varies considerably but has a general structure 
which is quite similar (Ansorge, Mayer-Rosa 1968; 
Ansorge 1969). 

In the past few years a large number of long range 
seismic travel time observations has been accumulated 
in North America. A less comprehensive amount of 
data is available for Europe. This lack emphasizes the 
need for more extensive measurements. 

In Europe observations of seismic signals from 
several large chemical explosions were used which 
occurred during the past twenty years. The maximum 

·* Contribution No. 144 within a joint research program 
of the Geophysical Institutes in West-Germany sponsored by 
the Deutsche Forschungsgemeinschaft ( German Research As
sociation). - Contribution No. 68, Geophysical Institute, 
University of Karlsruhe. 

'** Joerg Ansorge, Stephan Mueller, Geophysical Institute, 
University of Karlsruhe. 
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distance of observations ranges from 6° to 20° in 
central and northern Europe, respectively (Helgoland 
Explosion 1947; Lac de l'Eychauda 1963, Lac Negre 
1966, Western Alps; Folkestone Explosion 1967). 

These data were compared with those of Project 
Early Rise which was organized in 1966 to conduct a 
seismic probing of the upper mantle beneath the North 
American continent. The explosions fired in Lake 
Superior were observed to distances of 30°. From a 
total number of eight long range pro.files three were 
chosen for the pr,esent investigation (Lake Superior to 
North Carolina, Texas, and Manitoba). 

From all profiles except the Folkestone Explosion 
record sections were available. This greatly facilitated 
the identification of corresponding arrivals, comparison 
of amplitudes, and the correlation of travel time 
branches. 

The following conspicuous features could be obser
v:ed. In the distance range between 3.5° and 11° at 
least three different prograde travel time branches 
could be identified which were called Pd , Pm1 and 
Pm2· 

Pd corresponds to a compressional wave which 
penetrates into the uppermost part of the mantle with 
a clear positive velocity gradient beneath the Moho
rovicic discontinuity. 

Apparent velocities, critical ,distances, overlap and 
offset of travel time branches, as well as characteristics 
of amplitudes led us to the introduction of low-
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Fig. 1. - Models for P-wave velocities of the upper mantle in Europe 
and North America from long-range seismic refraction observations. 
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velocity .zones between the layers corresponding to Pd 
and P mi in three of the five cases shown in figure 1. 

In all five regions we had to assume additional 
velocity reversals between the layers P mi and P m2 • 

The mean crustal velocities in the models were taken 
from various other investigations. 

Despite the obvious regional variations between the 
diff.erent observations and regions, respectively, which 
can be seen in the deduced velocity-depth relations, 
the uppermost part of the mantle in both continents 
seems. to have a general structure which can be cor
related. In both continents a highly differentiated 
upper mantle between the Mohorovicic discontinuity 
and a depth of 150 km seems to have at least two 
zones of lowered velocity. These zones may vary in 
depth, thickness and channel velocity. The high velo
city layers are characterized by positive velocity gra~
dients (Mueller, Landisman, Ansorge, Mitchell 1970). 

For the computations of the theoretical travel times 
in a spherically layered model of the earth a program 
was used which has been worked out by Landisman, 
Sato, and Usami, University of Texas at Dallas, USA 
(1966). 

A more complete study of the available European 
and North American data is presently underway. 
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DISPERSION AND ABSORPTION OF SEISMIC SURFACE WAVES 
AND THE STRUCTURE OF THE UPPER MANTLE 

BASED ON OBSERVATIONS IN EUROPE * 
by D. SEIDL, St. MUELLER and H. REICHENBACH** 

The understanding of the wave signal distortion 
produced by dispersion and absorption is an important 
problem in the application of seismic surface waves 
to structural investigations of the crust and upper 
mantle. The method of stationary phase gives an idea 
of the signal character in the far field, but no 
exact synthetic seismograms can be computed with this 
method. Therefore a program for numerical integra
tion of the equation 
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by the « Fast Fourier Transform» of Cooley and 
Tukey (1965) has been developed. F0 (/(}.)) means 
the spectrum of the input signal. The phase velocity 
c{,w) was computed by the method of Dunkin (1965). 
A linearized relation for the absorption coefficient 
K ( w) was given by Anderson and Archambeau ( 1964). 
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Fig. 1. - Synthetic seismograms of the fundamental Rayleigh and Love mode 
for an elastic model. 

Distance A ;= 4000 km Reduction velocity V& ·= 4.8 km/sec. 
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Fig. 1 shows as an example the synthetic seismo
grams of the fundamental Rayleigh- and Love mode 
for an elastic model. The assumed input signal is 
given by the function 

t 
f O (t) == - exp (1 - t/2) 

2 



The distance ~ is 4000 km and the reduction 
velocity VR is 4.8 km/sec. The arrows indicate the 
arrival times, computed by the method of stationary 
phase for the Airy phases and for the phases, marked 
Ilg and Lgo , related to the period zero. A detailed 
discussion of synthetic seismograms for different 
elastic and anelastic models of the crust and upper 
mantle is found in a paper by Seidl (1971). 

Studies of the phase and group velocity dispersion 
of seismic surface waves has been performed in 
numerous regions of Europe (Mueller and Savarensky, 
1968; 1971) . In a recent investigation by Seidl ( 1971) 
the phase and group velocity of Rayleigh waves in 
the period range 60 to 150 sec has been studied for 
the transeuropean profile Malaga-Copenhagen. The 
experimental dispersion data and the inversion results 
are summarized in Fig. 2. The derived model of 
S-velocity shows a low-velocity channel between 75 
and 280 km depth with a shear velocity of 4.34 
km/sec. Discontinuities near the depths 75 and 280 km 
were also found by Adams (1968) and Whitcomb 
and Anderson (1970) from reflection studies of the 
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Fig. 2. - Observational phase and group velocities for the 
fundamental Rayleigh mode along the transeuropean profile 
Malago-Copenhagen. The inverted model KA-100 is compared 

with some results from body wave studies. 
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phase P'P'. The channel shear velocity 4.34 km/sec 
agrees within one percent with the mean value of the 
shear velocity in the depth range 65 to 310 km for 
the model SW-Europe, derived by Mayer-Rosa (1969) 
from body wave travel times. 

Extensive phase velocity investigations of Rayleigh 
waves have been performed in the Rhinegraben Rift 
System from 1967 to 1970 (Seidl, Reichenbach and 
Mueller, 1970; Reichenbach, 1971). They reveal the 
existence of a well-developed low-velocity channel in 
the depth range from about 80 to 220 km with a 
mean shear velocity of 4.3 km/sec. In the short 
period range the dispersion data confirm the crustal 
models derived from seismic refraction and reflection 
studies ( Ansorge, Emter, Fuchs, Lauer, Mueller and 
Peterschmitt, 1970). 
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VERTICAL AND LATERAL INHOMOGENITIES 

IN THE EARTH'S DEEP MANTLE 

by E.S. HUSEBYE *, R. KANESTROM ** and R. RUD* 

Introduction 

The gross structure of the Earth's interior is fairly 
well known, but we are still lacking information on 
the finer details, i.e., structural heterogenities causing 
higher order discontinuities in seismic wave velocities. 
The most fascinating aspect of this problem is the 
possibility of having lateral velocity variations in the 
deep mantle. 

Support of the above hypot,hesis comes. from recent 
analys.is of measured dT/dA values (Chinnery and 
Toksoz 1967, Hales et al 1968, Johnson 1969) which 
indicates azimuth dependence in the observations them
selves and the individual studies present significantly 
different results in certain distance intervals. A joint 
analysis of several types of geophysical data (Toksoz 
et a/, 1969) an,d P-wave diffraction studies (Phinney 
and Alexander 1969) also favor the existence of 
lat,eral inhomogenities in the lower mantle. We have 
investigated the above problems, using dT / dA data 
which represents an efficient tool for such analysis. 

Methods and data used 

Direct dT / dA measurements provide data which is 
very sensitive to small velocity deviations from a 
stan.dard earth. In our case we have used the seismic 
network in Fennoscandia as a continental array 
(Fig. 1), and the dT / dA parameters for each event 
are measured directly (Husebye 1969). The obser
vational data is P-wave arrival time pubJished in 
seismic bulletins and covering the years 1964-66. 
Altogether we have analyzed 648 events in the tele
seismic distance range 25-105 deg (Husebye et al 
1971). 

The bulk of our observational data comes from 
the Cir~-Pacific belt (Peru to New Guinea) and 
the Alp1de belt (Iran to Indonesia) which means that 
ep.icenter distances change relatively slowly with 
azimuth. Before presenting the results obtained, we 
have to dwell briefly on possible biased errors in the 
dT / dA measurements which may be caused by ano
maloµs structures in the site and/or source areas. In 
case of Fennoscandia, the crustal structures are 
fairly homogeneous and observed station correction 
values center around -0.6 to -0.8 sec (Hales et al 
1968). A check on possible biased errors which pro-

* NTNF/NORSAR, Post Box 51, N-2007 Kjeller, Norway. 
*'* Seismological Observatory, Bergen University, Norway. 

ved negatives, was performed by perturbe-rating the 
array configuration during the dT / dA calculations. An 
examination of the data from the Japan region, did not 
favor observational dependence on local source struc
tures. Our conclusion here is simply that the observed 
dT/ d!!.. values probably reflect the velocity distribution 
in the deeper mantle. 

-~el<RK 
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Fig. 1. - The Fennoscandian seismograph network. 

Results 

An anomalous velocity variation is synonymous with 
an anomalous dT / dtl variation. The relationship 
between these parameters is given by the Herglotz
Wiechert formulas. The term . anomalous implicitly 
refers to a standard earth which in this paper is that 
corresponding to the Jeffreys-Bullen tables. The final 
results of our investigation, i.e., a new velocity struc
ture for the .deeper mantle, is presented in Fig. 2. 
Th.e most striking feature here is the lateral velocity 
distribution in terms of the two models NORl and 
NOR2 at depths between 1750 and 2300 km. In the 
latter case, the data is based on earthquakes in the 



Japan-Indonesia and Central and South America regions 
having epicentral distances between 62-84 deg. In other 
distance intervals, the observations seem to be inde
pendent of azimuth. Before starting a brief discussion 
of our results, it should be noted that with disconti
nuities or inhomogenities we mean structures asso
ciated with decreasing velocity gradients. 
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Fig. 2. - Observed vertical and lateral P-velocity inhomo
genities in the deeper mantle. The standard Earth is that 

corresponding to Jeffreys-Bullen (J.-B.) tables. 

The data gives observational evidence for the pre
sence of significant inhomogenities in the earth's 
mantle (Husebye et al 1971). These are located at 
depths of around 850, 1150, 1250, 1650 and 2700 km 
- and they produce measurable effects on the dT / dA 
curve at distances o.f around 25, 47, 53, 62 and 86 
deg. The above anomalous regions are explainable in 
terms of vertical inhomogenities although it is not 
clear wheter the dv/dr curve changes. continuously or 
discontinuously. Considering the great depths and 
corresponding high pressures of the proposed ano
malous regions, it is questionable if low velocity 
regions or decreasing P-wave velocity would exist 
in the deeper mantle. The vertical discontinuities in 
Fig. 2 agree reasonably with those presented by 
Chinnery and Toksoz (1967), Johnson (1969), Chin
nery (1969) and Corbishley (1970). 

On the other hand, for distances between 62-84 
deg our dT/ dt::.. measurements deviate significantly 
from tho~e of Chinnery and Tohoz (1967) and 
Johnson (1969), beside azimuth dependence as men
tioned previously. A point here is that differences 
between dT / dll. observations are much less pronounced 
at shorter distances. We have interpreted this pheno
menon as due to lateral velocity variations, and this 
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hypothesis is in agreement with observed travel time 
anomalies and those predicted from the NOR models. 
Further support comes from Phinney and Alexander 
(1969) who explain anomalous decay of diffracted 
body waves in terms of lateral inhomogenities in the 
lower mantle. 

Finally, we should like to remark that in principle, 
lateral heterog,enities may exist down to the mantle-core 
boundary. This is the conclusion by Toksoz et al 
(1969) in a spherical harmonic analysis of geophysical 
data. They found that about half of the surface load 
differences due to topography and crustal structure 
are compensated istostatically at a depth of around 
400 km, while the compensation process is completed 
in the lower mantle, or possibly at the mantle-core 
boundary. As demonstrated above, using seismic arrays 
for direct measurement of the dT / dA parameter 
seems to be an efficient tool in investigating this type 
of problems. 
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VELOCITY PROFILES DERIVED 

FROM RANDOM FUNCTION THEORY 

by A.P. SINITSYN * 

The velocity profiles are derived by mean of cross
correlation functions. These functions are calculated 
from the recorders obtained in few points of the 
surface and they permit to evaluate the· primary, the 
reflections and the noise. The functions are drawn 
by analog computer using a great number of the re
corders for statistical calculation. From the crosscor
relation functions analysis the arrival time of the pri
maries and the velocity value are defined more precisely. 
The exact value of velocities in the different layers 
of the upper mantle are determined. The calculation 
made for a certain profile shown that the correction 
reach to a considerable value. 

Statement of the problem 

The velocity profiles are dete·rmined now by the 
methods of V.V. Beloussov, E.F. Savarensky, S.V. Med
vedev, I. Knopoff and others. But the utilization of 
the computers permit to apply the statistical methods 
and the theory of the random functions to solving this 
problem. In the previous papers of the author pre
sented on ESC symposiums [5, 6] the advantages of 
the random function theory to determination of the 
quantitative characteristics of the earthquakes and to 
studying the waves propagation in a low velocity layer 
by means of the autocorrelation functions were· shown. 
The further progress of this method to calculation the 
velocity profiles in upper mantle require the applica
tion of the crosscorrelation functions. These functions 
are calculated from traces recorded at several points 
of the earth surface and permit to eliminate the primary 
signal from the multiple reflections and from the 
white noise. The arrival time· of primaries and re
flections is determined more correctly. The seismograms 
were divided into intervals and the crosscorrelation 
functions were calculated on the analog computer 

* Earth Physics Institut Academy of Sciences of the USSR. 

Electron. The crosscorrelation estimate include two 
autocorrelation functions, the first is from the primary 
and the second is from the multiple reflections and 
there is the crosscorrelation function of the noise too. 
The problem is solved by dividing the seismograms 
obtained in situ in three parts as it is shown in 
equation (1) : 

h (t) = p (t -·ri) + m (t-y1) + n1 (t) (1) 

p (t - Ti) - primary reflection sequence recorded in 
point « i » in distance X 1 from source 

m (t-yi) - multiple· reflection sequence 

ni (t) - noise 

Ti and "Yi -· the delays of the primary and multiples 
relatively to the time arrival of the signals in 
the point X 1 = 0. 

Let us study the two records obtained at the distances 
Xi and Xj from source. The crosscorrelation function 
is calculated into a time interval T 1 - T 2 : 

The functions ft (t) and fj (t) from equation (1) 
were put into equation (2), and the assumption is 
made that no correlation between primaries, multiples 
and noise exist it can be written : 

'Pii (r, T) = 'PPP (r - tP., T) 

+ 'Pmm (r - Im,, T) + 'Pn.n. (r, T) {3) 
I J 

where: 

'PPP (r, T) - the autocorrelation function of the primary 

'Pmm ( r, T) - the autocorrelation function of the mul · 
tiples 



~.n. (T, T) - the crosscorrelation function of noise 
l J 

Ip and tm - time delays for the amplitude of the 
primary and the multiples. 

The diagram of equation (3) for the simplified cross
correlation function 'Fij and of its components is shown 
in figure 1. From this diagram it is clear that the 
crosscorrelation function permit to obtain more pre
cisely the time delays (tP) and (tm) and the corres
ponding value of the velocities. Determination of the 
exact velocity values may be done by application of 
the method worked out in paper [7]. The time delay 
tP obtained from the diagram of the crosscorrelation 
function is dependent on real velocity vP and the 
velocity determined approximately. In figure 2 the 
continuous line 1 shows the curve T corresponding to 
exact velocity value vP and time T. If the velocity v 
was determined approximately than for X0 = 0 and 
the value t = T 1 , there is shown the· dashed curve 2. 
This curve is drawn through point A corresponding 
to distance Xi . The curve 3 is passing through point 
B and correspond to time T 2 and X = 0. It may 
be proved that the· tP-time delay on the crosscorrela
tion function is equal to the time interval (T2 - T1). 

For the points of intersection between the continuous 
curve and dashed lines (fig. 2) the foIIowing equation 
may be written: 

'r=tJ 

Fig. 1. - Correlation functions. 

1 - <pij (r, T); 2 - <ppp (r-tp); 3 - <pmm (r-tm); 
4 - <pn n (r). 
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Fig. 2. - Time arrival diagrams of the signal. 
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x.2 Xi2 
T/ + l 

T2 + -l-

v2 v 2 p 

x.2 X/ 
(4) 

Tl + J T2 + -l-

v2 v 2 p 

These two equations were expanded into series m 
the vicinity of the point T and to determination of 
the· time delay tP we obtain : 

x. 2 - x. 2 1 1 
tp = T2 - T1 = _J_~ (-- - -) TJ (5) 

2 T v/ v2 

'Y/ -· coefficient of the non-linearity of the problem. 
At first approximation it is equal to unit. 

The difference of square distances is : 

and (6) 

A X is the interval between two receivers; k - num
ber of intervals between two crosscorrelated seismo
grams. By substituting the value of differences o.f 
square distances from equation (6) into equation (5) 
and solving it about I/v/ we obtain: 

I I T tP -=- + (7) 
v/ v2 Xk.1.X 

The formula (7) may be written: 

1 1 T Ip 
------ = - (I + v2

) (8) 
Vp2 v2 X k AX 

and 

r 
I ]1/2 

v = v = k v 
p T tp v2 p 

(I + -----'-) 
. Xk.1.X 

(9) 

The coefficient kP in formula (9) is determined by 
consideration of the seismograms and calculation of 
crosscorrelation functions from which the value tP is 
obtained. The coefficient may be greater as unity. 
The value hm - coefficient of the multiples, can be 
calculated by . formula similar to formula (9). By 
mean of this formula the decomposition of the total 
energy between the primaries, the multiples and the 
non-correlated part as white noise is obtained. 

Determination of crosscorrelation functions 

The calculation of crosscorrelation functions is a 
laborious work and it is difficult to making it by 
hand, therefore the analog computer Electron was used. 
The all calculation were made in such way as . by con
sideration of the low velocity layer in paper [ 6]. The 
seismograms recorded in some points of surface situ
ated on a· straight line from the source· were divided 
into intervals o.f 0.4 sec duration. The correlation 
functions were calculated into this intervals. The 
crosscorrelation functions were obtained by using records 
over four intervals. For example the record in point I 
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is correlated with record obtained in point 5. Schema
tic this can be written so: 

1X5; 2 X 6; 3X7; 4X8; 5X9; 6X10 

and so on. In such way there are obtained more clear 
diagrams and the delay time . tP is determined. more 
precisely. Now the interval (Xj - Xi) in formula 
( 6) shall be: k A X = 1 A X. The maximum value 

of tP correspond to maximum X as it is dear from 
formula ( 6). The separation of primaries from mul
tiples will be obtained more exactly on crosscorrelation 
function calculated for the points more remote from 
the source. For example the function 4 X 8 would 
have a smaller value of fv than the function 20 X 24. 
Worthwhile each function is considere'd as a mathe
matical estimate of a statistical process for improve
ment of the convergents if there is a great number 
of records. The distribution of the total energy be
tween the primaries multiples and non-correlated energy 
is determinated by mean of the crosscorrelation func
tions. The total energy is proportional to the maximum 
ordinate of the autocorrelation function accordingly the 
primaries energy is proportional to the crosscorrelation 
function amplitude at T = tP and the multiplies energy 

1-Ar r+A'f' 

a.) 

8.) 

c) 

Fig. 3. - Crosscorrelation function determination. 
a - record at point 20 ; b - record at point 24 ; c - cross

correlation function 20-24. 
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Fig. 4. - Velocity profile determination. 
a - diagram of the correction coefficient. 

1 ~ calculated by formuls ( 8) and ( 9) ; 
2 - obtained inpaper (8). 

b - velocity profile ; 
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to the amplitude at T = tm (fig. 1 ). The finit dura
tion o.f the interval in which the, crosscorrelation func
tion is calculated lead to distortion of the mathematical 
estimate of the correlated signals. The additional items 
as results of noise correlation and of the correlation 
between noise and primaries would arise. The influence 
of this factors is reduced if the time interval is in
creased or the averaging of the crosscorrelation func
tions ordinates is made. The statistical averaging of 
crosscorrelation functions must be large enough than 
the results would be reliable. The analog computer 
Electron is used to calculate the ordinates of crosscor
relation functions from records obtained in situ. This 
calculations are very laborious,, and it is difficult to 
fulfil they by hand. 

Discussions of results 

Let us consider the crosscorrelation functions calcul
ated from seismograms recorded. in paper [7J. It is 
noted before that the more precisely values of time 
delays tP - of the primary and tm - of multiple 
would be obtained from the recocders in more distant 
points of observation. For example two seismograms 
20 and 24 in figure 3 are shown, there are following 

values of distance X and A X in formula (7) : 

X = 53.75 km; AX= 50 m 

This two recorders are divided in intervals 2 AT = 
0.4 sec. The crosscorrelation function for this. interval 
is drawn in figure 3 c. On the diagram of this func
tion the values of tP and tm are determined clear 
enough; fv = - 10 msec and tm =1 95 msec. The 
value v was determined in paper [8], v = 6.7 km/sec. 

The correction coefficient kP in formula (9) is: 

( 
1 + \ t, v• ) 1/2 

XkAX 

( 

1 1/2 

= ~~D,010~ 6,7-;- ) ~ 1.lO 

53,7'5 . 1 . 0,050 

The velocity calculated by mean of correlation analysis 
is about 10% greater than obtained previously in 
paper [8]. The value of the correction coefficient is 
smaller as unity for the . time instant Tr < · T. The 
results are shown in figure 4 a, by continuous line 1 
is drawn the curve of the correction coefficient. This 
coefficient is smaller as unity foe small values of T 
and for large values of T it is greater than unity. 
The curve calculated by W. Schneider and M. Backus 
[7] using the dynamic correlation analysis on · basis of 
crosscorrelation functions is shown in figure 4 a, by 
dashed line 2 in dimensionless form. This method is 
usefull to determination of the velocities o.f the deeper 
layers of the upper mantle more precisely. The velocity 
profiles are shown in figure 4 b, by thin line 1 1s 
drawn the profile obtained in paper [8] and -by thick 
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line 2 is drawn the velocity profile of the same region 
calculated by mean of the dynamic correlation analysis 
method, worked out in this paper and founded on 
statistical evaluation of experimental data. 
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STRUCTURE OF THE MINOR CAUCASUS EARTH'S 
CRUST ACCORDING TO THE DISPERSION OF 

THE PHASE VELOCITIES OF THE SURFACE WAVES 

by D.l. SJKHARULIDZE and A. Kh. BAGRAMY AN 

1. Surface waves formed in the crust 

The earth's crust structures in various regions of 
the Caucasus differ highly. There are some regions 
where the structure of the earth's crust has not got 
the sediment layer. In the central parts of the Caspian 
and the Black Seas there is no granite layer but instead 
there exists the sediment layer of a great thickness 
( 1-4]. The greatest thickness of the earth's crust 
should be found under the range of the Great Caucasus 
(5]. The depression parts of the Caucasus, the Kol
khida and the Caspian lowlands are characterized by 
a relatively uniform structure. But their structures are 
highly different (5-6]. In the case of the study of the 
earth's crust of any r,egion, based on the phase velocity 
study, it is necessary to choose such a distribution of 
the seismic stations triangles where the earth's crust 
structure will be somehow uniform. One of those 
regions is the studied region of the Minor Caucasus 
where we do not observe significant changes in the 
earth's crust structure for a certain area. The seismic 
stations the materials of which were used for the 
study of the phase velocities dispersion are located 
directly in the region of the Minor Caucasus being 
studied. 

The surface waves method in the study of the 
structure of the mountain region earth's crust is one 
of the principal methods and therefore determination 
of the surface waves phase velocities for such regions 
is one of the most significant and basic problems. But 
the following limiting conditions should be observed 
when this method is in use : 

1. Not less than three seismic stations should be 
located on the territory under study, forming a triangle. 
The distance between ·them should be almost equal to 
the waves' s length. 

2. Long-period seismographs of equal type showing 
well the surface waves are necessary at these stations; 
this requires the identity of their phase and frequency 
characterisbcs. 

3. In the regions under study the earth's crust thick
ness, the velocity and the density should change in a 
negligible range. 

These conditions have been mainly observed on the 
studied area region and, therefore, there appears ·the 
possibility of utilization of the phase velocities method 
in the earth's crust structure s.tudy. 

In this work equal phases for various systems of 
the seismic stations triangles are identified and cor-

related. The following systems of the stations triangles 
have been studied : 1. Erevan - Goris - Nakhichevan. 
2. Erevan - Goris - Kirovabad. 3. Tbilisi - Erevan -
Goris. 4. Tbilisi - Nakhichevan - Goris. 5. Nakhi
chevan - Kirovabad - Goris. 6. Tbilisi - Kirovabad -
Erevan. 

Almost the whole territory of the studied region is 
covered with these triangles of the seismic stations 
and the mentioned seismic stations are situated dir,ectly 
in the regions under study ( fig. 1). 

Kltova&ad 

E1.evan 

Goils 

Fig. 1. 

The phase velocities of the surface waves are 
directly defined from the seismographic records by the 
equation 

c sin f3 

In the ( 1) equation d1 ,,2 , d1 , 3 , are the distances 
between the 1 and 2 and the 1 and 3 seismic stations; 
t1 ,:2 and 11 , 3 are the running times of the wave front 
between the 1, 2 and 1, 3 stations, respectively. f3 is 
the angle between the d1 ,2 and d1, 3 • 

However, by means of the phase spectra of oscil
lations the phase velocities are determined for com
parison. For this purpose the records of the surface 
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Table 1 

Time in the No. Date Coordinates 
D 5W y focus 

hr. min. sec. cpo "Ao 
1 2 3 4 s 

1 23 06 53 13 53 35 51 N 158 E 
2 04 09 53 07 23 08 51 N 156 E 

3 30 09 53 23 04 16 22 N 107.5 W 
4 22 03 55 14 05 10 8.5 S 92 E 

5 19 10 55. 09 54 48 49.5 N 155.5 E 
6 15 06 517 00 44 15 34 s 56 E 
7 18 08 57 08 37 00 12 N 124 E 
8 23 10 57 05 56 57 52.5 N 169.5 W 
9 15 01 58 19 14 29 16.5 S 71.5 W 

10 08 07 59 00 47 43 54.8 N 163 E 
11 20 04 60 02 01 08 38 s 73.5 W 
12 02 12 60 09 10 40 24.5 S 70.7 W 
13 08 03 62 21 38 35 3.5 S 28,5 E 
14 26 07 62 08 14 42 7.7 N 32.3 W 
15 29 04 63 214416 51.6 N 178.6 E 
16 09 01 64 18 31 50 45.3 N 151.3 E 
17 06 07 64 07 22 12 1 18.4 N 100.4 W 
18 05 02 65 09 32 08 52.4 N 174.2 E 
19 07 12 65 19 25 51 51.2 N 179 E 
20 07 02 65 04 11 20 51.9 N 175.4 E 
21 28 03 65 16 33 17 32.7 S 71.2 W 
22 02 07 65 20 58 36 53 N 167.6 W 
23 04 09 65 14 32 48 58 N 152.6 W 
24 13 09 65 13 07 49 53.3 N 165.6 E 

waves caused by earthquakes are used (table 1) ; 
the oscillation spectra have been calculated on the 
electronic computers in the Institute of geophysics 
and engineering sdsmology of the Armenian SSR 
Academy of &iences. 

The phase velocities are estimated by the data of 
the seismic stations lying on the same arc of the great 
circle in respect to the epicentre. Estimation of the 
phase </'i ((1)) and amplitude Ai((!)) spectra were based on 
the seismographic records figuring. 

This procedure was carried out for each seismogra~ 
phic riecord. First, for each record the continuous 
spectra were estimated and only then the difference of 
the spectra was found. The phase spectra difference 
at the 1 and 2 stations is (7]. 

<p2 (w) - 'f1 ((!)) 
(A2 - A1) 

C (w) 
(I) 

Here ..6,1 and A.2 are ·the epicentric distances, c(,(!)) 
is the phase velocity, / 8 (,w) and f,c("') are the sinus 

Distance from the station 
Magni- Ree. 

Tbilisi 
I Er7an Goris I Kirova· 1 Nakhi- tude waves 

bad chevan 
6 8 9 10 11 12 

7837 7968 7916 7851 8027 Lx 
7735 7883 7850 7709 7925 Lx 

12356 12493 12635 12411 12630 ~ 
7350 7263 7100 7176 7141 6,5 Lx 
7820 7966 7925 7827 8001 6 Lx 
8482 8318 8220 8356 8199 Lx 
8218 8249 8096 8092 8188 6 1/4 ~ 
9017 9183 9200 9083 9261 5 3/4 Lx 

13364 13351 13512 13501 13435 ~ 
7781 7937 7918 7811 7988 Lx 

14820 14746 14868 14907 14783 7 1/4 LR 
13834 13797 13947 13951 13866 LR 
5282 5115 5110 5226 5045 ~ 

12912 12380 12554 12220 13490 ~ 
8704 8869 8865 8754 8930 6 1/4 ~ 
7892 8027 7972 7883 8053 LR 

12410 12533 12685 12582 12669 LR 
8460 8621 8612 8501 8680 6 ~ 
8758 8921 8917 8804 8982 5 3/4 ~ 
8554 8715 8706 8593 8774 5 3/4 ~ 

14363 14302 14437 14465 14352 ~ 
9019 9187 9207 9087 9267 LR 
8795 8967 9015 8889 9061 7 1/4 LR 
7855 8012 8002 7888 8068 5 3/4 ~ 

and cosinus of Fourier transformed. 'The cakufation 
procedure will bring us to the estimation of the phase 
velocities by the following equation : 

(A2 - ,A1) 27l" 

C (T) = T [ 'PdT) - <pi(T) f + [y2 (T-) ---y-i(-T)-] 

where y 1 (T) and y;2 (T) are the phase shifts of the 
seismic stations' seismographs. The waves we have 
studied appear with relatively high amplitudes, there
fore, the period value of an individual oscillation 
might be accurately found by the seismographic 
records. In that part of the record where the normal 
and abnormal dispersions are simultaneously observed 
the correlation of an individual phase is sometimes 
difficult but this part of interpretation is at the end 
of the record which corresponds to the 15-20 sec. 
oscillations. We study the 20-60 sec. oscillations of 
the waves. 

In some earthquakes the revealing of the funda
mental tone of the Rayleigh waves is prevented by 
these waves' overtones the oscillations of which cor
responding to the minima of dispersion curves are 
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characterized by relatively high propagation velocities 
(7]. On the records they appear together with the 
long-period oscillations corresponding to the funda
mental tone. The periods of the adequate overtone 
oscillations are characterized by the T = 5-15 sec. 
values. On the seismographic records there occur some 
cases where there is the record of only the funda
mental tone of the surface waves. If the fundamental 
tone and overtone of the surface waves are recorded 
simultaneously, the record will be complex. In this 
case plot the hen.ding of the fundamental tone and 
only then the waves' study will be possible. 

The oscillations corresponding to the extrema of 
the dispersion curves of the Love waves overtones 
characterized by relatively high amplitudes on the 
records have lower values of the group velocities than 
corresponding oscillations of the fundamental tone. 
Therefore, revealing of the fundamental tone of Love 
waves w.ill be negligibly prevented by the correspon
ding overtones (7 -10]. Clear revealing of Love waves 
is also prevented .by the fact that Rayleigh waves may 
appear on all the three components of the seismo
graphs. The way out of this condition is possible if 
we consider these earthquakes where only Love waves 
were recorded or the records of Love waves in those 

earthquakes the epicentres of which are located in the 
meridional and latitudal direction relatively to the 
seismic station. 

We mainly used such records of the earthquakes 
when the azimuth determined by the surf ace waves 
on the epicentre differs slightly from the actual 
azimuth determined from the seismic station on the 
earthquake's epicentre. It was found out that direction 
is the best where the surface waves normally fall 
on the continents boundaries. During the intersection 
of the transitional zone with the wave front, the 
waves propagating from the ocean to the continent, 
are refracted but the refraction might be negligible if 
the wave front is parallel with the continental boun
dary. In our case such situation takes p.Jace in some 
Japanese, Kuril, Aleuthian, Philippine and other earth
quakes. Correlation of waves was made by the cha
racter of the waves records. For this purpose the 
seismographic records are superposed on each other 
and the equal oscillations are found. If the chosen 
records are satisfactory enough, the phase correlation 
of the surface waves at various seismic stations will 
not be different. 

The seismic stations the materials of which we use 
in addition to the regional seismographs are equipped 

Table 2 

Station 

Erevan 

Tbilisi 

Goris 

Kirovabad 

N akhichevan 

Seismograph 

D.P. Kirnos's 
common type 

D.P. K.irnos's 
common type 
long-period 
B.B. Golitsin' s 

D.P. Kirnos's 
common type 

D.P. Kirnos's type 

D.P. Kirnos's 
common type 

Components I 
N-S 
E-W 
z 

N-S 
E-W 
z 
z 

N-S 
E-W 
z 

N-S 
E-W 
z 

N-S 
E-W 
z 

N-S 
E-W 
z 

Period sec. 
Elevation 

TB Tg 

12.5 1.20 

12.5 1.20 1000 m 
12.5 1.20 

404 m 

30 21 

12.4 12.30 

12.3 12.30 

12.2 12.30 

12.5 1.20 

12.5 1.20 1399 m 
12.5 1.20 

12.4 1.19 
12.5 1.20 

12.4 1.20 

12.5 1.20 

12.6 1.20 

12.3 1.25 
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with D.P. Kirnos's three-component seismographs. 
Also, Golitsin's apparatus and the long-period vertical 
seismograph are installed at the Thilisi seismic station. 
The seismograph's characteristics are given in table 2. 
We studied almost 200 earthquakes from 1955 to 1967. 
From these earthquakes we have chosen those which 
are recorded by the three components of the seismo
graphs which are characterized by clear records of the 
surface waves. After such a choice only 27 earthquakes 
appeared to be suitable. In order to find the phase 
velocities of the Rayleigh waves the records of the 13 
earthquakes were used for the Love wave 11 ( table 1). 

It is found out that the periods of the waves 
revealed on the seismographic records differ from the 
apparent period of the earth's oscillations.. Sometimes 
this difference is so high that it should be considered. 
In the process of the study of the phase velocities 
dispersion we had the curves of the seismographs phase 
and frequency characteristics of all the. mentioned sta
tions ( table 2). The apparent time tapp of the peak's 
appearance was found as the sum of the time of the 
peak's appearance of the seismographic record lseism. 

and correction ~ t estimated by means of the phase 
characteristic curves. 

law = fseism + ~ t. 
As the time of occurence of the apparent period 

changes, the period value changes respectively and, 
consequently, the e~perimental dispersion curves 
acquire different appearances. This difference is 
sometimes quite important and, therefore, it should be 
kept in mind. 

In order to interprete the observed phase velocities 
the theoretical dispersion curves were used (7]. Such 
theoretical curves of the velocities dispersion were 
chosen which well reflected the structure of the moun
tain regions. Table 3 shows the parametres of the 
theoretical models by which the phase velocities dis
persion curves of the Rayleigh and Love waves were 
plotted. 

Models h1/H 

104 0.4 3.31 
3.38 

3.45 
105 0.5 3.31 

3.38 
3.45 

106 0.6 3.31 
3.38 
3.45 

Table 3 

b2 ba 

3.78 4.5 
3.86 4.6 

3.95 4.7 
3 .. 78 4.5 
3.86 4.6 

3.95 4.7 
3.78 4.5 
3.86 4.6 

3.95 4.7 

ti\ a2 a.a 

5.75 6.51 7.75 
5.88 6.65 7.98 
5.91 6.80 8.10 

5.75 6.51 7.75 
5.88 6,65 7.93 
5.91 6.80 8.10 
5.75 .6.51 7.75 
5.88 6.65 7.93 
5.91 6.80 8.10 

In this table h1 is the thickness of the first layer, 
H is the earth's crust thickness, f>t , p2 , .p3 ; b1 , b2 , 

b3 ; a1 , ~ , a3 - the density and velocity of the 
transversal and longitudinal waves in the adequate 
medium. pi/ p3 =, 0.818, pz/pg = 0.878. 

For the territory of the studied region averaging of 
the sediment layer value is 5-6 kms [8-9). The exis
tence of the granite and bazalt layer for the whole 

Caucasian territory excluding the Caspian and the 
Black Seas central parts can be considered proved 
[1-6]. 

For the studied region we admit that the velocities 
and densities change negligibly from one place to 
another and it is implied that the values of the wave 
periods are caused only by the change of the earth's 
crust total thickness. The ea:rth' s mantle is also con
sidered as a homogenious and semi-continuous medium. 
The surface waves we hav:e studied were reveaJ.ed in 
such earthquakes the epicentral distance of whic:h is 
a ~ 2200 kms. With such epicentral distances the 
surface waves are formed in the earth's crust and 
present its structure. 

The range of the studied waves periods changes 
T = 16 - 60 se.c. The values of periods at the Airy 
phase change as, follows : T = 16 - 27 sec., which 
means that the oscillations in such a range are not 
very significant relatively to the small thickness layers 
and enables the determinations of the earth's crust total 
thickness in the given region. In order to find out 
the thickness of separate layers of the earth's crust in 
the given region use the surf ace waves formed in the 
sediment layer ( first group) and in the sediment and 
granite layer together ( second group), etc. [ 10]. 

The observed results of dispersion of the phase 
velocities of Rayleigh and Love waves were compared 
with the theoretically calculated ones. The best 
agreement of the .experimental results with the theo
retical data was observed with 106 models of the 
earth's crust (table 3) [7]. Fig. 2, 3 show the com
parison of the experimental dispersion of the phase 
velocities. 

The experimental data of the phase velocities are 
well superimposed over the theoretical curves at H 
= 47 · km. As the theoretical dispersion curves a.re 
plotted for the case where hi}H = 0.6, the thickness 
of the first principal layer will be about h1 = 27 km, 
h2 = 20 km. 

2. Surface waves formed in the upper layers 

Formation of the dispersional surface seismic waves 
is caused by the stratified structure of the ,earth's 
crust. The formation of these waves also depends in 
a certain way on the epicentral distance in addition to 
-the peculiarities of the seismic focus. In particular, 
during the neighbouring earthquakes, when A < 400 
km, the recorded surface waves in the conditions of 
the Caucasus are formed in the sediment layer. With 
the further growth of the epicentral distance the sur
face waves are observed which are formed in the layer$ 
of -a g.reater thickness, etc. (8-9). 

We are studying the upper layers of the earth's. crust 
in the eastern part of the Minor Caucasus on the basis 
of the study of the surface waves phase velocities 
dispersion. The study is carried out on the phase 
velocities of the Rayleigh and Love waves observed 
during the Iranian, Turkish, Greek and Iraqi earth
quakes from 1955 to 1960. 

The quality of the results greatly depends on the 
usefulness of the record and the accuracy of picking 
out the Love and Rayleigh waves. These waves are 
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picked out by the method of polarization. For the same 
purpose also the kinematic and dynamic properties of 
the Rayleigh and Love waves were used. These methods 
were utilized when the Love and Rayleigh waves were 
simultaneously picked on the records. 

In most cases we have studied the records of such 
ear·thquakes where only the Rayleigh and Love surface 
waves are well apparent. Table 4 gives the seismic ele
ments of the earthquakes used for the research. The 
epicentral distances of the earthquakes vary from 500 
to 2200 km. The direction of propagation of the waves 
passed mainly on the continent. The surface waves were 
recorded by D.P. Kirnos's three-component instrument. 

In order to determine the phase velocities we used 
the materials of the Minor Caucasus seismic stations, 
located in triangles : Erevan - Goris - Kirovabad, 
Kirovabad - Goris - Nakhichevan. Nakhichevan -. Ere
van - Goris, Nakhichevan - Erevan - Kirovabad. 

The study of the surface waves phase velocities 
brought us to the conclusion that with the 500-2200 km 
epicentral distances two different <lispers.ion pheno
mena are observed. In particular, during the earth-
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quake with the epicentral distance A = 500-1400 km 
the occurring surface waves produce one dispersion 
plot, while during the earthquakes with the epicentral 
distance .A = 1400~2200 km, the picture will be 
different. The phase velocities found within the men
tioned triangles and observed with the epicentral 
distances A = 500-1400 km are compared with the 
theoretical ones (figs 4, 5). The best agreement was 
found for the · double layer model of the earth's crust 
upper layers, when H =1 h1 + h2 = 19 km, 
h1 = 6 km, h2 = 13 km, with the following values 
of the propagating velocity of the transversal and 
longitudinal waves and densities : 

bi 2.79 km/sec, b2 3.19 km/sec, b3 

a1 = 4.86 km/sec, a2 = 5.49 km/sec, a3 

p1 = 2.60 gr/cm3, p.2 2.81 gr/cm3 , p3 

3.80 km/ 
6.55 km; 
3.18 gr/c 

For the epicentral distances A = 1400-2200 km 
the observed surface waves are characterized by high 
values of the phase velocities. The experimental results 
of the phase velocities dispersion of Love and Rayleigh 
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waves well agree with the theoretically plotted disper
sion curve at h1 /H = 0 where H = 27 km (fig. 6, 7) 

[7]; the following values are assumed for the velo
cities in the layer and the semi-space. 

3.3 km/sec, a 
4.0 km/sec, a.1 

5.7 km/sec 
6.9 km/sec 

p = 2.9 gr/cm3 

p.1 = 3.3 gr/cm3 

These results show that for the epicentral distances 
when A = 1400-2200 km the surface waves include 
deeper layers of the earth's crust. Consequently, the 
h = 27 km thickness should consist of three layers, 

h = h1 + h2 - 19 km which present the thickness 
of the sediment layers together; the h3 = 8 km layer 
is below the granite layer and presents the intermediate 

layer between the granite and bazalt layers. a', b' , p' 
should be the average values : 

3.3 km/sec 

a 
h1 .+ h2 + h3 

h1 h2 h3 
+ + 

5,7 km/sec 

p 

Proceeding from the above developed results the 
structure of the earth's crust in the studied Minor 

Table 4 

Data 

D .'.iW y 

21 04 55 
21 05 55 

3 06 55 
14 07 56 
15 05 56 
19 05 56 

1 11 56 
21 05 57 
9 04 58 
3 02 58 
1 03 58 
3 05 58 
9 05 58 
3 05 58 

10 06 58 
2 09 58 
3 09 58 

16 09 58 
21 09 58 
26 10 58 
2 11 58 

10 09 58 
24 08 58 

1 05 59 
14 05 59 
14 05 59 
30 09 59 
13 11 59 
19 11 59 
2 03 59 
1 03 59 

Time in the 
focus 

hr. min. sec. 

07 18 21 
18 41 50 

23 34 37 
19 01 08 
18 34 15 
14 14 25 
OS 52 37 
13 24 20 
04 36 33 
19 27 18 
09 26 so 
20 18 20 
02 40 51 
20 18 20 
07 04 06 

01 13 33 
01 34 16 
14 22 40 
16 18 35 
12 40 36 
09 14 33 
03 49 27 

08 02 38 
08 24 00 
19 22 25 
21 07 20 
10 24 15 
08 49 22 
14 00 30 
11 22 30 
12 47 so 

Coordinates 
of the epicenter 

39 N 22.5 E 
41 36 
40.5 25.5 
41 30 
37 21 
27.5 52.5 
27.5 54 
39 22.5 
29 52 
32.5 58.0 
27 54.5 
37 21.3 
37 27.5 
3 7 21.3 
30 51 
38 21 
34 47 
34.5 59.5 
34.5 46.5 
37.5 44.5 
36.5 51 
32.5 47.5 
34 48.5 
36.5 51.5 
40.5: 23 
34.5 56.5 
30 46 
34 46.5 
39 25.5 
32 49 
27 53 

Erevan 

1876 
727 

1596 
1221 
2061 
1585 
1660 
1887 
1424 
J.474 
1733 
2042 
1517 
2042 
1258 
2033 
727 

1467 
670 
303 
705 
897 
775 
744 

1818 

1239 
1143 
655 

1633 

999 
1659 

Distance fr. the station, km 

I Kirovabad I 

2031 
873 

1747 
1365 
2222 
1564 
1619 
2031 
1388 
1378 
1686 
2196 
1679 
2196 
1256 
2277 

749 
1346 
688 
387 
621 
912 
771 
646 

1964 
1125 
1180 

736 
1784 

991 
1532 

Goris 

2042 
878 

1776 
1398 
2220 
1453 
1500 
2042 
1272 
1297 
1573 
2190 
1663 
2190 
1128 
2192 
607 

1293 
542 
227 
532 
770 
625 
542 

1979 
1051 
1047 
616 

1783 
855 

1515 

Nakhi
chevan 

1965 
805 

1685 
1323 
2155 
1463 
1523 
1976 
1284 

1353 
1595 
2094 
1670 
2094 
1148 
2076 
636 

1354 
564 
179 
588 
666 
646 

625 
1911 
1132 
1020 

649 
1711 

868 
1530 

Magnitude 

5.5 

5 
5 
4.5 

5 

5 

5 
5 
5 
4.5 
5 
4.5 

5 

5 
5 
4.5 
4.5 
4.5 
4.5 
4.5 

5 
4.5 
4.5 
4.5 
4.5 
5 

4.75 
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Caucasus region is presented as follows : the sediment 
layer the thickness of which varies from one point to 
another and which has the average thickness h.1 = 
6 km; the propagating velocity of the longitudinal and 
transversal waves in it is VPl = 4.86 km/sec, Vs1 

= 2.79 km/sec. The granite layer's thickness is h2 
= 13 km, with the values of the longitudinal and 
transversal waves : VP 2 = 5.49 km/sec, Vs

2 
= 3.19 

km/sec. The intermediate layer between the granite 
and bazalt layers is of h3 = 8 km thickness and pro
pagating velocities of waves VP3 = 6.55 km/sec, 
Vs?, = 3.8 km/sec. 

Then comes the bazalt layer, thickness b4 = 20 km, 
with the velocity of propagation of the longitudinal 
and transversal waves VP4 =1 6.89 km/sec, Vs4 = 
4.0 km/sec. 

In the studied region we get the following values 
of velocities for the undercrust substratum : VP5 = 
7.95 km/sec, Vs5 = 4.6 km/sec. 
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INTRODUCTION 

by P.L. WILLMORE 

The response to initial enqumes has revealed a 
remarkable development of advanced seismometry in 
Europe. The pattern of response has required some 
r:·eorganisation of the overall plan for the symposium 
which now divides as follows :-

a.) Theory and practice of single instruments. 
b) Theory and practice of multi-channel systems. 
c) International data collection and processing. 

Considerable interest has been expressed in the 
international aspects of the new seismology, notably 
in respect of the formulation of the most desirable 
pattern of cooperation between stations and processing 
agencies, and in rdation to the current role o.f station 
bulletins. It is hoped that sufficient time can be 
reserved to allow fairly extensive discussion of this 
topic. 



THE CONCEPT OF WIDE BAND SEISMOMETRY 

by H. BERCKHEMEK,,,·· 

ABSTRACT. - To cover a wide frequency range with visible recording seismographs 
and to obtain easily readable records usually several rather narrow band systems of dif
ferent magnification are used. Recording on magnetic tape allows to store a wide 
frequency - and - amplitude range of seismic information on a single trace. On the basis of 
a thorough study of power spectra of noise and all important seismic wave types optimum 
conditions for wide band seismographs can be derived. Proposals are made for the 
realization of these conditions. An accelerometer is close to an ideal wide band seis
mograph. 

Introduction 

It has to be the principal task of seismornetry to 
record all the .information contained in a seismic 
signal in a quantitatively evaluable manner. In practice 
at. least t~at information necessary to solve a particular 
seismological problem must be available. For the 
identification of body wave phases and for travel time 
determinations a narrow spectral band at short or at 
long periods is sufficient. This is also the case for 
studies of seismicity and for the discrimination between 
ea~thquakes and explosions. Many other problems of 
seismology, however, can only be solved with infor
mation from a wide spectral range e.g. : 

Studies of the dynamic process 
in earthquake foci 0.3 
Energy calculations of earth
quakes 0.1 

Transfer function of the crust 1 

Scattering and diffraction at 
the core boundary 0.5 
Frequency dependence of ab

< T < 150 s 

< T < 100 s 

< T < 50 s 

<T< 50 s 

sorption 0.05 < T < 100 s 
Dispersion and energy partition 
of fundamental and higher mode 
surface waves 5 < T < 300 s 

In spite of the obvious need for instruments 
which cover a large frequency range the problem of 
wide band seismometry apparently has not yet been 
c~nseque?tly . attacked. There are seismological, tech
rucal, h1stor.tcal, and psychological reasons which 
account for that. Only two of the most important 
p::>ints will be mentioned. 

It is a general believe that ocean generated micro
seisms are a barrier for a high sensitivity wide band 

* Prof. H. Berckhemer, Universitatsinstitut fiir Meteorologie 
und Geophysik, Frankfurt a.M. 

seismograph. It will be shown that this has not neces
sarily to be true. For the ana.Jysis of visible seismograph 
records it is very convenient that limitation to a rather 
narrow frequency band and suppression of oceanic 
microseisms results in clear and simple seismogram 
traces but of course a lot of information is lost. 
. In recent years increasingly direct visible recording 
1s replaced by analog electric or digital recording on 
~ag°:etic tape. 1:his offers the possibility to select by 
filtering any desired frequency range from wide band 
data stored on tape. Wave number filtering of array 
data or the application of polarization filters allow a 
selective suppression of oceanic microseisms. 

For a high sensitivity wide band seismograph it is 
required that 1. it will not be overloaded by the 
se~smic signal or by noise at any frequency and 2. the 
~e1smograph resolution must be slightly higher than the 
noise level in the whole frequency range. Since the 
dynamic range of a seismograph can not be extended 
arbitrar.ily it is essentially to adapt its transfer function 
in an optimum way to the expected spectral content 
of noise and signal which means to « whiten » these 
spectra. This requires a thorough study of both noise 
and signal spectra. 

Seismic noise spectrum 

Seismic noise may be approximated by a stationary 
~andom process and therefore most logically described 
m the frequency domain by its power spectral density. 
On the following graphs the ground velocity power 
spectral density P v is plotted. A uniform presentation 
of existing data was complicated by the fact that dif
ferent authors measure the noise by different methods. 
Accord.ing to the definition of Pv the Fourier trans
form of the ground velocity autocorrelation function 
should be performed. This has been done only in very 
few cases. A more typical procedure to obtain P v is 
to feed the seismograph output y (t) with the power 
spectral density PY into a 1 /3 - octave bandpass 
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filter. The mean square of the filter output z (t) is 
related to the power spectral density P z by Parseval's 
Theorem 

For an ideal narrowband filter with center frequency 
f 1 and transfer function G 1 inside the passband 
fi f = 1/3 f 1 we obtain 

-2 (f ) ,,..._, 2/3 p (f ) - Q2 (Ii) p (f ) (2) z 1 ,,..._, y 1 - -6 ----;-, y 1 
7r • 1 

where Q (j) is the seismograph transfer function with 
respect to ground displacement x. 

Another common measure of noise is just to take 
visually the mean peak to peak amplitude Yss and the 
corresponding frequency f 1 from a seismogram. In 
a crude way this corresponds to a 1/3 octave filtering 
process and we have to replace in (2) z2 by y2 • With 
the relation Yss 2 = 32/1r y2 :::::::; 10 y2 (Longuet Hig
gins 1962) valid for a Gaussian amplitude distribu
tion and with y (t, Ii) =• Q (Ii) . x (t, Ii) we find 

Pv {f 1) :::::::; 6 f 1 Xss 2 (fi) {3) 

with the mean peak to peak ground displacement Xss 
at the frequency f 1 . 

Py is related to the ground velocity amplitude· spectral 
density Sy by 

Py = 1sy2l/r 
where T is the time interval used for the Fourier 
analysis. If reduced to T = 1, Sy is the square root 
of Py . It has this meaning when used on the follow
ing diagrams. 

Figure 1 shows a unified compilation of data 
from 15 pubJications on noise spectra. The frame 
was given by Brune and Oliver (1959) but ext,ended 
at both sides of the spectrum by more than one decade. 
Important contributions to the short period branch 
came from the work of Frantti, Willis and Wilson 
( 1962). At the long period side data given by 
Haubrich and McKenzie (1965), Haubrich (1970), 
and Savino (1970) should be emphasized. 

The dotted ar,ea covers the range of seismic noise 
at different places and under different conditions. The 
solid line characterizes a typical noise spectrum at a 
good, continental station. There is a general tendency 
of the power density to increase with the period T 
even in a velocity representation. A lower limit of the 
short period noise is given hy · the so-called mantle 
P-wave noise but usually local, incoherent, partly man 
made noise dominates. Around 2 cps frequently an 
elevated noise level is· found. The large peak of storm' 
generated microseisms at 4 to 8 sec is well known. 
Its period is about half of that of oceanic waves in 
agreement with the theory of Longuet Higgins on 
the generation of microseisms. In recent years evidence 
has been found for a smaller peak near to the period 
of oceanic waves (11 - 20 sec) (Oliver and Ewing 
1957, Haubrich, Munk and Snodgras 1963). The noise 
minimum between 20 and 40 sec became important for 
detection of surface waves from nuclear explosions. 

SE I SMIC NOISE POWER 

of ground velocity 

106--+----+ 

10 

SPECTRUM 

Sv 

100 s 

nm/s 
H?: 

10-1 

Ill Range of noise -Typical Noise Spectrum 
A---8 Mantle P-Wave Noise 

Fig. 1. 

The intrease toward longer periods is rapid and 
caused by local disturbances rather than by propa
gating waves (Berckherner und Akasche 1966). At 
200 sec a rela:tion to high altitude atmospheric pres
sure fluctuations was suggested (Haubrich 1970, 
Savino 1970). In this range the instrumental noise 
becomes significant (Capon 1969). Information for 
the far end of the curve is estimated from the back
ground noise of free oscillation analysis (Benioff, 
Press and Smith 1961). 

It should be mentioned that we were dealing with 
rms-values. From amplitude statistics it can he seen 
that with some probability also several times larger 
and smaller amplitudes occur (The Geotechnical Cor
poration 196 3) . 

Seismic signal spectra 

. A meaningful description of the seismic signal in 
the frequency domain is even more problerna:tic than 
that for the noise~ Body waves can be considered as 
aperiodic signals and surface waves as quasi periodic 
signals. Fourier analysis would perhaps be an adequate 
method. For comparison with the noise spectrum, 
however, · we have .determined the .- velocity · power 
density spectrum as a function , of time for the whole 
seismogram· and plotted the value ·for each of the 
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POWER VELOCITY SPECTRA 
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most important wave groups P, S and surface waves 
R. This, however, gives no information on the phase 
relation between the spectral components which cer
tainly is also o.f importance for the composition of the 
signal.. With this restriction we shall be in the position 
to compare signal and noise. · 

More than a dozen distant and a few nearby 
earthquakes recorded on magnetic tape by wide band 
seismographs of the Taurtus Observatory near Frankfurt 
have been analysed chiefly by Dipl. Geophys. M. 
Henger with the 1/3 octave band pass filter method 
using equ. ( 2). As an example the velocity power 
spectra o.f 4 telcseisms are shown in Figure 2 at an 

arbitrary scale. Although the spectra may vary consi
derably from earthquake to earthquake some general 
features are found. There is a tendency to increase 
with · the period until a maximum is reached. The 
position of this maximum is apparently more strongly 
related to the magnitude of the. earthquake than to 
its epicenter distance. It shifts to lower periods for 
weaker earthquakes. At T = 2 sec the P-wave
spectrum is about one order of magnitude above the 
S-wave-spectrum. Near T = 10 sec the P, S, and 
R spectra intersect. At the maximum, surface waves 
dominate for shallow earthquakes. Some of the regu
larities derived from this set of spectra can in gene·ral 
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be understood on the basis of theoretical spectra from 
extended source models (Berckhemer 1962, Berckhemer 
and Jacob 1968), as shown in Figure 3. The curves 
also correspond to the <1>2-model of Aki (1967). The 
period of the peak is mainly a function of the focal 
dimensions. The definition of earthquake magnitude 
requires that at T = 20 sec one magnitude unit 
corresponds to a factor o.f ten in spectral amplitude. 
From this figure it is seen in a schematic way how 
the spectra vary with magnitude. 

Some data on near earthquake spectra are shown 
in Figure 4, Velocity density (Sv) spectra of two 
small earthquakes computed by Willis, de Noyer and 
Wilson (1964) confirm the shift of the maximum to 
shorter periods (between 0.3 and 1 sec). Generaliza
tions of several strong motion spectra of near earth
quakes by Housner (1967) and by Medvedev (1965) 
show an increase with T for 0.1 < T < 2 sec. 
Since they belong to strong earthquakes they repre
sent the left side slope of the theoretical curves 
Figure 3. 

In Figure 5 an attempt is made to extend the 
spectrum of very strong earthquakes (M :::::: 8.4) into 
the period range of free osciHations of the earth. 
Spectral amplitude values of free oscillations following 
the Chile Earthqua~e 22 May 1960 and the Alaska 
Earthquake 28 March 1964 published by Benioff, 
Press, and Smith (1961) and by Nowroozi (1965 and 
1968) are used in this figure. The Rayleigh wave 
amplitude at T = 100 sec is taken from Brune arid 
King (1967). The expected decrease of spectral 
density beyond the maximum is clearly seen. 

From the data availably at present we have gained 
a general idea of the total seismic signal spectrum 
which has to be co,vered by seismographs. 

Pv 
(nm/sl 2 

"1iz 

10 100s 

Sv 
nm/s 
Hz 

Fig. 3. - Theoretical ground velocity power spectra based on 
extended source models. 

Requirements for a wide band seismograph 

For further considerations we demand that our wide 
band seismograph should be able to record everything 
from the noise level up to a magnitude 7 teleseism 

NEAR EARTHQUAKE GROUND VELOCITY SPECTRA 
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Fig. 5. Spectral representation of long period Rayleigh 
waves and free oscillations for M = 8.4 earthquakes. 

with the lowest possible dynamic range. Our problem 
is stated in Figure 6 which shows the typical noise 
spectrum together with a typical M = 7 teleseism 
spectrum at an absolute scale. It is very fortunate that 
both signal-and-noise-Sv-spectra increase in a similar 
way and roughly proportional to T. In order 
to minimize the necessary dynamic range of the seis
mograph its frequency characteristic (transfer function 
Q (f)} should be approximately invers to the noise 
spectrum. A flat response with respect to ground 
acceleration would roughly meet this condition and 
a dynamic range of about 80 db would be required. 
A still closer approximation of the seismograph cha-
racteristic to the inverse noise spectrum would lower 
the necessary dynamic range to 70 <lb. 

Finally let us ask how such seismographs could 
be materialized. Of course any very short period 
pendulum seismograph with displacement pickup acts 
as an accelerometer beyond its natural period. However 
the necessary very high amplification of the signal 
causes electric noise problems. Another and a very 
elegant way to design an ideal accelerometer was pro
posed by Lippmann as early as 1909. A pendulum 
seismometer, what ever its natural frequency <oo and 
its damping coefficient f3 may be, has an output y 

108 1----------j--

10-1 10 

\ 
\ 

\ 

Fig. 6. - Typical seismic signal spectra (M 
typical noise spectrum. 
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'P 
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exactly proportional to the ground acceleration ; if 
10

2 
the pendulum displacement angle <p and its first and 
second derivatives are multiplied by constant factors 
and added by an operational amplifier such that the 
leftside term in the seismograph equation 

10
1 

. 1 .. 
<p + 2 /3 w0 'P + wl cp = - - X 

L 

1 10 100 s 

7) and 

y 

T 

equals the right side term. The necessary conditions 
are shown in Figure 7. Seismographs where different 
output signals are linearly mixed may be called com
position seismographs, following Weber ( 19 5 3). Fig. 7. - Ideal accelerome~er after G. Lippmann 1909 
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Fig. 8. - Optimum seismometer. 

Another and still more simple compos1t10n seismo
graph would approache the invers noise spectrum 
even better. I call this therefore the optimum wide 
band seismograph ( Figure 8) . It consists of a 2 5 sec 
-pendulum slightly undercritically damped. The pen
dulum displacement and its second derivative are 
added. The magnification of the system with respect 
to ground velocity is shown in Figure 8. 

In Figure 9 we see the measuring range of a 70 db 
optimum seismograph ( dotted area) together with 
signal and noise spectrum. 

With modern electronics and digital or bi-level 
analog recording on magnetic tape it should be feasible 
to built a universal wide band seismograph with a 
dynamic range of 70 to 80 db. 
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INFORMATIONSKRITERIEN ZUR AUSWAHL DER 
FREQUENZCHARAKTERISTIK EINER SEISMISCHEN APPARATUR 

von A.W. NIKOLAJEW 

Die Information über den Aufbau der Erde ist im 
Charakter der r.äumischen Veränderung des Signals 
enthalten. Das elastische Medium ist ein Kanal für 
Informationsübertragung und gleichzeitig eine Quelle 
der Information über sich selbst. Die Ve·ränderung der 
Signalform, die bei der Vergriößerung der Hypozen
tralentfernung stattfindet, ist mit der Verminderung 
der Ziff erinf ormation verbunden, die darin enthalten 
ist. Das heißt, daß die V.ergrö,ßerung der Nutzinfor
mation hinsichtlich des Aufbaus des Mediums geht 
dank der Verminderung der Ziff erinformationsmenge 
des seismischen Signals vor. 

Bei der Verbreitung der seismischen Wellen wächst 
zuerst die Nutzinformationsmenge mit Vergrößerung 
der Hypozentralentfernung, weil ihre Veränderungs
form immer deutlicher wird. Jedoch ist die Wellen
form bei großer Entfernung vom Rauschen so stark 
verändert, daß keine nützliche Information über dem 
Mediumaufbau bekommen werden kann. Diese Idee 
wurde vom Verfasser in seinem Artikel (1 J ent
wickelt; dort ist die quantitative Gesetzmäßigkeit der 
oben · beschriebenen qualitativen Gesetzmäßigkeit fest
gestellt. 

Die Registriervorrichtung verändert auch den seis
mischen Signal : führt zu linearen Verzerrungen und 
verschlechtert ihn durch Enstellungen. Um die richtige 
Frequenzcharakteristik der Reg;istriervorrichtung zu 
wählen, muß man die Aufgabe über das Verhältnis 
zwischen Nutzsignal und Rauschen lösen. 

Die Signale und die Rauschen 

Als Beispiel, mit dem wir die Methodik der Ana
lyse beschreiben, nehmen wir die erste P-Welle des 
Erdbebens, ·das die Epizentralentfermung etwa 500.Qi 
km und die Magnitude m = 6 hat. Ein Energie~ 
Dichte Spektrum P (f) des Signals P (t) ist auf der 
Zeichnung 1 dargestellt. 

Das Signal P (f) kommt zum Eingang des seis
mischen Kanals, der eine Frequenzcharakteristik V (f) 
hat. V (f) ist ungefähr die Amplitudencharakteristik 
des Seismographs « CBKM » mit Eigenfrequenz 
0,75 Hz. Auf der Zeichnung is V2 (/} dargestellt, 
weil bei der Ber,echnung des Eingangsspektrums 
dieser Wert funktionieren wird. 

Das von dem seismischen Geräte registrierende 
Signal besteht aus drei Komponenten : der nützlichen 
P-Welle P (t); dem Rauschen p (t), das von dem 
Nutzsignal hervorgerufen ist, das man als parame
trisches Rauschen nennt [ 1] und den mikroseismischen 
Bodenunruhehintergrwid n (t) der an der Registrier
ste11e beobachtet werden kann. Das Signal P (t) hat 
eine gute räumliche Korrelation, seine typische Fre
quenz ist etwa 0,5 Hz und seine Bodenschwingge
schwindigkeit ist etwa 1 ,µ/ s ( 2]. 

Das parametrische Rauschen ( signal generated 
noise) p (t) ist von dem Nutzsignal P (t) hervor
gerufen und nimmt einen bestimmten Teil seiner 
Energie auf. Die Frequenzgangdarstellung p (f) des 
parametrischen Rauschens p (t) ist in der Zeichnung 
1 dargestellt. Dieses Rauschen hat einen verhältnis
mäßig kleinen räumlichen Korrelationsbereich, seine 
Intensivität im homogenen Medium ist der Hypo~ 
zentralentferung und dem Koeffizient der Streuung 
proportional [ 3]; der Streuungskoeffizient seinerseits 
wächst mit der Frequenz schneller als in .der zweiten 
Potenz. 

0,1 

0,01 

/'<fl 
-cp(f) -------q)(f)-

0,001----------------w 10 ~~ 

Fig. 1. 

Die Untersuchungen der Str~tur der P-Welle zei
gen, daß in der Epizentralentferung von etwa 5000 
km das parametrische Rauschen p (t) über Frequenz 
5 Hz und höher das nützliche Signal P (t) übersteigt, 
das heißt, daß das erste Signal P (t) + p (t) insge
samt schlechte räumische Korrdation hat. Darauf 
weisen die Angaben der seismischen Tiefensondier
ungen hin [ 4, 5] ; wenn wir als ein Mittelwert des 
Streuungskoeffizient 0,0002 km-1 für den Obermantel 
nehmen, dann erhält man den Wert 1,0 .des Mittel
quadrats des natürlichen Logarithmus des Verhältnises 
zwischen das Rauschen und Signal. 

Die mikroseismische Bodenunruhe n (t) existiert 
unabhä:ngig von dem Signal P (t), hat eine schlechte 
räumliche Korrelation und eine bestimmte Spektral
form n (f) ( Abb. 1); im Periodenbereich 0,3 - 3 
sek ist .der Spektralspiegel verhältnismäßig nieder, im 
Periodenbereich 4 sek und von hier aus geht er steil 
nach oben, im Periodenbereich 0,3 sek un'd kürzer 
geht er auch nach oben, aber die Form im Perioden
beJ:1eich dieses Teils des Spektrums ist gewöhnlich 
unbeständig. 



Die Amplituden der mikroseismischen Boden
schwingungen betragen unter ruhigsten Kontinenta
len Bedingungen etwa 0,002 µ.. Wir nehmen diesen 
Wert bei der Aufstellung des Pegel des Signal- und 
Rauschenspektrums in Betracht. 

Das Eigenrauschen der Apparatur <I> (t) besteht 
aus zwei Komponenten : elektrisches Rauschen und 
das Rauschen, das von falscher Registration hervor
gerufen wird. Dieses Rauschen wird durch die Undeut-
1.ichkeit. der Seismogrammlinie, die Ungleichmäßigkeit 
der Se1smogrammbewegung, durch die Reibung der 
Feder auf dem Papier bestimmt u.s.w. Auf den 
gewöhnlichen Seismogrammen 4 macht diese Größe 
durchschnittlich 0,2-0,5 mm aus. Die beiden Rauschen 
sind eben der stationäre Schwankungsvorgang, der 
einen breiten Frequenzbereich <I> (f) hat. Ihr auf das 
Eingangssignal bezogener quadratischer Mittelwert 
macht etwa 0,0002 im seismische Frequenzbereic~ 
aus. Hier setzt man voraus, daß die Mittelamplitude 
der Mikroseismik in dem Seismogramm etwa 3 mm 
beträgt und das Apparaturrauschen etwa 0,3 mm ist. 

Die Durchlassfähigkeit des seismischen Kanals und 
die Tabellierung des seismischen Signals 

Die Durchlaßfähigkeit des seismischen Kanals dient 
als Maß des Mittelwerts der Zifferinformation, des 
Seismogrammabschnittes der eine Sekunde dauert. Die 
Durchlaßfähigkeit wird also im Bit pro Sekunde 
gemessen. Das Volumen der Tabelle ist der Wert des 
Dezimalzahlen, der unumgänglich nötig ist um das 
Signal mit bestimmten Fehler im Gedächtnis zu be
halten [ 6]. Wenn dieser Irrtum mit der Mittelinten
sivität des Rauschens zusammanfällt, dann ist das 
Volumen der Tabelle der Menge der Zifferinforma
tion des Signals gleich und das Volumen der Tabelle 
ist notwendig, um in Gedächtnis die Angaben eines 
1-5 Seismogrammabschnit zu behalten, das eine durch
laßfähigkeit ist. Die Durchlaßfähigkeit des Kanals 
hängt. nur von der Veränderung mit der Frequenz 
des S1gnalrauschenverhältnises ab. 

Auf der Zeichnung 1 ist das Frequenzspektrum des 
Apparaturrauschens bezogen auf den Eingang darge
stellt. Es gibt eine merkwürdige Vergrößerung des 
Spektrumsniveau, das bei dem Abnehmen der Kanal
empfindlichkeit vorgeht. 

Wir wollen das Signalrauschverhältnis mit Hilte 
des auf den Eingang bezogenen Spektrums erforschen. 
Es ist hervorzuheben, daß das Signal und das Raus
chen nicht miteinander korrelieren, deshalb ist das 
Energiespektrum der Summe des Prozesses der Summe 
des Energiespektrums gleich. 

Je nach den Verhältnissen abgesehen kann man in 
de~ Eigenschaft des Nutzsignals den Anfang des 
Seismogramms P (t) + p (t) oder das reine Signal 
P (t) annehmen. Als Rauschen nimmt man das Appa
raturgeräusch 'P (t) und das Mikroseismenrauschen 
n ~t) an. Der letzte Fall entspricht der Durchlaßfähig
k7tt d7s elastischen Mediums, weil Apparaturgeräusche 
nicht m Betracht gezogen wird. Wir wollen auch die 
gesamte Durchlaßfähigkeit für die Welle P (t) bei 
dem Rauschen p (t) + n (t) + 'P (t) betrachten. 
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Die Durchlaßfähigkeit ist mit folgenden Ausdrücken 
definiert : 

J 
00 p (f) + p (f) 

lg [1 + ----] df = 94 Dz/s 
0 <p (f) 

297 bit/s, 

S.2 = f 00 

lg [1 + p (/) + p (/) ] df = 48 Dz/s 
o n (f) 

152 bit/s , 

J
oo p (f) 

S3 = ~ lg [1 + p (f) + n (f) + <p (f)] df 

= 12 Dz/ s 38 bit/s. 

Das ist auf das. Beispiel Fig. 1 bezogene. 
Diese Werte charakterisieren die Durchlaßfähigkeit 

des betreffenden Kanals, der die erste Welle des Erd
bebens mit der Epizentralenf ernung von 5000 km und 
der Magnitude m = 6 registriert. 

Wir setzen voraus, daß die Frequenzgangdarstellung 
des Signals von der Magnitude nicht abhängt. Bei der 
Magnitude m = 5 werden die Kurven P (f) + p (f) 
und P (f) auf ein Zehntel hinuntergesetzt, obwohl 
Mikroseismen- und Apparaturrauschensspektren in der 
früheren Höhe bleiben. Man kann für diesen Fall die 
Durchlaßfähigkeit als Funktion der Magnitude berech
nen. Das Ergebnis der Rechnung ist auf der Zeich
nung 2 dargestellt, wo die Durchlaßfähigkeiten S1 , 

~2 , Sa als die Funktion der Magnitude m dargestellt 
ist. Die Kurven zeigen, daß die kleinsten Signale 
P (t) + p (t), die trotz der Mikroseismik endeckt 
werden können, den Quellen der Magnitude m = 4,4 
entsprechen. 

Das kleinste Signal, das bei der Abwesenheit der 
Mikroseismik entdeckt werden kann, entspricht den 
Quellen der Magnitude m = 3,3. Die Kurven Si 
und ~ steigen bei der Vergrößerung der Magnitude 
relativ heftig an, während S3 zur Asymptote, die der 
Beschränkung des Signalrauschenverhältnises ent
spricht, geht. 

Die Durchlaßfähigkeit S1 ist mit dem Wert 100 
Zeichen/s beschränkt, der dem Maximum der Ampli
tude auf dem Seismogramm 150 mm entspricht. 

S Dz/:1 
100 

50 

0 
3 5 6 m 

Fig. 2 



Die Kurven S1 , ~ 2 und S3 bestimmen den Infor
mationsinhalt in Abhängigkeit von der Magnitude 
und sie können für die Lösung der Tabellierungsauf
gabe ausgenutzt werden. 

Die Tabellierung (Digitalisierung) besteht aus zwei 
Teilen der Diskretisation der Zeit und der Quanti
sierung der Amplitude. Die Diskretisations- und die 
Quantisierungsstuf en sind miteinander durch die Be
dingung des Relativmindervolumen der Tabelle mit 
einem zulässigen Irrtum des Gedächnises des Signals 
verbunden [7]. 

Die Höhe der Quantisierungstufe stellt man durch 
den Maximalwert der Signalgeräuschverhältnisse fest. 
Für die Kurve P (f) + p (f) beträgt dieser Wert 
2, 7 Dezimalzeichen und Informationsinhalt für den 
1 sek Signalabschnitt 94 Dezimalzeichen. Daraus folgt, 
daß die Tabelle 38 Dezimalzeichen enthalten soll, 
das heißt, daß die Diskretisationsstufe etwa 2, 7 : 
94 :::::: 0,03 s sein muß. 

Der Kanalabstand und der Amplitudenbereich 

Setzen wir voraus, daß der Kanalbreite ein solcher 
Frequenzbereich ist, wo die Signalrauschenverhält
nisse einen bestimmten Pegel übersteigen, zum Bei
spiel, mehr als Eins. Der Amplitudenbereich ist ein 
Mittelwert der Signalrauschenverhältnisse im Inneren 
der Kanalbreite. 

Daraus folgt, daß die Kanalbreite von dem Ampli
tudenbereich abhängt. Gewiß, man kann bei der 
Digitalauswertung des Signals eine Korrektur der Fre
quenzcharakteristik machen und die Spektralamplitude 
im Übertragungsbereich des Kanals anheben. 

Jede Verminderung von Rauschen v,ergrößert die 
Signalbandbreite. Damit die überflüssige Information 
nicht registriert wird, muß man die Frequenzcharak
teristik des Kanals auf einer solchen Weise wählen, 
um nur das Frequenzband des Signals durchzulassen. 
Das wird eine Vergrößerung des Signalrauschenver
hältnisses bewirken. Das heißt, die Frequenzcharakte
ristik der Apparatur, die für die Entdeckung des 
schwachen Signals dient, soll ein relativ enges Fre
quenzband haben. Die Spektralamplituden aller schwa-
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chen Signale liegen unter dem Spektrum der Mikro
seismen. Folglich ist ,das Frequenzband des Signals 
einer Null gleich und die Registration in diesem 
Fall ist sinnlos. Es ist hervorzuheben, daß die Ver
breiterung des Frequenzbereichs bei Vergrößerung 
des Amplitudenbereichs hauptsächlich nach tiefen 
Frequenzen erfolgt, weil das hochfrequente Bereich 
von parametrischen Geräusch verändert ist. Deshalb 
spielt die Wahl der unteren Frequenzgrenze des 
Kanals. die wichtigste Rolle. 

Das angeführte Beispiel illustriert die Methode der 
Wahl der Bandbreite des seismischen Kanals. vom 
Gesichtspunkt der Digitalauswertung und orientiert 
uns bei den Berechnungen der Frequenzcharakteristik 
der seismischen Apparatur. 

Der Verfasser dankt Prof. Berckhemer für kritische 
Lesung der Handschrift und die Ratschläge. 
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APPLICATION OF ELECTRIC NETWORK THEORY 

IN SEISMOMETRY 

by H.J. NEUGEBAUER* 

ABSTRACT. - Seismometer, recorder and all interconnected circuits can be 
represented by equivalent electric fourpoles. This allows a very generalized description 
of the transfer behaviour of the system. Any seismograph system with passive as well 
as active fourpoles can be described mathematically by the corresponding chain-matrix 
multiplication. 

Usually seismographs are minimum phase systems which are determined by their 
poles and zeros in he complex plane. The main features of the frequency characteristics 
are derived from the pole and zero locations. 

Deconvolution of seismograms requires inverse system operators. By suitable shifting 
of certain zeros in the complex plane the system transfer function becomes invertible. 
It is shown that the ideal inverse function can be approximated to any desired degree of 
accuracy. By this way even inverse time operators can be determined. Both frequency 
and time operators are physically realizable. 

Introduction 

The application of electric accessories in seismo
metry is more and more increasing.. So it should be 
common to use mathematical methods of communi
cation network theory for the treatment of problems 
in seismometry. 

Often simple electric elements have been used to 
vary the properties of seismographs. 

Bernard ( 19 5 3) and Benioff ( 1960) used an 
electric reactance to rise the natural period of an 
electrodynamic seismograph, Pflier (1938) to reduce it. 

Weyss (1940) and Coulomb (1952) have shown 
that a capacity, connected parallel to a galvanometer, 
is suitable to change its damping constant and free 
period. 

Pomeroy and Sutton (1960) used complete galvano
meters as band-rejection filters in electromagnetic 
seismographs. 

The first proposal to describe electromagnetic seis
mographs by its electric equivalent circuits was made 
by Grenet (1936). 

Byrne (1961) used equivalent electric circuits of 
seismometers to investigate their thermal noise. An 

* Universitatsinstitut fii.r Meteorologie und Geophysik, 
Frankfurt/Main. 

application of fourpole theory to seismometer des
cription was given by Dopp (1964). 

The author presented in (1966) generalized dam
ping and coupling factors of an electrodynamic seis
mograph. The proposed method in order to derive 
generalized transfer functions of seismographs has 
been applied to the known seismometer systems. 

Further use of cotpmunication network theory can 
be made in order to determine the true ground motion. 
Early investigations were based on the integration of 
system differential equation as by Arnold (1910), 
Galitzin (1914). 

Wilson (1932) and Neumann (1943) used mac
hines for the numerical integration. 

Berckhemer and Schneider ( 1964) and Levin 
(1968) used for the same purpose an electronic 
analogue computer. 

Several authors worked on the deconvolution pro
blem with inverse system transfer function, so Wunsch 
(1961), Churkin (1966) and Hon-Yim Ko (1967). 

However, severe difficulties of stability arise when 
handling seismometer transfer functions in this, way. 
Therefore additional functions for sta:bilization have 
been proposed by George et. al. (1962), Dolgopolow 
( 1966) and others. The attempt was made in this 
paper to find a general principle to derive convergent 
approximations of inverse system operators. For that 
purpose methods of network theory have been applied. 
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FOURPOLE NOTATION 

i, (t) 
1' .... 

~rtl 
1 

A • Aik chain matrix 

GENERAL FOURPOLE PARAMETERS 

open-circuit: 1
2 

= 0 

V 1 open-circuit 
All • V 

2 
transf erfunction 

open-circuit 
transfer impedance 

PARAMETER DETERMINANT 

passive fourpoles : 
(reciprocal) 

active fourpoles 
(nonreciprocal) 

short-circuit: V 
2 

= 0 

short-circuit 
transfer admittance 

short-circuit 
transfer function 

SERIES COMBINATION OF FOURPOLES 

Fig. 1. 

Figure 1 

A fourpole is the representation of an electric 
?etwork with two ,terminal pairs (1,1' - 2,2'). The 
~nflu~nce of the network to an input v,1 (t) or i1 (t) 
is given by the fourpole paramet,ers. These para
meters may be combined in the chain matrix A 
~hich is ~e ·entir~ characterization of fourpole beha~ 
v1our. Cham matrix elements A1k are determined as 
the different ratios of complex input and output 
functions. 

For the ope? circuit (1.2 = 0) we have the voltage 
transfer function A11 and the transfer impedance 

-1 
A21. 

n 
A • IL Ai 

1 ... ~ 

For the short circuit (Y:2 = 0) we have the tran

fer admittance A;~ and the current transfer function 
A2:2. 

.The networks used for seismograph representation 
may be composed of only passive linear elements, as 
res~stance, capa?ty _and inductivity or composed of 
act~ve and pass1v~ linear elements. The properties of 
~ctiveness or passiveness .of the network is expressed 
~n th~ parameter deternunant. So a passive fourpole 
is reciprocal and an active one nonreciprocal. 

As we use cascaded electric networks their chain 
matrix representation is of great advant;ge. The ma
thematical description of cascaded fourpoles A1 is 

given · by corresponding chain matrix multiplication A. 
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S E I S MOM ET ER with velocity transducer 

K~ + D\f> + U4) = ML x + G i 
0 

EQUIVALENT ELECTRIC CIRCUIT 

CHAIN MATRIX 

:· 
3 

v (t) • - G 'f) 
a o 

2 
Rl • Rl C • K/.G 

0 0 

R • G
2

/D 
G 

0 
v 

0 = w2" 0 0 
0 

L • G2/U 
2 U 

0 0 
Wo. K 

[

iL C +pL /R +1 
0 0 0 0 

Ao· 
pC +1/R 

0 0 

R.1(p2L C +pL. /R + 1) +pL l 0 0 0 0 0 

RlpC
0 

+ 1/Rd) + 1 

5 E I S MOM 'ET E .R with displacement transducer 

K~ + D\f, + Ulp • ML i 

EQUIVALENT ELECTRIC CIRCUIT 

C • K/E • 

ML ... yx 

R • E/D s 
EML .. 

v •• -:--.,y x 
s \Alo 

L • E/U s 

CHAIN MATRIX 

[

p
2

L C + pL /R + ~ 
S 8 S S 

As• 

pCS 

Fig. 2. 

To apply network theory to seismometry, one has 
to find equivalent electric fourpoles for each com
ponent of a seismometer system. 

moment of inertia 

open circuit clampfag constant 

restoring constant 
Figur,e 2 

excitation function 

capacity 

resistance 

inductivity 

equivalent elec
tric excitation 

· Comparison of differential equations of the seismo
graph components with that of possible equivalent 
electric networks leads to corresponding relations 
between system parameters. 

With the proportional factor G respectively E one 
finds expressions for 

From the equivalent electric fourpoles one can 
derive the chain matrix Ao of the seismometer with 
velocity transducer and A8 that of the seismometer 
with displacement transducer. 



Figure 3 
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GALVANOMETER 

+ d-0-

EQUIVALENT CIRCUIT 

v (t) • - G ,b c g 

C • k/G
2 

g g 

R • G
2
/d 

g g 

2 L • G /u 
g g 

R2 • R2 

i • u/G;) g g 

w~- u/k 

CHAIN MATRIX OF THE GALVANOMETER 

R2C?L .C +pL /R + 1) +pL l g g g g g 

2 
p L C + pL /R +1 g g g g 

SEISMOMETER SYSTEMS CAN BE DESCRIBED BY CASCADING 

EQUIVALENT FOURPOLES - MATHEMATICAL DESCRIBTION IS 

GIVEN BY CORRESPONDING CHAIN MATRIX MULTIPLICATION. 

A0 - CHAIN MATRIX OF SEISMOMETER (velocity) 

A5 - CHAIN MATR!X OF SEISMOMETER (displacement) 

AG - CHAIN MATRIX OF GALVANOMETER 

~ - CHAIN MATRIX OF PASSIVE FOURPOLE 

Ay - CHAIN MATRIX OF ACTIVE FOURPOLE 

Fig. 3. 

The analog process is available for the galvano
meter. This leads to its chain matrix Ag. 

The representation of seismometer, recorder and 
interconnected circuits by equivalent electric fourpoles 
makes it possible to describe the transfer behaviour of 
arbitrary seismographs in a very simple way. Corres
ponding chain matrix multiplication leads to gene
ralized system transfer functions with regard to dam
ping and coupling coefficients respectively transfer 
factors. 

So one will have five different types of system 
components, each represented by an equivalent electric 
fourpole with corresponding chain matrix. The both 
types of seismometer represented by A0 and As, the 
galvanometer Ag and for a passive fourpole A11 and 
any active one Av . 

In order to demonstrate this method some examples 
are given. · 
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ELECTRODYNAMIC SEISMOMETER - PASSIVE NETWORK 

v:::::
3

_L

00

~:::0 ..... Q~-f:_-c_.;::· :c:::J_R_, :_-.. :-'__._,I AN ._I ____ ; 

1 2 3 4 

CHAIN MATRIX OF THE SYSTEM 

N N. 
All A12 

N N 
A21 A22 

EXCITATION FUNCTION (LAPLACE transformed) 

TRANSFER FUNCTION 

GENERALIZED COEFFICIENTS 

2£• 
0 

Go ML P 
3 

w2 x AON 
0 11 

2 2 x . 2 
p + Eo_p+Wo 

Fig. 4. 

The chain matrix AoN of .the system is the pro
duct of the single matrices Ao , AN • 

With the transformed equivalent excitation V0 (P) 

Here, an electrodynamic seismometer is described. 
The first part of the network is the equivalent four
pole representation of the seismometer shown in 
Fig. 2. The second one is an arbitrary passive net
work. 

and the voltage transfer function A~:- one is able to 
derive the generalized ·transfer function ~N of the 
system. 

Introducing 2 s0 for the generalized damping coef
ficient and u• for the so called transfer factor, which 
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SEISMOMETER - PASSIVE NETWORK - GALVANOMETER 

CHAIN MATRIX OF THE SYSTEM 

AED = AO~ AG 

Go ML 3 
v1 (p) - w2 T X(p) P 

0 

TRANSFER FUNCTION 

I (p) 
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G G(p) 
g 

Q (p) G0 G8 1 
QED(p) = X (p) = _k_L_ W2 W2 

O g 

3 p 

GENERALIZED COEFFICIENTS 

2E 
g 

GG 
~ 

k 

Fig. 5. 

both include chain matrix elements of the passive 
fourpole, we get the well known transfer function of 
the electrodynamic seismometer. 

Figure S 

We can describe the electrodynamic seismograph in 
the same way. Here the system consists of three corn.· 
ponents : The seismometer and passive electric network 

1 

1 

of Fig. 4 and as an additional component, the ga!lva· 
nometer shown in Fig. 3. The chain matrix of the 
system is AEn . 

The transformed equivalent excitation V 1 (p) an.d 
reaction Ig(p) combined with the transfer admittance 

A;: yield the transfer function QEn (p). 

Damping and coupling coefficients 2 e0 , 2 eg and 
u 0 , ug are generalized again. 
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Figur·e 6 

The introduction of a generalized coupling factor u'2 
makes it possible to write down the transfer function 
of the system in a wellknown form. 
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Introducing an active network into the seismograph 
of Fig. 5 between two passive ones, one can get the 
transfer function of the whole in the same way as 
before. In this case the coupling factor disappears. 

We only have transfer factors ,u*, u•"" in· connec
tion with the amplification K 1 • Generalized damping 
coefficients 2 e0 *, 2 Eg * are limited to the components 
left of the· pairs (4,4') :and right of (5,5'). · 
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FEEDBACK - CONTROLLED SEISMOMETER 
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The same procedure is available for the feedback 
controlled seismometer. 

· F<>r the seismometer with displacement transducer 
and an arbitrary fourpole within the feedback loop 
we will find the overall transfer function QFc (P). 

H. (p) = 

Another problem which can be carried out by use 
of communication network theory is the realization 
of deconvolution. 

A short review of problems and their mathematical 
description is given in Fig. 9. 
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DESCRIPTION OF SEISMOMETER SYSTEMS AND INVERSE OPERATIONS 
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Figure 9 

Generally three different ways describing a seismo
meter system are possible, the differential equation, 
the integral equation and the equivalent Laplace trans
formed equation. Thereby the system is characterized 
by the differential equation itself, the impulse res
ponse or weighting function yei ( t) and the transfer 
function Q (p). 

The calculation of the excitation x(t) leads to 
two different expressions. 

Integration of the differential equation yield a sum 
of integral- and differential terms. Severe stabilization 
problems arise, performing this process. 

It is common to -solve integral equations by Laplace 
transform. In this case and from the transformed 
relation Y (p) = Q (p) X (p) one gets an expression 
for the transformed excitation function X (P). x(t) 
can be calculated by inverse Laplace transform. 

Figure 10 

The reverse process - deconvolution is given 
by 

X (p) = Q-1 (p) Y (p) 

The unknown input X (p) is calculated from the 
measured output Y (p) and the inverse transfer func
tion Q-1 (p). As 1 /Q (p ), the inverse transfer function 
is not convergent for seismometer systems, it is neces
sary to look for a convergent approximation of 1/Q (p) 
by Q1 (p). This can be done in very general manner. 
Having 

y (p) = Q (p) x (p) 

the system has minimum phase properties. So we move 
to an equation for Y (p) where Q (p) · has minimum 
phase properties and is invertible. 

Such a system has an exact inverse transfer function 
1/Q(p). The approximation of the ideal inverse 
system 1/Q by 1/Q is as good as Q is the approxi
mation of Q. 

As a general result, we ,then have Q1(p), a Laplace 
transform which is a convergent and physically reali
zable function. These properties of QI (P) can be 
used for the calculation of the excitation function in 
the time domain by convolution integral. The repre
sentation in the time domain depends on the system 
characteristic we use. 

It is necessary now to develop the inverse transfer 
function QI (P). 

Figure 11 

Usually seismographs ar,e mm1mwn phase systems. 
They are determined by their poles p 001 and zeros p ok 

in the complex plane. 

In seismometry transfer functions are of the type 
Q(p) = pn/B(p). So the poles of Q(p) are located 
in the open left half plane, its zeros on the imaginary -axe. In order to replace Q by Q, poJes and zeros of 

Q must be located within the· open left half plane 
and the number of finite poles and zeros must be 
equal. 
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This cart be ·. arranged ·by A(p) instead of pn. 
To derive the required properties . of A (p) we wil~ 

consider for example a minimum phase transfer func
tion in the complex plane. 

To satfafy the conditions of an invertable minimwn 
phase system 

1. Degree of A(p) = Degree of B(p) 

2. Zeros of A(p) must be located in the open 
left half plane 

we put A(p) = B(p). 

Starting from this pole-zero configuration a third 
condition must be introduced. 

3. The shifting of the zeros A (P) = 0 nearby 
original zero position of Q(p) by A(p). 

Different possibilities have been investigated for 
this purpose. An optimum solution is the shifting 
process which is combined with frequency scaling by 
parameters 8i . 

Then the way of shifting is the line between 
origin and the position of the singularity in the com
plex plane. 
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DEVELOPMENT OF INVERSE TRANSFER FUNCTION 
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Figure 12 
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Setting A(p) = B(p /8I) condition 3 can be 
satisfied. Now we have replaced pn by B(p /81) 

successfully and it will be possible to approximate Q 
by Q with any desired accuracy. As Q is invertable, 

1 /Q is the required inverse system operator. It is 
only necessary to now apply this result to seismograph 
transfer functions. 

Transfer functions in seismometry are of the 

general type of Q (p). To approximate Q by Q, pn 
is replaced by terms like the denominator; which 



- 236-

GENERALIZED METHODE FOR INVERSION 
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however contains shifting parameters lh . a, f3 and 
Bi are _~plained in the figure below. 

For -Bi > 1 shifting direction is from the origin 
away, for 81 < 1 it is to the origin. 

The general inverse transfer function is now Q1(p) 

which is equal to 1/Q (p). 

The inaccuracy of the approximation process is 
described by QR (p). This remaining function is the 
result of the product Q(p) Q1(p), which corresponds 
to a series combination of the original and the appro
ximated inverse system. 

Giving an idea of the proposed process. of inversion, 
two examples are shown. 
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Figure 13 

A first demonstration is given for the electro
dynamic seismometer. The transfer function Q(p) 
is represented by its poles and zeros iri the complex 
plane and its corresponding amplitude characteristic 
as a function of frequency. The inverse operator and 
the remaining function is given in the same manner. 

Instead of pa we have a product of two terms for 
the denominator of QI(p). 

The distance of the poles of Q1 (p), depending on 
81 , to the origin of the complex plane is related to 
the bandwidth of exact inversion. 

It can be shown that it is · possible to get inverse 
time operators derived from Q1 (p). 

Figure 14 

A second application of inversion process is given 
for the electrodynamic seismograph. 

In this case, one will have two shifting parameters 
8·1 < 1, 8.2 > 1. With the intention to keep the 
approximation on the same amplitude level, by the 
lower and upper frequency, it is necessary to use . a 
constant relation between 81. and 82 • 
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THE ACCURACY OF CALIBRATION 
OJ? SHORT-PERIOD ELECTROMAGNETIC SEISMOGRAPHS 

by Vladimir TOBY AS 

In the network of standardized seismographs, where 
uniform instruments response is required, it is useful 
to estimate the discrepancy between the ·. individual 
seismograph and the standard response. The true 
value of seismograph response lies within some range 
near the prescribed standard value. This range in
volves the sum of errors due to (a) inaccuracy of 
method of standardization, (b) admissible tolerances 
in the regulation of parameters, (c) random errors of 
the mea&urement seismograph parameters, (d) changes 
of parameters during operation. The upper and lower 
limits of the range define the accuracy of calibration. 

The accuracy defined in this way was derived for 
the standardized amplitude responses of short-period 
electromagnetic seismographs used in the network of 
basic stations cooperating in East Europe. Four stand
ard amplitude curves shown in figure 1 have been 
recommended [1 ]. (B denotes the standard short-period 
characteristic used in WWSSS). These 4 responses 
are determined by the equivalent constants (coupling 
coefficient u 2 = 0) in table 1. 

TABLE 1 

Type T.(s) Ds Tg(s) o .. 

I 1.2 0.5 0.6 0.5 

II 0.9 0.5 0.38 2.0 

tu 1.8 0.4 0.6 0.7 

IV 1.6 0.5 0.4 2.0 

(a) As the magnification level and the type of 
seismometer and galvanometer are not prescribed, the 
calculated partial constants are given for a series of 
values of coupling coefficient O < u 2 ~ 0.9 [1, tab. 2]. 
Using these and interpolated constants we get the 
amplitude response different from the standard course. 
The amplitude response U may be written in the 
form 

U = 1/yT-2 + a + bT2 + cT4 + dT6 (1) 

a = m2 - 2 p , b = p2 
- 2 mq + 2 s 

1.0 I\L ., ,., 

11 I ' '' / ,, 
'\ " r /, \ ~ \ 

v ll'/~ ,, I \ ~ 

'7/ v· \ ,l 
1/ a' ,~~ J\ I 

~ - .. 
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I \ I' 

I \ 

' \ l\. , 
~ 

\ ~ ,, , , 
\ ~ 

0.1 1.0 Tes J 

Fig. 1. 

c = q2 
- 2 ps, d = s2 

p 

s = 

where Ts is the free period of the seismometer, Tg 
is the free period of galvanometer, Ds and Dg are 
the corresponding damping constants. The relative 
error 8 U of the amplitude response U is 

Dst -U 
8U = (2) 

where U st is the value (1) for equivalent constants 
and the same period. If the periods of ground move
ment are T = O and T = oo, then (2) becomes 

.8U.o = 0, 

1 - [Ts Tg/(Ts Tg)stl2 (3a,b) 
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The o U values do not exceed 2.5% in the whole 
range of periods with exception of 4 cases. The 
corresponding constants given in table 2 with more 
precision provide the same. maximum error, thus the 
basic inaccuracy of all four characteristics due to the 
method of standardization is 2.5%. 

TABLE 2 

Type a'J Ts(s) D. Tg(s) Og 

II 0.6 1.33 0.645 0.257 1.37 

0.9 1.47 0.625 0.235 1.25 

IV 0.1 1.69 0.522 0.379 1.89 

0.9 2.24 0.529 0.286 1.45 

(b) For a certain characteristic type and magnifica
tion level, the value of the coupling coefficient is 
calculated using basic parameters of seismometer and 
galvanometer (recording distance A, reduced length 
of pendulum 1, moments of inertia of seismometer 
Ks and of galvanometer Kg , mass of seismometer Ms) 
and the maximum value of standard amplitude response. 
The magnification is given by 

(4) 

where V1 
2A VR; - ___,_ - for pendulum seismometer 

1 Kg 

and V1 = 2 AV Ms for transitional seismometer. 
Kg 

The constants T 6 , Tg, 0 6 , Dg interpolated from 
the above mentioned tables can be adjusted with some 
admissible deviations. The maximum deviation of 
magnification is then 

oV (5) 

where x i are the constants and o x 1 are their devia
tions. Equation (5) takes for the limits of period the 
forms : 

o Vo = (o Ts + o Tg + o Ds + o Dg)/2, 

o V oo = o V0 + o Ts + o Tg (6a,b) 

With the tolerance errors of 1'% for periods and 2'% 
for damping constants o V is 3%-5% for all types 
of characteristics. This range is given by the limite 
of period. 

( c) For the calculation of standard deviation of 
magnification independent parameters must he used. 

Only the periods of seismometer and galvanometer 
and the quantity V1 fulfil this condition. Instead of 
constants 0 8 , Dg, u 2 we take 9 independent para
meters : critical resistances of signal and damping coil 
of seismometer "asg , ass , critical resistance of galvano
meter ag , open circuit damping constants of seismo-

- -
meter and galvanometer D 60 , Dgo (all these values 
correspond to free periods equal 1 second) and the 
resistances r1 , r 2 , r 3 of signal circuit and the total 
resistance of damping circuit r 4 • The error of magni
fication which is given by errors a x1 o.f individual 
parameters x i may be written in the fmm 

V 12 a v 
2 

O V = i~ ( O Xi O X1) (7) 

Hence for T = 0 and T = oo we obtain 

o V00 = yo Vl + 4 (o T 8
2 + o T/) (8a,b) 

where a R is the total standard deviation for all 
resistances. 

For the calibration method described in (2) were the 
standard deviations estimated as follows : 1 % for periods, 
resistances and open circuit damping constants, 2% 
for critical damping resistances and 2.5% for V1 . 
The maximum error estimated as 3 standard deviations 
was calculated for mean parameters of SKM-3 seismo
meter with the GK-VII-M galvanometer [3]. For all 
types of characteristics is the range of errors nearly 
the same ___, 9%-12% and is again determined by 
the limits of period. This is the accurac..y of seismo
graph calibration based on the separate measurement 
of parameters of seismometer, galvanometer and the 
coupling network if · the magnification is calculated 
from the average values of parameters using equa
tion (4). 

When estimating the accuracy of magnification in 
the network of observatories the three above mentioned 
errors must be added so that the individual seismo
graphs have the maximum deviations from the standard 
response within 12%-19.5%. For rough estimate of 
the accuracy range it is sufficient to apply the simple 
formulas for T = 0 and T = oo . These values are 
approximately reached near the band-pass of seismo
graph where U ,-., T and U ,....., T-3 • 

( d) During the seismograph operation between the 
successive calibration procedures some changes of 
seismograph parameters may occur. If the constants 
exceed their tolerance error a further error in magni
fication must be added. For the case of independent 
variations of periods and the same changes of all 
resistances, the formulas for errors calculation are 

o VO + 2 ( o T s + o T g) 
(lOa,b) 



The changes 2% in periods and 4% in resistances, 
influenced by 10°C temperature variations in case of 
copper wire, were assumed. The error of magnifica
tion is 4%-12%, i.e. the total accuracy including this 
special case is 16%-31.5%; The ranges of parameters 
variations at different stations are mostly unknown. 
To remove this uncertainty some sufficiently accurate 
method for frequent checking of amplitude response 
must be applied. The complete measurements of para
meters it too tedious for such purpose. 

The described method of accuracy estimation can be 
used for other standard networks, too. The validity 
of the given formulas is limited only on electromagnetic 
seismographs with negligible inductance. 
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DETERMINATION OF THE INSTRUMENTAL PARAMETERS 
OF A SEISMOMETER-GALVANOMETER COMBINATION 

WITH A DESIRED MAGNIFICATION CURVE 

by I. CS/KOS * 

ABSTRACT. - A method is developed which gives the opportunity to determine 
the instrumental parameters in such a way that the magnification curve of the instrument 
is practically identical to a desired or ideal magnification curve. 

After an elementary transformation we can write the equation of the magnification 
curve in the form of a polynomial. With least-squares procedure one can compute the 
coefficients of this polynomial, and these are in functional connection with the instru
mental parameters. 

We start with the equation of the magnification curve of a seismometer-galvanometer system · 

2A 2 
V = 1 - CTg w3 

{ 4 fil2 
[e8 (n/ - w2

) + Eg (n/ - w2
)] + 

+ [(ns2 
- w2

) (n/ - <,>2) - (4 Es Eg - Us ug} u>2]2}-1
/~ 

Es - damping constant of seismometer ng angular velocity of galvanometer 

Eg - damping constant of galvanometer Us O'g coupling constant 

ns - angular velocity of seismometer (I) angular velocity of earth particle. 

After an elementary transformation we can write this equation in the following form: 

v-2 = ao C w-6 + a2 C w-4 + a4 C w- 2 + aa C + C w2 

where 
2A 

C = (-, - Ug)-2 

ao ho2 ho - n/ nl 

a2 = C12 - 2 h0 b 2 b2 4 Es Eg - Us CTg + ns2 + ng2 

(4. = 2 b 0 + hl - 2 C1 C3 C1 - 2 Es n/ + 2 Eg n 8
2 

a6 - C3
2 

- 2 h2 C3 2 Es + 2 Eg 

(1 a) 

(1) 

(2) 

The question is now, how to choo.se the five parameters (ns, ng, Es, Eg and u 8 ug) so that equation (1) will 
give the best fitting approximation to a desired magpification curve (Vic1)· 

v 

T 
fig 

* Royal Netherlands Meteorological Institute, De Bilt. 
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We can write equation (1) as a function of the period (T): 

~c ~c ~c 
V-2 (T) = (2 1r)2 c T-2 + a6 c + -- P + -- T 4 + -- T6 

(2 ,r)2 (2 ,r)4 (2 ,r)6 
and we require that the integral: 

T=b 

M - JT=a [VidT) - V-2 (T)] 2 dT 

must be a minimum ; this happens when : 

oM o-M oM 
...--=O =O ... === O o a0 o a2 cc 

(3) 

(4) 

These five conditions give us five equations for the five coefficients (c, a0 , a2 ... ) of equation (3), but the 
further calculations are easier if we introduce the following new functions : 

'P-2 b:...2,-2 T-2 + b_2,o 

<po + 1 

<J,2 b2,-2 T-2 + b2,o + b2,2 T 2 (5) 

<p4 b4,-2 T-2 + b4,0 + b4,2 T2 + b- T4 
I 4,4 

/ 

c/>H b6,-2 T-2 + ba.o + b6,2 T2 + hs,4 T4 + ba,o T6 

For equation (3) we can written: 

(6) 

Equations (3) and (6) must be identical, consequently the coefficients of equation (3) have to get the following 
form: 

c = 

a6 c = /3-2 b-2,0 + /3o + /32 b2,o + /34 b4,0 + /36 ba,o) 

a4 c = (2 1r)2 (/32 b2,2 + /34 b4,2 + /3R b6,2) (7) 

a2 c (2 ,r)4 (/34 b4,4 + /3a b11,4) 

a0 c (2 ,r)6 ./36 ba,6 

We require now, that the functions of (5) satisfy the conditions: 

• T=b .J T=a <J,2i (T) <p2j (T) dT = 0 if i =I= j (i, j = - 1, 0, 1, 2, 3) 
(8) 

<J,2i (To) = 1 

The functions of (5) are then orthogonal and normalized. We are able now to compute the constants of the 
functions of ( 5). 

For the constants L!.,-2 and b_2 ,0 , equations (5) and (8) give us: 

b b 

fa <po (T) <P-2 (T) dT = Sa (b_2,-2 T-2 + b_2,o) dT = 0 

b b 

or [ Ju T-2 dT] b-2,-2 + [ i dT) b_2,o 0 (9) 

and 1 

Equation (9) gives the constants o.f the first polynomial <J,-2 of (5). For the three constants of the polynomial 
<J, 2 of (5) we can write : 

s: ,f,, (T) </>-, (T) dT = o f ,,f,,(T) ,f,~ (T) .dT o </>2 (T0) = 1 
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this gives three linear equations for the constants b2,_2 , b2 , 0 and b2, 2 of the polynomial cf,2 : 

b b b b 

lb-2,-2 Ja T-4 dT + b_2,o J: T-2 dT] b2,-2 + [b-2,-2 J dT + b_2,o Ja ~ dT] b2,2 0 

J
b b 

[ u T-2 dT] b2, - 2 + [ F dT ] 
b 

,+ [J1 p dT] 0 

To-2 b2,-2 + h2,o + To2 b2,2 = 1 

We use the same procedure for the polynomials cf,4 and ·cf,6 and then we see that the relations of (8) yield 
the necessary equations for the constants of the polynomials cf,4 and cf,6 • 

. If we choose a desired magnification curve in the following form: 

&00 

500 

400 

300 

200 

100 

10 20 30 40 5 0 ,o 70 ,o 10 100 
l(5ft.) 

li11 2 

then we can take for the limits a and b of the integrals and for TO the values : 

a = 5 sec b = 100 sec and T O = 100 sec 

and we get then the following values for the constants of the polynomials : 

b6,-2 = + 31999542 . 10-0 b4,-2 = - 34683127 . 10-0 

b6, 0 = - 64510186. 10-s b4 0 = + 62756611 . 10-s 
b6 2 =1 + 86851155. 10-11 b4

1

2 = 1 - 45424445 . 10-11 

b6:4 - - 23387999. 10-14 
b4:4 = + 49183467 . 10-15 

b6,6 = + 16344785 . 10-18 

b2-2 = + 41551247,. 10-0 

b2 0 = - 66620499 . 10-8 

h2:2 = + 16620499. 10-11 

According to equations (4) and (6): 

b-2,-2 = - 52631579. 10-5 

b_2,2 =· + 10526316. 10-1 

and 
o M Jb +3 

= - 2 [V~: - ~ f32j cf,2.i] cf,2k dT 
of3n a ~ 

0 

because of the orthogonality relation (8): 

or 

(k = - 1, 0, 1, 2, 3) 

Equation (10) gives us the unknown coefficients of (6). 

(10) 
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The integrals in the denominator of (10) are at a = 5, b = 100: 

100 J
5 

9~2 (T) dT = 63333333 . 10~5 10780794 . 10-0 (T) dT 

100 i c/>t~ (T) dT 
· 100 ., J 1>; (T) dT 
::; 

75265680 . 10-7 95 

f 
100 ~ 

c/>2 (T) dT = 19 
5 

and the integrals of the numerator can be easily calculated if the desired (ideal) curve is composed of linesegments. 
According to equation (7) we are now able to calculate the constants (a0 , a2 , a4 and a6) of equation (2), and 

from these the parameters of the seismomoter-galvanometer combination. 
If 

a4 - 2 bJ = a' 4 

then from equation ( 2) we acquire : 
c/ a2 + 2 b0 {;'.!. 

cl aa + 2 b'.l 
(11) 

and 

(12) 

It is evident from equation (2) that b2 is positive; we shall use the positive and real roots of equation (2). 

We can now first deduce b0 and b2 from (12) and in a second step c1 and c3 from (11). 

We see from equation (2) that b0 , b2 , c1 and c3 are in a simple connection with the instrumental constants 
of the seismometer-galvanometer system. We shall now investigate the following two limiting cases: 

1) Us Ug - 4 Es eg ; 2) Us Ug = 0 

For the first we get from (2): 
bo n 2 

8 
n 2 g 

b2 n 2 s + n 2 g 

with the solutions : 
----- ----~ 

n/ 
b2 + \fb22 - 4 bo 

n 2 
b2 + t/hl - 4bo 

(13) = = 
2 

g 
2 

Equation (13) gives us the natural frequencies of the seismometer and the galvanometer at the maximum 
coupling. 

For the second case we require from (2): 

X
3 + (6 yb0 - b2 ) X

2 + (c1 C:{ + 8b0 - 4b2 yb0 ) x + {2c1 C3 yb0 - c/ - b0 C3
2) = 0 

where 

with 
(14) 

From (14) we can calculate the natural frequencies of the seismometer and the galvanometer when the coupling 
is zero. 

We see now that we are free to choose the value of the period of the seismometer or galvanometer between 
the two limiting values for a given magnification curve, and we can thereafter calculate the other four·· instru
mental parameters from equation (2). 

Example. 

Let us suppose that the ideal curve is .composed of the following linesegments : 

v + 27 T + 205 5 < T < 10 

v + 9 T + 385 10 < T < 20 

v + 565 20 < T < 65 

37 .6360 .. 

v ;__ - T + ·: 65 < T < lOO , : ::·: ·t. 7 .. ~· :B : 
7 7 . . ... 
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Equat10n (10) then gives us the coefficients of equation (6): 

(3 2 - 2071431 . 10-13 

{30 + 3917953 7 • 10-13 

/3-... + 20431967 . 10-13 

/31 + 11654904. 10-13 

{3r:, + 1212202 . 10-13 

We are now able to compute from equation (7) the following value~ · 

ao + 30581172 . 10-15 c = + 39863854 . 10-13 

a~ + 11327051 . 10-12 

a1 = - 83 729441 . 10-11 

as + 75054043 . 10-8 

From equat;on (2) it is known that: 

a,) b0
2 where b0 = n 5

2 n/ thus: 

b0 17487474. 10-11 and n 5 • ng = 13224')21 . 10-:1 or 

Ts . T=- = 29853565 . 10-4 , 

Equation (12) acquires now the form: 

b24 - 4239080. 10-10 bi - 11406209. 10-10 b".!. - 32596566.] 0-12 = 0 

with the solutions : 

b2 + 11383758. 10-8 

b2 = - 28312485. 10-9 

b2 = - 42762550. 10-9 + 91022090. 10-9 i 

The positive and real root can only be used. 

From equation ( 11) we can deduce now : 

C1 = + 71513415. lQ-lO 

C3 = + 98904782. lQ-8 

_If u 5 ug = 4 e5 e; then according to (13): 

ns 33508222. 10-s 
nµ-, = 3 9464984 . 10-9 

If Us Ug = 0 then: 

or Ts 18,751 
Tg = 159,209 

x 3 - 3449345 . 10-s x2 + 24504544. 10-10 x ...J 35139392 . 10-12 0 

with the solutions: 

x = + 16314508. 10-9 and x - + 90894 !l . 10--9 + 45511046 .. 10-9 , 

and from eauation ( 14) we acquire : 

ns - 19540366 . 10-8 

11g 67675401 . IQ-9 

We summarize the results. 

or 32.15.5 

92,843 

The following conditions have to be satisfied: 

Ts . T .. = 2985,3565 

b0 = 17487474 . IQ-11 

b2 113837.58. 10-s 

18,751 < TR < 32,155 

92,843 .< .Tg. < 159,209 

71513415 . 10-10 

98904782 . 10-s 

If the galvanometer is a fixed period of Tg = 100 ;ec, the period of the seismometer must be adjusted to 
T _ = 29.85 sec. From equation (2) the values for the other parameters are acquired: es = 0.4543, eir = 0.042, 
crf; ug = 0.0075. 
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To illustrate the quality of the approximation we can compute the magnification curve V as a function of T 
for a couple of points from equation (la) or equation (6), and compare the results with the ideal curve (see 
lll$, ~ }· 

ISOO 

500 

300 

200 

100 

11.751 cT. < U.155 

Ul4J<Tg < 159.ZOI 

b0 • IHIT'74 • 10" 11 

b2 • 11313751 , ,o· • 
e, • 71513415 , 10· 1• 

e3 • 111onaz , 10· • 

10 20 30 40 50 ISO 70 80 90 100 T 1,u: 

Fig. 3. 



CALCUL DES FONCTIONS DE TRANSFERT 
DES SISMOGRAPHES ET DECONVOLUTION NUMERIQUE 

par J.C. RUEGG et M. SOURIAU 

Calcul des fonctions de transfert des sismographes 
Actuellement, les pendules électromagnétiques sont 

utilisés à l'entrée de chaînes d'enregistrements très 
diverses. La structure de ces chaînes variant à l'infini, 
il est vain d'essayer d'établir un catalogue des équa
tions différentielles temporelles liant la variable d'en
trée ( déplacement, vitesse ou accélération du sol) à 
la variable de sortie ( tension, courant ou déplacement 
du cadre d'un galvanomètre). Un choix arbitraire des 
variables élémentaires fournit en général un système 
d'équations simultanément intégrales et différentielles. 
En utilisant un ensemble adéquat de variables, appe
lées variables d'état, on obtient un système différentiel 
du premier ordre qui permet de puiser pour sa solu
tion dans les programmes d'analyse numérique matri
cielle. Le choix des variables d'état et la construction 
du système différentiel nécessite à,. première vue un 
calcul algébrique important. C'est au cours de ces 
dernières années que l'on a montré, en utilisant la 
théorie des graphes, que ces calculs se réduisaient à 
des multiplications de matrices composées de chiffres 
binaires. La construction de ces matrices se fait aisé
ment à partir d'une numérotation des nœuds du 
graphe (réseau), et le calcul algébrique se transforme 
en calcul numérique. Dès lors en partant du graphe 
du système, la mise en équations est automatique. On 
a pu appliquer cette technique aux réseaux électriques 
comportant des éléments actifs (1 ], or toute chaîne 
linéaire d'enregistrement peut être décrite par un 
réseau de ce type. Nous avons démontré que les 
variables mécaniques du pendule électromagnétique 
peuvent être localisées sur un graphe au même titre 
que des variables électriques. La figure 1 présente le 

y~ 

G 

G 
Fig. 1. - Schéma d'un pendule vertical et graphes. 

Schéma, G: sol, I : centre d'inertie, Y: déplacement de la 
masse mobile, X : déplacement du sol. - Composante méca
nique, branche 1 : masse, branche 2 : amortissement, branche 3 : 
constante du ressort. - Composante de la bobine, T1 , T:i : 
bornes, branche 6 : résistance, branche 7 : inductance, bran-

che 9 : tension extérieur. 

C1 L1 Rl 
o D ~·-31>-----~o 

Cj Lj Rj 
c D :;, 0 :s, 0 :s, 0 

Cn Ln Rn 
c D .. C) ... 0 :;, 0 

F = ~x LP = 2/a RP = 1/1 CP • l/2a Bj • bJ'\ Cj • bj'v RP 

Fig. 2. - Graphe d'un pendule à n bobines. B1, B2 ...... Bn, 
et C1 , C2 ......... C11 sont des mesures contrôlées (éléments 
actifs). Cercles : sources de courant. Rectangles : sources de 

tension. 

schéma d'un pendule vertical à translation, et les 
graphes de la composante mécanique et de la com
posante électrique (bobine). On adapte sans difficulté 
ce graphe de façon à inclure les constantes d'étalon
nage et un nombre arbitraire de bobines. Les cons
tantes défini,es sur la figure 2 qui représente un tel 
graphe, sont liées aux constantes d'étalonnage par les 
relations 

2 iT 

n T , T : période 

f3 coefficient d'amortissement 

b = a1 ! 2 , a : résistance critique telle que : 

a ·"= (/3T - /3) RT; 
RT : résistance totale 
/3T : coefficient d'amortissement pour RT 

a (M/2 n)l/2, M : masse mobile. 

Comme le galvanomètre à cadre mobile est un 
pendule électromagnétique de torsion, la figure 2 
représente aussi le graphe du galvanomètre, à la seule 
condition de supprimer l'entrée F. 

Le sismographe le plus simple est constitué par un 
pendule fermé sur une résistance RE, aux bornes de 
laquelle on enregistre la tension. Ce dispositif est 
représenté sur le graphe de la figure 3. Son équation 
d'état est : 



1 b2 
VoP 

RP.CP (RE+ R). CP 

1 
ly,p 

LP 

c'est-à-dire : 

.i = A.z + B.x (1) 

L'équation de sortie est : 

RE 
y = VRE = b. VoP = c. z 

RE+ R 
(2) 

La fonction de transfert du sismographe se calcule 
aisément à partir des systèmes (1) et (2). La réponse 
harmonique s'obtient par évaluation d'une fraction 
rationnelle complexe, pour les fréquences désirées, la 
réponse impulsionnelle par une intégration numérique, 
et toute autre réponse par une intégrale de convolution 
entre l'entrée et la réponse impulsionnelle. 

Par optimisation du programme d'analyse (2] on 
peut effectuer des ajustements sur les paramètres d'en
trée ( éléments du réseau). La figure 4 présente un 
exemple d'ajustement des résistances d'un pont en T 
pour obtenir des réponses impulsionnelles identiques 
pour 2 sismographes de construction analog.ue l'un 
vertical, l'autre horizontal; ce qui . signifie .que les 
réponses harmoniques des 2 appareils sont identiques 
en amplitude et en phase. Par des optimisations en 
cascade, on définit l'étalonnage automatique, c'est-à
dire la détermination des paramètres d'étalonnage à 
partir d'un échantillonnage des réponses impulsion
nelles. 

Deconvolution de la fonction d'appareil 

Les méthodes précédentes qui donnent, soit la 
réponse harmonique, soit la réponse transitoire du 
sismographe généralisé, sous forme numérique, per
mettent de déconvoluer un enregistrement de la fonc
tion d'appareil et de reconstituer le mouvement du sol. 

Si l'on considère la réponse impulsionnelle F (t) 
du sismographe obtenue sous forme d'une série 
numérique 

et un enregistrement échantillonné : 

Et = Eo , E1 , ~ , •.•... , Em 

4 IDA 2 IDP VDC 1 

xf RAi 
1 9-}E 1 

LP CP: RP 
V 
1 ·--> 

0 0 O R 3 

RA=1 IDA= ociRA IDP=biR VDC =bvRP 

Fig. 3. - Graphe d'un sismographe; l'inductance de la 
bobine du pendule est négligeable. La sortie est la tension aux 

bornes de RE. 

1 
Vcp 1 CP 

œ 

+ . X 

0 ILP 0 

cet enregistrement peut être considéré comme la con
volution du mouvement du sol S(t) avec la réponse 
impulsionnelle de l'appareil, E(t) = S(t) * F(t), 
ce qui se traduit en terme de série numérique par : 

Le problème de la déconvolution de Ja fonction 
d'appareil consiste à trouver le filtre inve·rse F t - 1 tel 
que.: 

(3) 

Ft-1 est tel que Ft * Ft-1 =· Bt avec Bt = 1, 0, 0, 0, ... 
puisque a t est l'opérateur unîtaire de convolution 
St = St * Bt. 

r~ 
1 
1 

I 
z 
HO 

REPONSES A UNE IMPULSION O.'ACCELERATION. 

REP REG PmG 
z 

REP 274 
REG O 

HO 
274 

1 

H1 

61 
11 

S 274 274 272 

.z 
Hi 

Fig. 4. - Normalhation d 'ùn sismographe, La pont en T du sismographe 

horizontal IHO:valeur- initiale) est ajusté sut le réponse impulsion

nelle en e~céléretion du 11iamoi;:rephe v11rticel Z ,(1'11 i valeur f:Î.nalal, 



Il n'existe en général pas de filtre F t - 1 tel que 
l'équation ( 3) soit satisfaite, mais on peut en . trouver 
une solution approchée 'Cf>t - 1 • 

Le filtre inverse 'Cf>t -1 a été calculé par les méthodes 
développées à partir de la théorie des filtres optimum 
de N. Wiener, par E.A. Robinson [3), [4). 

Le principe du filtrage optimum de Wiener est 
basé sur le critère des moindres carrés. On se fixe 
une cible Dt = 1, 0, 0, ...... c'est-à-dire le signal 
qu'on se propose d'obtenir et l'on cherche un filtre 
numérique approché ·<l>t -1 tel que : 

Ft -)!- ·g,t-1 = D\ 

qui rende minimum l'expression 

é2 = ~ (D't - Dt) 2 

Le filtre inverse obtenu par cette méthode est une 
bonne approximation du filtre inverse théorique tant 
que l'erreur e est petite. On obtient à partir des 
réponses impulsionnelles calculées des erreurs e de 
l'ordre de 10-3 <?U 10-4• 

On a calculé des filtres inverses pour différents cas 
usuels. Un premier exemple (fig. 6) montre la décon
volution d'un enregistrement d'explosion en une sta
tion située à 60 km du point de tir. 

L'appareillage était constitué (fig. 5) d'un sismo
graphe vertical Hall Sears HS 10 1 Hz fermé sur un 
amplificateur large bande débitant sur un enregistreur 
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Impulsionnelle 

1 s. 

SIGNAL DECONVOLUÉ 

Déplacement du mouvement du sol 

X(t) = E(t) * F;;,1(t) 

SIGNAL RESTITUÉ 

Filtre 
Inverse 

.. - ------- - -, ~---~·-- .......;',------, 
AMPLI 1 

1 
1 
1 
1 
1 

E' 1 

'-----..--' E '•kVCR1 I t_ ___ ______ ; 

Fig. 5. 

G11lv11nomiltr11 
Sefram SW3 

fo•2 Hz 

photographique dont le galvanomètre a une fréquence 
propre de 2 Hz. 

La réponse à une impulsion de déplacement a été 
calculée et le filtre inverse obtenu par la méthode de 
Wiener. La figure 5 montre la réponse impulsionnelle 
F d (t), le filtre inverse F d -1 (t) et la convolution 
D' (t) = Fd * Fd-1 (1). L'enregistrement E (t) est con
volué avec le filtre inverse F d-1 pour obtenir le mou
vement du sol X(t). Afin de montrer l'efficacité .du 
procédé le signal obtenu X(t) est convolué avec la 
réponse de l'appareil Fd(t) pour restituer l'enregi~tre
ment Er(t). On remarque que pour le signal consi
déré, l'enregistrement obtenu est proche d'un enre
gistrement de déplacement. 

La figure 7 montre le même processus pour obte
nir à partir de la réponse Fv(t) à une impulsion de 
vitesse, un signal représentatif de la vitesse du mou
vement du sol V (t). 

Le même processus a été appliqué pour un sismo
graphe MARK-PRODUCT L4 - 1 Hz, amorti par 
une résistance de charge, dont le signal de sortie 
est la tension aux bornes de la bobine. 

· fig, 6 .~ Déconvolution d'un enregistrement sismique de la fonction d'appareil - Déplacement du sol. 

Fd(t) : Réponse à une impulsion de déplacement, Fd1(t) : Filtre inverse. L'appareil est 

i::ons.titué d'un sismographe HS 10 - 1 Hz. d'un amp~ificateur et d'un galvanomètre. 
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Filtre 
Inverse 

F/(t) 

Fig. 7 .- Dêconvolution d'un enregistrement sismique de la fonction d'appareil - Vitesse du sol 

Fv(t): réponse à une impulsion de vitesse - F;1(t): Filtre inverse, L'appareu ·.est 

constitué d'un sismographe HS 10 - 1 Hz, d 'un amplificateur et d'un galvanomètre. 
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y 

Fig. 8.- Oéconvolution de la fonction d'appareil~ Accélération du sol, 

0 

F (t) : Réponse en tension à une impulsion d'accélération : F-1(t): Filtre inverse, 
y T 

L'appareil est constitué d'un sismographe fermé sur sa résistance critique dont on mesure la tension aux bornes, 

1 S, 
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La figure 8 montre la déconvolution d'un enregis
trement en tension à partir de la réponse en tension 
à une impulsion d'accélération. Le filtre inverse a une 
forme extrêmement simple et la déconvolution revient 
en fait à la dérivation pure et simple du signal, ce 
qui ,est évident si l'on remarque qu'un tel sismographe, 
pour les fréquences supérieures à la fréquence propre 
du pendule, peut être considéré comme un capteur de 
vitess.e. 

Conclusion 

Nous avons montré qu'il est toujours possible, à 
partir de la structure du sismographe, d'obtenir avec 
une approximation suffisante l'enregistrement d'une 
variable mécanique fondamentale : accélération, vitesse 
ou déplacement. Pour certaine bande de fréquences, 
la déconvolution est inutile, mais la variable fonda
mentale enregistrée dépend de la structure de la 
chaîne. Dans tous les cas, une analyse de la fonction 

de transfert de la chaîne est nécessaire pour pouvoir 
juger dans quelle mesure la déconvolution peut être 
évitée. 
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STABILITY PROBLEMS IN THE APPROXIMATION 
OF TRUE GROUND MOTION 

by A. PLESINGER *, R. SCHICK and W. ZUERN ** 

Seismometers are instruments for measuring the 
deformation of the ground. As a result of the mis
sing fixed coordinate system, the seismometer does 
not measure the ground deformation or ground dis
placement as a function of time [x (t)], but some 
relative motion cp (t} between the ground and the pen
dulum motion. The relation between x (t) and cp (t) 
is given by the seismometer equation 

d2 X 
Differential-Operator (.cp) = - -

dt2 

The differential operator on cp is linear and contains 
only instrumental parameters. 

The calculation of x (t) from cp (t) is sometimes 
called « calculation of true ground motion » or « de
convolution» or «restitution». 

In the following paper we shall use the term « res
titution». From the mathematical point of view the 
numerical cakU'lation of x (t) from cp (t) with known 
instrumental parameters is possible to any desired 
degree of accuracy .. 

The one and only difficulty in the restitution of 
seismograms comes from the fact that the relation 
between the seismogram and the « true ground motion » 
is only approximated by the linear differential operator. 

We known a priori that the « true ground motion » 
must be a stable and steady function. As the seismo
meter equation gives a linear and unequivoca!.l relation 
between the seismogram and the « true ground mo
tion », any instability in the restituted seismogram must 
come from two reasons : 

1) The behaviour of the over-all system (seismo
meter, amplifier, recorder, data processing, etc.) shows 
deviations which cannot be described by the given 
differential operator. 

2) As the inverse transfer function of a pendulum 
seismometer shows a two fold pole at zero frequency, 
the amplitude of the frequency spectrum of the func
tion x (t) must decrease to zero frequency with a 
power of at least three. If the spectral function does 
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not decrease that way, the spectral density only at the 
frequency zero is indefinite. But provided the first 
mentioned condition is fulfilled, the frequency zero 
in the restitution of the seismogram can be approached 
to any desired degree of approximation. 

So the very first thing in trying to get good restitu
tions must be to align the measuring system that it 
may be described by a linear differential equation. 

In modern seismometer systems an unavoidable de
viation from the linear transfer function is the in.put 
noise of the electronic amplifier. This is an ultimate 
barrier in any restitution. We shall call this noise 
« additional noise in seismogram », as it is not in
fluenced by the transfer function of the seismometer. 
This leads to a spectral noise to signal ratio which is 
given by: 

Noise (w) 

Signal (w) 

(Additional) noise in seismogram (w) 
----.----. 
Transfer function of seismometer (w) 

1 

True ground motion (w) 
(1) 

The first factor in the right side of equation (1) is· 
more or less a constant value for a given seismometer 
system. The second factor, however, depends directly 
on the amplitude spectrum of the seismogram which 
shall be restituted. So it is in no way possible to 
state one rule for a given system which always gives 
an optimum in the restitution. Figure 1 gives an 
example for a special case. 

As the transfer function of a pendulum seismometer 
is proportional to (l)-

2 below its resonant frequency, 
we get from equation (1): 

Noise 

Signal 
(Add noise) * (Period)2 

1 

True ground motion 
(2) 

So the quality of the restitution is a matter of the 
spectral density of the noise at low frequencies. 

In spite of the restitution being more an instrumental 
problem and less a mathematical one, there· are practical 
differences in using the various mathematical restitu
tion methods. 
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The simplest and oldest method for seismogram 
restitution is the direct integration of the differential 
equation. With this method all the errors in the seis
mogram accumulate with time in the restituted seismo
gram. So this type of restitution is usually not suitable, 
except for the restitution of very short pulses. Another 
method is the deconvolution in the time domain. 
Furthermore, the restitution can be done in the fre
quency domain. After quite some trial and error with 
all the mentioned methods, it was found that . the 
restitution in the frequency domain has a number of 
advantages against the other methods, because it allows 
a good quality control of the restituted signal. A dis
advantage of this method is that it cannot be used in 
the «on-line», restitution of seismograms. A schematic 
diagram of the treatment is shown in figure 2. The 
low frequency noise, which disturbed our restitution, 
is partly removed by: 

Removal of the mean average value in the time series 
Removal of the linear trend in the time series 
Rectangular windowing in the frequency domain. 

'L At OPTIONAL REMOVE OF 
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=====-- ~w 

1 * TRANSF,FCT. 
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"""' - ·' ! -~~\ 
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Fig. 2. 

Of course, these operations will not only remove 
spectral lines of the noise at low frequencies, but also 
spectral lines from the « tree ground signal». The 
restitution can only be an approximation. 

Next, the influence of the rectangular windowing 
will be studied. First we have an equidistant sampling 
of the seismogram: 

Sn = s (n . T) (3) 

T represents the sampling time interval, f s the sampling 
frequency. The spectrum of a discrete equidistant real 
time function is a periodic function : 

N-1 

S (f) = S (f + k. f s) = s (- f) = ~ Sn e-2 ,rinTf (4) 
n:O 

where 

1 J" fN Re (- .r (f) e21r1n,. r df) 
/N O 

(5) 

/N denotes the Nyquist frequency: 

Instrumental correction is now performed by multi
plication with the inverse transfer function: 

+oo 

B (f) = s (f) . H-1 (f), = ~ bn e-21ri fnT (6) 
n=-oo 

The sequence of the b0 ' s would be the true ground 
motion, if the instability due to the low frequency 
noise would not occur. Therefore we multiply by a 
windowing function W (f), resulting in the spectral 
function of a distorted ground motion : 

+oo 

B* (f) = B (f). w (f) = ~ bn* e-2,rinTf (7) 
n=-oo 

This windowing is performed by limiting the integra
tion in the frequency domain to the interval from f MIN 

to /MAX: 

1 •fMAX 

b0* = Re (- j s (f). H-1 (f) e2
1r

1nrf df) (8) 
/N f:MIN 

This corresponds to a rectangular window function 
with: 

center frequency f c 

half bandwidth 4 f 
! (fMAX + /MIN) 

! (/MAX - · /MIN) 

With the convolution theorem one gets an expres
sion relating the distorted ground motion to the tme 
ground motion: 

+oo 

bn * = ~ b ' Wn-m (9) 
m=-oo 

wk denotes the Fourier transform of the window func
tion. This yields in our case: 

b 
* _ +00 sin [2 1r T 4 f (n - m)] 

. n - 2 ~ bm. --------~-
m=-oo 7r (n - m) 

x cos [ 2 1r T • f c ( n - m)] (10) 
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That means, the neighbouring va:lues of the time 
series give a contribution proportional to the weight
ing function. The weighting function decay sym
metrically to both sides of the index n. 

Example 1. 

T = 0.01 sec, f MAX = 20 Hz, f MIN = 0.5 Hz 

Then we get for the weighting factors : 

0.39 

0.29 

for m = n 

for m = n + 1 

- 0.0718 for m = n + 2 

As in this case the cut-off frequency was only one
fif th of the sampling frequency, the weighting factors 
decay very slowly. 
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Example 2: 

-r = 0.01 sec, /MAX = 50 Hz, /MIN 

The weighting factors are then : 

0.5 Hz 

0.99 for m - n 

- 0.000154 for m n + 1 

In this case there are practically no distortions from 
the windowing. As the high frequency windowing 
is much less critical with modern seismometer systems 
than the low frequency one, the distortions caused by 
the rectangular windowing can normally be made very 
small. 

Shake table experiments. 

We used a number of shake table experiments to 
find out how well with given seismograms the resti
tuted seismograms agree with the true ground motion 

s 
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and if there is a way to find out the value of fM1N 

which fits best the treated case. One example is shown 
in figures 3-6. Studying a larger number of these ex
periments, we found empirically two good criterio?s 
to achieve an optimum restitution and to check its 
quality: 

1) Looking at the instrumental corrected frequency 
spectrum it of ten can be decided whether a restitu
tion is significant at all and what might be an optimum 
value for /MIN· This is clearly shown in figures 4 
and 5, where at low frequencies often a sudden in-

crease in the spectral amplitudes occurs . This point 
has shown to be a good value for /MIN· 

2) As with the restitution in the frequency domain 
the error in the restituted signal does not accumulate 
with time but is distributed over the whole length of 
the seismogram, the ground movement before the first 
onset of the restituted seismogram must not essentially 
be larger than before the restitution This has proven 
to be a excellent quality check in all the test restitu
tions we made. 



ON THE THEORY OF STRAIN SEISMOMETERS 

by H. BERCKEMER and R. MEISSNER 

ABSTRACT. - In a first chapter a generalized theory of the ideal linear strain 
seismometer is derived on the basis of the corresponding boundary value problem for 
an elastic half space. Reception characteristics of inertia - and strain - seismographs 
are compared. 

A second chapter treats the dynamic behaviour of a linear strain seismometer using 
an elastic bar with internal and external damping. 



STRAIN-GAUGES FOR GEOPHYSICS 

by Roger BILHAM and Geoffrey KING * 

. SUMMARY. - The development of strainmeters is discussed in relation to- their 
advantages and limitations compared to other Geophysical instruments. It is maintained 
that the rock surrounding a strainmeter installation must be considered to be part of 
the instrument in that it may modify measured strain and must be considered in strain
meter design. It is argued that accurate but cheap strainmeters are necessary for the 
purpose of establishing whether a particular locations merits the installation of a 
sophisticated strainmeter for the detailed study of « global » phenomena. Examples of 
strainmeters suitable for both applications are described. In particular, the practical and 
theoretical problems involved in the construction of wire strainmeters and laser inter
ferometer strainmeters are discussed. 

1. FREQUENCY RESPONSE OF STRAINMETERS 

Owing to their wide frequency response, strainmeters 
can find application in what are generally considered 
to be different aspects of Geophysics. The same instru
ment, for example, can simultaneously detect seismic 
body waves and slow secular deformations. 

While there are other devices which operate within 
the same spectral range as strainmeters, (Fig. 1), no 
other single device covers the range and no other 
device is as free of amplitude and phase distortion over 
a similar range. In principle, a strainmeter could be 
made to have a range from DC to the high-frequency 
end of the seismic spectrum ( 1 OOO Hz). In practice, 
however, there a:re high and low frequency limits which 
are due respectively to : 

a) High Frequency Limits 

i) Resonance effects in the instrument. To prevent 
resonances, damping must be be incorporated and 
this restricts high frequency response. 

ii) For high frequencies, the seismic wavelength 
becomes com~rable to the instrument length. 
The resulting « aliasing » effect ·reduces the use
fulness of the instrument. 

While both of these effects may be reduced by 
suitable design, it is not in general useful to do so 
since conventional inertial seismographs a:re adequate 
at high frequencies. 

b) Low Frequencies 

At low frequencies other problems arise. These may 
be broadly as·cribed to va:rious sources of long-period 
noise. The effects which become significant as periods 
of 1 week are approached are : 

'* Department of Geodesy and Geophysics, University of 
Cambridge. 

i) Thermally induced expansions and contractions 
of the :rock in the site region. 

ii) Thermal effects in the instrument. 
iii) Barometric effects on the ground surface. 
iv) Barometric effects on the instrument. 
v) Drifts due to local settling effects in the rock. 

vi) Drifts in the instrument. 

_
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Fig. 1. - A comparison of the spectral range of various 
geophysical instruments. 

Carefully chosen sites can reduce but not eliminate 
i) and ii). It is possible by appropriate instrumental 
design to virtually eliminate iv). The effects of v) 
and vi) can be estimated by the use of ·redundant instru
ments but separating « real » secular strain changes 
from drifrs depends to a considerable extent on intui
tion unless the secular strains are large (greater than 1 
in 10-1 per week). 

2. AMPLITUDE RESPONSE OF STRAINMETERS 

A particularly important feature of strainmeters is 
that they can be built with very precise instrumental 
amplitude calibration. This feature is potentially of 
value since other devices that operate at long periods 
tend to be difficult and unreliable to calibrate. 
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Many long period phenomena may be made to yield 
considerable information from a study of their ampli
tudes. For example, estimates of diurnal and semidiur
nal tidal strain magnitudes would be of considerable 
value if confidence could be placed in their being 
representative samples of the « global » tide rather than 
being values arbitrarily modified by local effects and 
the effects of ocean and sea tidal loading. 

The problem of achieving accurate measurements of 
strain magnitudes, however, is more difficult than 
producing a well calibrated instrument, and hitherto 
the high cost of strain installations. has caused investi
gators to shelve the problem. 

Unlike measuring displacement, tilt or gravity, the 
rock in the region of a strammeter must be considered 
to be a part of the instrument. In principal at least, 
gravimeters and tiltmeters are hardly disturbed by the 
presence of rock discontinuities near them. Strainmeters 
on the otherhand, can be significantly disturbed by the 
proximity of discontinuities in this region. 

This disadvantage of strainmeters, however, may be 
set against the problems of correcting the direct instru
mental disturbances in tiltmeters caused by changes in 
the gravity vector. A strainmeter may be made comple
tely independent of gravity variations. 

3. THE STUDY OF STRAIN AMPLITUDES 

Variations in elastic properties in rock and particu
larly the presence of faults and fissures which exist in 
almost any rock strata can cause considerable non
uniformities in near-surface strain fields. 

It is obvious when studying an active fault feature 
that it is necessary to install a number of devices if 
such effects as variation of strain magnitude with dis
tance are to be observed. It is, however, less obvious, 
but equally important that an inactive discontinuity 
some distance from a source of strain may complicate 
the strain pattern in its neighbourhood. 

Two approaches may be taken to measuring strain 
magnitudes independently of local effects : 
i) Sites may be selected in regions where geological 

and rock mechanical arguments suggest that the 
area approximates to being homogeneously elastic. 
or 

ii) A sufficient number of strainmeters may be em
ployed to establish whether a region is behaving ho
mogeneously to strain. By simultaneously observing 
the same signal at a number of sites within a spe
cific area, both regional trends and local anomalies 
can be detected and only strainmeter sites that give 
consistent records can be regarded as giving records 
of « global » significance. 

To perform this type of site selection survey, it 
is not in fact necessary to use a large number of 
instruments. Two instruments are sufficient. One 
instrument acts as reference while the second is 
moved between sites. Suitable signals for these site
testing and calibration operations are provided by 
Earth tides and by surface wave trains from distant 
sources. 

Of these two approaches to obtaining good strain 
amplitude data, only the second is unequivocal. It is 

therefore of prime importance that strainmeters are 
developed that are sufficiently cheap and portable to 
be capable of being used to conduct site selection sur
veys and also that very good devices are constructed 
for use in established sites. 

4. LASER INTERFEROMETERS 

Interferometers capable of detecting changes in length 
with high precision have been in existence for many 
years. In these cases the path length has been limited 
by the coherence length of radiation from gas discharge 
tubes. Interferometric methods have been used occa
sionally in strain measurement as a convenient ready 
calibrated method determining small changes of dis
tance ~ e.g. the air gap at the end of a conventional 
Benioff type strainmeter (Blayney and Gilman 1965 
and Gerard-Personal Communication). The advent of 
the gas laser provided a source of monochromatic light 
with a degree of coherence that suggested the construc
tion of ultralong interferometers for the continuous 
monitoring of earth strain. (Cook et al 1965). The pro
perties of the gas laser were attractive : wavelength 
repeatabilities of 5 .10-10, coherence length virtually 
infinite, very intense spectral lines, freedom from pres
sure or temperature variations and the promise of extre
mely low drift rates. 

In the last six years several attempts have been made 
to ·exploit the capabilities of laser strainmeters. Fig. 2 
illustrates in a schematic way the various attributes 
and disadvantages of different strainmeter configura
tions. The following considerations are important in 
the strainmeter design : 

i) The mode of monitoring ground movement and 
type of interferometer. 

ii) The degree to which the laser can be maintained 
to emit constant wavelength radiation, and the 
manner in which the laser cavity is prevented from 
interacting with the rest of the interferometer 
read-out system. 

iii) The difficulty of maintaining the optical path in 
a vacuum whilst avoiding the pressure and tem
perature effects of the vacuum housing. 

4.1. Read-out systems 

V ali et al (1964) use a « following » system to 
observe the relative displacement of the two ends of 
their interferometer. They use a Fabry-Perot Etalon 
misaligned sufficiently for the output field of view to 
consist of several parallel fringes. The misalignment 
also has the effect of preventing light from the cavity 
returning to the laser. As the end mirrors are displaced 
the fringes shift across the field of view. Photocells 
are arranged to observe a single fringe and to << lock 
on» to it, using a servo system to adjust a suitable 
auxilary mirror. When ground strain produces more 
than a complete fringe of movement of the semi
reflecting mirror, the servo system locks on to an 
adjacent fringe. The arrangement is capable of good 
results as it has an inherently « continuous » resolution 
in terms of fractions of wavelength. This is necessary 
because, in the case of earth tide magnitude strain~ 
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over 10 m. paths, the relative displacement of the two 
ends is barely more than a single interference fringe. 
The system can be criticised on the grounds that the 
servo-system is capable of losing a fringe if earth 
movements should occur faster than the servo-system 
can follow. The rapid response of the Vali system 
renders this scarcely a problem. Several large laser 
interferometers have been subsequently built by Vali 
and others, culminating in the 1020 m. installation in 
the Cascade Mountains (Bostrom & Vali 1968, Vali 
& Bostrom 1968). Van Veen et al (1960) approached 
the application of the laser to strain studies in a 
different way. Instead of powering an interferometer 
with a separate laser, they installed two laser cavities 
attached to the solid rock with their axes aligned at 
right-angles. The effect of ground strain is to alter 
the frequency of oscillation of each laser by an amount 
corresponding to the change in etalon length. An 
output is obtained by mixing the two laser beams 
together in a photomultiplier. The beat frequency so 
obtained gives a measure of shear strain in axes aligned 
at 45° to the laser axes. By using two lasers with sub
stantially the same construction, first-order temperature 
and pressure effects are removed. The method suffers 
from an insufficiently long measurement path as does 
the 2 m. equal-arm Michelson interferometer of Shamsi 
and Stacey (1968). 

A very important interferometer system has been 
constructed by Barger & Hall (personal communication). 
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They use a Fabry-Perot interferometer and bellows to 
decouple the vacuum system. The laser powering the 
interferometer is locked in wavelength to the interfero
meter. Part of the output from this laser is mixed with 
the output of a second laser, stabilized by the incorpora
tion of a methane absorption cell within its etalon. The 
beat-frequency between the two lasers is detected with 
a high speed diode and measured with a frequency 
counter. The difference frequency provides a measure 
of strain. Except for the slight disadvantage of using 
two lasers, the system has the great advantage of very 
good stability and direct digital output down to strain 
magnitude of 10-1:2. 

Another way of obtaining ground strain from laser 
interferometers is to use the long-arm Michelson inter
ferometers designed by Berger (1969) and King 
(1969). These interferometers lend themselves to frin
ge-counting techniques. It is not difficult to design a 
reversible electronic counter capable of coping with 
reasonably fast ground movements without losing count 
of a single fringe. Typical figures which compare 
counting systems with fringe following systems are 
shown in Table 5 .11. 

TABLE 1. 

Instrumental high frequency limits 
in laser strainmeters. 

Approximate 
Logic or Read Out System Maximum 

Strain Rate * 
King 1969 1 MHz counter 30 cm/sec. 
Berger 1969 1 MHz counter 30 cm/sec. 
Vali et al 1968 3 .. 300 Hz follower 1012 cm/sec. 
Gerard 1969 1 Hz follower 10-5 cm/sec. 
* Strain rate is here a measure of the separation or closure 

velocity of the two points defining a strain interval. 

4.2. Laser Stability 

An ideal gas laser is capable of providing a conti
nuous, coherent source of light which has a narrow 
wavelength range. The bandwidth of a single mode 
of oscillation in a laser is of the order of a few Hertz. 
The bandwidth over which the 4s-3p transition of Neon 
can provide sufficient gain for sustained oscillation is 
of the order of 10 MHz. The frequency of a mode of 
oscillation of a laser is thus dependent on the etalon 
length rather than on the spectral transition. It is, 
however, necessary to ensure that only one mode of 
oscillation of the cavity is excited. For axial cavity modes 
the frequency of separation is given by f = r/2d, 
where c is the velocity of light and d is the cavity 
length. Thus, a 10 cm cavity has modes separated by 
1.5.103 MHz, while in a 1 metre cavity, the modes are 
separated by 30.102 MHz. The former wiH always 
oscillate in one axial mode, while the latter will gene
rally oscillate in two or even three modes. The cavities 
of lasers used to power interferometers are, therefore, 
generally shorter than 20 cm in length. 

To maintain the laser wavelength of the chosen 
mode stable, it is neccesary to use a system that adjusts 
the cavity length such as to keep the wavelength 
constant. 

Two approaches have been used. The first involves 
the use of a reference source, that is, another laser, 
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an atomic spectral absorption line or a highly stable 
optical cavity. The second utilises the characteristic form 
of the output from a cavity-modulated He/Ne Laser 
(Lamb Dip) to maintain the lasing action in single 
mode operation. At present it would appear for Helium
Neon lasers, that reference source stabilisation may be 
better than internal « lamb dip» type stabilisation as 
regards long term stability, but the latter is a far simpler, 
more compact arrangement. Much work has been done 
in the field of laser stabilities ( e.g. Mielenz et al 
1968, Jaseja et al 1963, Hall 1968) and methods of 
stabilisation (Rowley and Wilson 1963, Barger and 
Hall 1969, Shimoda and Javan 1965 and Bostrom 
1970). 

4.3 Back Reflection 

A problem with the use of lasers to power interfero
meters is that there is a possibility that light returned 
from the interferometer to the laser cavity can cause 
it to change mode or at least upset systems of wave
length stabilization. It is almost impossible to prevent 

outgomg and incoming beams overlapping in the 
construction of long path length interferometers, so 
that Berger, as well as Vali, has had to isolate-the laser 
from the rest of the system optically. King has been 
able to avoid back reflections by the use of an inter
ferometer geometry in which outgoing and return 
beams do not overlap. The use of this geometry, howe
ver, is limited in application to comparatively short 
interferometers (less than 200 metres). 

4.4. Optical Path 

If meaningful results are to be obtained from a 
laser interferometer the velocity of light between the 
two measuring piers must remain constant. This requi
res the enclosure of all or part of the optical path in 
a space from which most of the air is removed. The 
difficulties of including the measuring piers in a vacuum 
led Vali et al to use an independent vacuum path with 
a few centimetres of air between the optical com
ponents at each end and the pipe. The presence of the 
air gap however, limits the accuracy of the instrument. 

TABLE 2 

Features of some Laser Interferometer Strainmeters 

King 1969 Berger 1969 Vali et al 1968 I Barger and Hall 1969 

1. Laser He/Ne He/Ne He/Ne Two He/Ne lasers, 
Frequency modulated one is locked to 
and Lamb-dip Lamb-dip methane cavity 
stabilised stabilised 

2. Stability ,-J 5 .10-10 per month ,-J 5.10-10 per month ,-J 5 .10-10 /hour ,-J 2 .10-11 per month 

3. Back Reflection avoided isolators isolators 

4. Short-Arm insulated bar stabilised reference stabilised complex reference 
or Reference 1 O ems. invar (lQr-3 oq (5.10-11) stabilisation 

.5.10-1o;oc quartz cavity 2.10-11 

5.10r11/0C 

5. Interferometer Type Michelson Michelson Fabry Perot Fabry Perot 
Long-Arm Length 54 m. 800 m. 1020 m. 30 m. 

6. Number of Optical 
Components 3 ,-J 10 ,-J 5 ,-J 6 

7. Vacuum Path total path in vacuum constant optical path variable air gap total path in vacuum 
length using 
servoed piston 

8. Evacuated Pipe aluminium with stainless stainless steel 
plastic connectors steel welded with flanges 



A similar system is used by Berger but since his 
interferometer is above ground level, a servo system is 
used to µiaintain a constant pipe length. The servo sys
tem is able to maintain the pipe length to within 
5 .10-3 cm, which is no mean achievement with upto 
30 cm expansion possible in the 800 m pipe. 

The complete enclosure of the interferometer comp
onents has considerable advantages since it reduces 
the number of optical components in the optical sys
tem and protects those that remain. Such a system has 
been adopted by King 1969 and Barger and Hall (per
sonal communication). 

It is interesting to note that no designers have attemp
ted to use a constant gas density path rather than an 
evacuated path. Superficially this seems odd. A closer 
examination of such a system, however, reveals certain 
problems. In particular, there is no satisfactory method 
of checking the stability of the gas density in such a 
path, but it is very easy to check the presence and de
gree of a vacuum. 

constant 
dis lance servoed 

1Berger• type optical path 

passive 
bellows 

E vacuum 9 
' ', ~:~,~~ ·,··.--.. ' ·;-y.-r,_1. ;\,X.,";:~. );.~}:~.),:-: .. ,:',,.-.. ... } _c; •• -.,.:'~./.~~~-..< 

I King' type optical path 
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Fig 3 Different configurations for arranging optical paths in laser interferometers 

5. SOLID LENGTH STANDARD STRAINMETERS 

The first systems for measuring Earth strain depen
ded on the use of solid length standards. Initially, a 
1 metre iron bar was used by Milne in 1888, and a 
slightly improved system by Oddone in 190.1. In 19'35, 
Hugo Benioff produced a more sophisticated strain
meter employing an iron bar 30 metres long. Hoping 
to be able to detect secular strains with the device, the 
iron bar was later replaced by a quartz rod which has 
a lower thermal coefficient. Numerous quartz rod de
vices have been constructed in the last thirty years, 
and it is amusing to note that although they have been 
extremely valuable at seismic frequencies, secular strain 
records from them have never · proved us~ful. (An 
exception is Romig 1969). The history of quartz rod 
devices may be followed in Benio.ff 1935, 1959 Major 
et al, Major 1966~ Balavadse et al 1965. 

In 1945 Sassa produced the first wire strainmeter 
designed to study Geophysical strains. His system used 
variations in the sag of a wire stretched almost horizon
tally between two points to measure changes in the 
separation of the points. His system has since been 
.W.!Q.~ly_,~e~ _ i!1Ji1:.P-a.-P.~Se _obs~rv~tig11s. 

In 1953 Takada adapted the constant tension wire 
system which had previously been used for survey work 
(Hotine 193 5) for the measurement of volume and 
areal strain in the Earth. His systems are summarized 
in Fig. 4. The instruments operated at Ide Observatory 
(Takada 1963,) for many years, producing somewhat 
poor records on account of mechanical frictional effects. 

In 1969 Sydenham, working at Warwick University, 
U.K. on industrial measurements, improved the design 
of a constant tension wire strainmeter. 

For tidal strain studies the system has proved satis
factory, and dispite problems associated with sticking 
effects in the bearings, the system is markedly better 
than that of Takada. The results from a Sydenham 
gauge are discussed in section 8 where records are 
presented. 

6. CONSTANT TENSION WIRE STRAINMETER 

The strainmeter comprises three essential parts 
(Fig. 4) : 

1. A dimensionally stable wire or fibre, which is 
light enough to he supported horizontally by mo
derate tension at each end. 

2. A mechanical system at one end, capable of sup
plying a constant tension to the wire, independent 
of the relative position of the end of the wire. 

3. An electronic displacement transducer to convert 
the end movements of the wire to an easily 
recorded electrical signal. 

These will be considered in turn in sections 6.1, 6.2 
and 6. 3 respectively. 

2 Linear str1inm1t1r s,•••h111 111111 

Areal strainmeter T•k••• 111u1 

Fig. 4. - Constant Tension Wire Strainmeters 
( schematic only). 

6.1. A Flexible Length Standard 

At first sight it might appear impossible to suspend 
a thin flexible wire of 1 O m. length and to expect it to 
retain its length to better than one part in a thousand 
million, yet this is the magnitude of the problem. The 
success of the strainmeter is dependent largely on the 
properties of the length standard and the degree to 
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which it remains unaffected by varying environmental 
conditions : the necessary properties are a low coeffi
cient of thermal expansion, a low thermalcoefficient of 
Young' s modulus, a high strength, a minimal creep 
extension with time and a high corrosion resistance. 

In the light of certain theoretical considerations out
lined below, practical limitations have indicated the use 
of two materials as suitable flexible standards of length; 
invar wires and carbon fibres,. Their properties are dis
cussed and precautions in their practical uses outlined. 

a) Theory of a wire suspension 

It is important to review some of the properties of a 
wire hanging from horizontal end supports under its 
own weight. A detailed analysis of wires in catenary 
will be found in the Appendix. Consider a wire of un
stretched length, s, held, between two supports at the 
same height, a distance L apart. The wire is elastic and 
has a weight per unit length of w. The wire will descri
be a catenary. 

T span T 
• • • • • • • • •L• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

: y sag 

Fig. 5. - The wire in catenary. 

The approximate sag, y, at the centre of the wire, if 
the end tension is T given by, 

wL2 

y=' ~ 
ST 

(8) 

Expression 8 is derived in the Appendix assuming 
that y L and neglecting second-order terms. The varia
tions of tension along the wire is small when y L and 
in the mathematical expressions the end-tension is used 
for the tension at any point. 

We require the wire to remain the same length by 
attempting to keep its tension constant. We shall see 
later that it is not possible to maintain the tension in 
the suspended wire perfectly constant. Thus, it is ne
cessary to examine the way in which the span of a wire 
can change for small changes in tension. 

At the optimum tension, the relative contributions of 
the wire stretching and the sag reducing are approxi
mately equivalent. Consider increasing the span of the 
wire by increasing the separation of the end supports. 
The sag will decrease until the wire is almost straight 
and further increase in tension will cause the wire to 
stretch (Fig. 6). 

Fig. 6. 

TENSION T. 

Graph of span against tension for elastic wire 
suspended in catenary. 

The wire exhibits a resistance to stretching which 
consists of two parts : a non-linear elastic effect caused 
by changing the catenary sag and a linear (Hookean) 
elasticity attributable to the elastic modulus of the wire. 
If we define the stiffne'Ss of a body as the additional 
force required for unit extension we can say that an 
inextensible wire hanging in catenary will have a large 
stiffness if the sag is small and vice versa. In the 
Appendix it is established that the catenary stiffness 
(k 0 ) is equal to the stiffness of the wire (k,0 ) when 

as 
Ts = _ E Jz gz L2 

12 
(13) 

E is Young' s Modulus for the wire which is of length L, 
density d, and cross-sectional area a. g is the accelera
tion due to gravity. 

From (11), the catenary stiffness 

12 T3 

k = c az Jz gz L3 

and the elastic stiffness 
aE 

ke = --
L 

(13a) 

(13b) 

for a wire suspended between horizontal supports. If 
the supports are not horizontal the catenary ·stiffness 
reduces until it is zero for the case where the wire is 
vertical. 

b) Choice of wire tn the wire strainmeter 

The diameter of the wire is determined by its usa
bility ; if too thin it will be delicate and if too thick 
it will be unmanageable. 

From expressions 13a and 13b the total stiffness of 
the wire is 

12 T3 a E 
ktot = + az J2 gz L3 L 

(13c) 

and for ktot to be large (for given L, a and g) we re
quire the following properties in the wire length stan
dard 

a) The strength of the . wire must be large in order 
to be able to increase T. 

b) The modulus E, of the wire must be large. 
c) The density of the wire must be low. 

In addition to these properties the material should 
not suffer from creep extension with time at large ten
sions. 

Several materials satisfy these conditions and their 
properties are summarised in Table 3. A visual represen
tation displaying density, strength and modulus will be 
found in Fig. 7. The strength of a material is plotted 
as the ratio of its ultimate breaking stress to its density, 
while its modulus is displayed as the ratio of Youn.g's 
modulus to its density. It is clear that the most useful 
materials for a tensioned trainmeter lie in the top right 
of the diagram. 

Elimination of most of the materials listed in Ta
ble 3 on grounds other than mechanical suitability, lea
ves two contenders for use as a length standard, name
ly invar wire and carbon fibre. Silica fibres are difficult 
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TABLE 3 

Physical properties of materials suitable for use 
as a length standard in a portable strainmeter. 

Beryllium 

Boron on Tungsten 
Boron carbide 

Carbon Fibre 
Vitreous Carbon 

Alumina 
Dural 

Fused Silica 
« Zerodur » 
Quartz Fibre 
Silicon carbide 

Invar 

Piano wire 

Tungsten 

Be 

B 

c 

Al 

Si 

Fe 

w 

Density 
Kg m-s 

. 103 

1.8 

,-I 2.7 
2.5 

1.5 
1.3 

3.7 
2.7 

2.1 
2.5 
2.4 
3.1 

8.0 

7.7 

19.3 

to prepare in long lengths or sufficient quantities. Boron 
fibres must, at present, be coated on thin Tungsten fila
ments and are costly. Beryllium is toxic. Most metals 
have a large temperature coefficient. Ceramic combina
tions of boron, carbon, silica and alumina are difficult 
to obtain on a suitable form. Tungsten has a high den
sity but otherwise has attractive properties. 

~ 15 

'!: 

·lf,o 
,., 

5 

., .... fi~ .. 

• , .... , ... 11 

., ....... ...... 
l'r.",':,111 

..... ,. .... 
••••Iii•• 

11111 ......... 11 .. 
IIHilll. IHot• lbdl .. 

........... ............ 

5 ro ~ ~ H ~ 
Specific ••dalH (If,, 10' ) 

Fig. 7. - A comparison of the strength/weight properties 
of some materials. 

Young's modulus 
( specific modulus i= ) 

Density 

Coeff. of 
lin. exp. 
. 10-1; 0c 

40 

27 
18 

-5 
20 

58 
250 

5 
-0.2 

5 
33 

(- 5 
+ 10 
110 

45 

Young's 
Modulus 

GNm-2: 

220 

300 
450 

400 
100 

300 
71 

70 
92 
73 

390 

176 

210 

422 

Tenacity 

GNm-2 

1.0 

3.0 
0.3 

2.0 
0.3 

0.2 
0.4 

1.1 
0.1 
3.5 
0.2 

0.9 

2.3 

3.5 

c) The relative merits of carbon fibre and invar wire 
length standards 

The properties of invar are well known, but at pre
sent the properties of carbon fibres are only outlined 
in specialised papers. Present production of these fibres 
has brought the cost down to an acceptable price, al
though they are still ten to a hundred times more ex
pensive than the same length of invar. Table · 4 sum
marises the important characteristics of each material 
under the general categories of « availability », physical 
properties and «subjective» properties, such as hand
ling. Some unusual features will be considered in more 
detail. 

d) Strength of Carbon Fibres . 

A number of difficulties arise in the use of carbon 
fibres. It is impractical to use a single fibre in normal 
conditions, as it will be wafted about by the slightest 
air currents. Even in a vacuum it is inconceivable to use 
existing types of single fibre, as length standard, 
because the strength of a fibre decreases as the length 
increases and the . chance of a flaw becomes greater. 
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TABLE 4 

Comparative Properties of Carbon Fibre and Invarwife. 

[X] 
INVAR CARBON FIBRE 

AVAILABILITY 
Form Stainless steel alloy 

Fe Ni Co Mn Si C 

black graphite crystallite chains 

99.99 % carbon Composition 

Production Hard drawn wire from ingot various processes involving the 
stretching and charring of long chain 
organic textiles e.g. polyacrilonitrile 

Minimum diameter 0.1 mm. ( difficulty in drawing 
very fine wires) 

5-10 micron ( single fibre) 

U seable diameters 

Continuous length 

0.3, mm. to 4 mm. or flat tape 

100 m. 

10,000 fibre bundles (2-3 mm) 

100 m 

PHYSICAL PROPERTIES 

Linear temperature coefficient 

Thermal coeff. of modulus 

Density 

Young' s modulus 

Breaking strength 

Estimated creep behaviour 

SUBJECTIVE PROPERTIES 

Handling Ability 

Kink-ability 

Corrosion resistance 

Attachment properties 

1970 cost per 10 m. 

Variable + 10-6/°C 

S.10-4/°C 

7.3.103 Kg m-3 

176 GNm-2 

0.9 GNm-2 

< 10-7/week 

good 

poor 

liable to rust 

simple 

£ 0 .3 

A large number of fibres must be used in a bundle. 
Normally a bundle containing five, ten or twenty 
thousand fibres is a few millimetres in diameter. The 
fibres can be used clumped, ( a process of resin impregna
tion to bond them together) or unclumped, which is 
less convenient, as the fibres tend to separate during 
handling. The elastic behaviour of single fibres is 
shown in Fig. 8B · and that of bundles of fibres in 
Fig. BC. The minimum tension required to remove 
kinks from single fibres is indicated by the resistivity 
measurements of Conor and Owston (1969). The rele
vant diagram is reproduced as Fig. 80. Approximately 
2.5 % of the breaking stress is required to remove most 
of the low modulus effect produced by kinks. 

Thus, to obtain optimum results from carbon fibres, 
allowing for present imperfections in manufacture, the 

linear negative - s .10-7 /°C 

small 

1.5.103 Kg m-3 

400 GNm-2 

2.0 GNm-2 

< 10-1/week 

fair 

good 

good 

requires some care 

£ 5 

choice of Young' s modulus must be obtained by expe
riment. (Fig. SC). 

e) Creep behaviour of Carbon Fibres. 

Carbon fibres under a tension of 0. 7 GNm-2 at 
1000°C have been found to creep at a rate of 21.w-3 

per week. Extrapolating these values to temperatures of 
10°C and similar tensions, a fibre bundle may be expec
ted to creep at an extension rate of 10-11 per week 
(Cooper 1969, personal communication). This has not 
been observed experimentally, although a 104 strand 
bundle has been observed to have a creep extension of 
less than the limit of experimental stability (10-8 ). The 
same bundle initially showed rapic, erratic creep beha
viour (Sydenham 1969b). It would appear that consi
derable caution must be exercised in order to reduce 
initial rapid creep. Fibres are twisted around each other 
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Fig. 8. - Stress/strain behaviour of Carbon Fibres and 
Invar Wire. 

Fig. 8 A. - Behaviour of an invar wire under increasing 
tension. From O to A, kinks in the wire are straightened. 
Hooke's Law is obeyed between A and B. Failure occurs at C 

following plastic flow between B and C. 

Fig. 8 B. - A single carbon fibre has a shorter «kink» region 
than the same strength invar wire. Hooke's Law is obeyed* 
until brittle failure occurs at B. ('* Curtis, Milne & Renolds 

1968, report some non Hookean behaviour.) 

Fig. 8 C. - A carbon fibre bundle (approx. 104 fibres) shows 
complex stress/strain behaviour. The « kink » region is ex
tended, shorter fibres fail until the stress is divided between 
a large number of remaining fibres. For a short range, AB, 
Hooke's Law is followed, until more fibres fail than remain 
to take up the strain. From C onward, fibres rapidly break. 

Fig. 8 D. - The electrical resistance of single carbon fibres 
shows no change whilst the fibre is insufficiently stretched to 
remove kinks. A fractional change in resistance for different 
values of strain is thereafter attributed to the reorientation of 

graphite crystallites within the fibre. 
(Conor & Owston 1969). 

in a fashion which allows slow relative movement un
der prolonged stress. Similarly there will be fibres near 
their ultimate breaking stress which may fail under 
transient stress conditions. A procedure which can over
come some of these effects is to overstress the fibre 
bundle by a factor of two or three after its insertion 
in the measuring interval. This is followed by gently 
tapping the fibres at frequent intervals along the length, 
with a smooth cylinder. 

Another source of creep exists at the points of attach
ment of a fibre bundle. At the ends, especially the ten
sioning end, periodic angular movements can cause the 
snapping of individual fibres. Conventionally, a wire 
is clamped beneath a metal plate for accurate positio
ning. When fastening carbon fibres it has been found 
necessary to use a resin glue to bond the fibres under 
the clamping plate and for a short distance away from 
the clamp (Fig. 9). 
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f) Creep behaviour of lnvar Wire. 

For many years invar has had a notorious reputation 
for being incapable of staying the same length over the 
course of time. Surveyors' invar tapes and wires have 
been found to change in length by as much as one 
part in 105, whereas steel tapes have maintained their 
original lengths in the same period, (Clarke and John
son, 1951). Recent measurements have shown that con
clusions which attribute this to the inherent dimensional 
instability of invar are unfounded. 

Much of the observed creep of invar is due to the 
constant stressing and de-stressing of the wire, or tape, 
when used in survey applications. Transient stresses 
during measurement and winding stresses in coiled sto
rage are obvious sources of excessive strain. (Hotine 
1939, Bomford 1952). 

Under constant tension (1/10 ultimate stress) and 
constant temperature ( + 0.05°C) invar wires have 
been measured to have a stability better than 10-s per 
week. (See also Johnson 1967). To avoid initial creep 
in an invar wire soon after installation, the introduc
tion of transient stresses of several times the working 
load has been recommended by Sydenham (1969 B). 

g) Temperature CO'efficient of Invar Wire. 

The coefficient of linear expansion for invar 36 is 
only zero for a specific temperature near 20°C. It is 
small for values near this temperature and can be nega
tive or positive. At temperatures far removed from 
20°C, the thermal expansion behaviour is similar to a 
normal stainless steel. 

To maintain the length of invar to within one part 
in 108 it is necessary to use it in an environment stable 
to within 0.01 °C. In cases where temperature changes 
are larger than this it is not a simple: matter to intro
duce compensating elements in the length standard. For 
small variations ( + 1 °C) from a specified temperature 
it may be possible, but at a different temperature, a 
different compensating element will almost certainly be 
necessary. 

The measurement of thermal changes of length of 
invar at temperatures near its zero expansion region is 
achieved by inserting the wire in a modified strain
meter 1 m long. A current is passed through the wire 
which rapidly heats it. By knowing the time of passage 
of current and making this short so that heat lost 
during heating is small, it is possible to study the coef
ficient of thermal expansion for small temperature 
changes. 

Epoxyr1tin 

ff( FIBRES WIRE 

0 
BRASS CARBON 

Fig. 9. - Alternative methods for clamping strainmeter length 
standards. « C » is preferred where clamp rotation is expected : 
thermal compensation for the small negative coefficient of 

carbon fibres is also possible. 



6.2. Tensioning Systems in Wire Strainmeters 

A summary of possible tensioning methods in wire 
gauges can be found in Sydenham 1969 B, with rele
vant theoretical considerations, some of the important 
ones of which are summarised below. 

Requirements of a tensioning system. 

A force equivalent to several kilogrammes weight 
( 10 N) is needed to hold a thin 10 m. long wire or 
fibre in a shallow catenary. A change of force of one 
part in 106 can produce an elastic extension of one 
part in 109 in an invar wire 1 mm. in diameter. This 
imposes stringent requirements on a tensioning system. 

The displacement range over which the tension must 
be held constant is, however, very small. Representative 
displacements, expected in a 10 m. strain interval, do 
not exceed 0.1 µ,rn. In practice, temperature and long 
period creep effects introduce a possible range of some 
tens of microns. 

The requirements of linearity and constancy over a 
small range suggest two alternative tensioning methods : 
that of using a spring of low stiffness, and that of a 
beam balance (using gravity to supply the constant 
force) rotating on flexure pivots. 

1111111111 
o.00000000 o 

SPRING 

BEAM 
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Fig. 10 

1111111111 
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~flexure 
~ pivot 
mg 

Schematic tensioning arrangements~ 

a) Static tensioning conditions. 

0 

0 

If the length standard (l) does not deform during 
measurement, which will be the case only when a fric
tionless pulley-and-weight type tensioning method is 
used, then apparent displacements at the transducer 
position (dl) will exactly measure strain (dl/l). How· 
ever, the introduction of even a very small amount of 
« springiness » at the tensioning head will produce a 
reduction in the displacement measured at the trans
ducer. 

In both types of tensioning arrangement illustrated 
in Fig. 10 the tension in the wire is never completely 
independent of the end position of the wire. In each 
case we may consider the tensioning arrangement to 
have a small elastic stiffness kr, We may represent the 
wire strainmeter schematically as shown in Fig. 11, 
where the measurement interval is BC and the points 
of attachment of the instrument to the rock are A and B. 
( A and C are close to one another in a practical wire 
strainmeter and the wire, CB 10 m.). Earth strain ap
pears as a change in the separation of A and B and is 
measured by a displacement at C. 

A small change in tension caused by the finite stiff
ness of the tensioning unit will produce a change of 
length in the wire length standard when strains are 
being measured. This will appear as a reduction in the 
magnitude of the displacement measured. For example, 
if the tensioning stiffness is equal to the total stiffness 
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tensioning 
a i-rang..:ment 

displacement 
transducer wire 

A and B are fixed points of attachment, C is 
the position of measurement of strain in the interval BC . 
In order to observe true strain at C, kf should be very 
elastic and ke and kc very stiCC. 

Fig. 11. - Wire strainmeter elasticity. 

B 

of the wire only half the strain occurring in the strain
meter measurement interval will be measured by the 
displacement transducer. 

For measurements requiring 1 % accuracy without 
calibration ( other than transducer calibration), the 
stiffness of the tensioning system must be 1/100 the 
stiffness of the wire. In addition, the stiffness of the 
wire should be largely linear, which is, the case if the 
strainmeter is nearly vertical, or if the tension is suf
ficiently large. (Appendix). 

An independent calibration of an instrument by the 
direct introduction of a known strain allows less exac
ting tensioning of the length standard. A suitable me
thod involving « whole instrument » calibration, is to 
introduce a displacement of the end of the length 
standard remote from the transducer. 

Tensioning arrangements using low stiffness springs 
would be simpler than many gravity tensioning devices. 
A spring possesses favourable dynamic properties be
cause its low inertia can raise the high frequency respon
se of the strainmeter slightly. Also, a spring is not 
affected by variations in the gravity potential. However, 
the choice of a suitable spring material is demanding, 
and at present the construction of a device of this 
configuration has not been attempted. 

Representative figures for a 1 % accuracy tensioning 
system are shown in Table 5. 

TABLE 5 

Stiffness of the tensioning unit 
tn a constant tension wire strainmeter. 

Cross-sectional area of 
length standard 
Required length 
stability 
Required tension 
stability ( obtained 
from elastic modulus, 
area and length) . 
Expected 
end-displacement range 
( corresponding to 
10-s over 10 m.) 
Maximum stiffness 
in suspension system 

Invar I Carbon fibre 

10-s m·2 

1 part in 1010 1 part in 1010 

10-sN 

10 µ,m 10µ.m 
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b) Dynamic considerations in tensioning systems. 

Any type of resonant oscillation is undesirable in a 
strainmeter. Unfortunately, the tensioned-wire strain
meter has a large number of modes of free oscillation, 
some of which can be triggered by seismic strains. Of 
major importance are the low frequency oscillation mo
des? because ~hese determine the highest frequency 
which the strammeter can sensibly measure. There are 
two fundamental resonances in a tensioned-wire strain
meter. 1:h~ first is a longitudinal resonance involving 
the elastmty of the wire, the inertia or rotational iner
tia of the tensioning-system and the acceleration due 
to graviy. {*) The second is a transverse osciIIation in
volving the wire tension and its density. Both types of 
oscillation are coupled loosely together and can be ob
served as longitudinal motions of the end of the wire, 
where it is connected to the tensioning system. 

c) Longitudinal oscillations. 
We are principaIIy concerned with the low funda

mental resonant frequencies in a tensioned wire strain
meter. Thus, the longitudinal resonance of the wire 
is unimportant compared with the longitudinal resonan
ce of the wire coupled to the tensioning system. 

Consider a strainmeter tensioned by a gravity beam
balance as illustrated in the diagram. A mass M rotates 
~t a radius r:2 from a frictionless pivot at A. The wire 
1s coupled to the tensioning arrangement at a radius r 1 

from the pivot. The length of the wire is L, its total 
weight is W, and elastic stiffness ktot· From section 
6.1.2. we have 

12 T3 aE 
ktot = --- + - -

W21L L 

The moment of inertia of the tensioning ·system I = 
Mr:l where M is a point mass rotating at a distance r. ... 
from the pivot. .. 

We can write that the rotational resonant frequency 
of the tensioning system is 

fo = ...:_ l / K Hz 
2 V I 

where K is the torsion constant. 

dL 
K=-

--d8 

dL is small change in torque which occurs during a 
smaII rotation of the tensioning mechanism, a(). A smaII 
change in tension acting at radius r1 (i.e. dL = r,1dT) 
will produce a smaII displacement, dx (CC') and an 
angular displacement d.(). 

In Fig. 12 
dT dT 

d (} 
- r1 
dx 

dT 
Hence K - ~,2 

dx 
1 

- (k tot} r 1 2 by definition. 

Thus fo 
1 t\ 12 T 3 a E 
2 -;:; ( w 2 ML + ML)1f2 (14) 

* Gravity is involved in the catenary terms. 

r....._ 

Mg 

•••• T c ·cf.xi?"-
/ T+dT 

i 
r, I 

----------------- r·· 
A 

Fig. 12, 

To increase the fundamental resonant frequency in 
this longitudinal mode for a given wire, tension and 
length, the ratio r1,/(1r2 • M 1'42) must be increased. This 
implies a physical reduction in the rotational inertia of 
the tensioning system. For example, for the same length 
wire with the same tension, the resonant frequency can 
be doubled from 5 Hz to 10 Hz is the mass M is 
increased by a factor of four and made to rotate at one
quarter of its original radius. 

As a tensioning method, a helical spring has advan
tages over rotational gravity tensioning devices. The 
apparent inertia in the expression for longitudinal reso
nance is approximately the mass of the spring. Funda
mental longitudinal resonances of several hundred Hertz 
are to be expected for 10· m invar wire strainmeters. 

d) Transverse oscillations. 

The fundamental frequency of smaII transverse vi
brations in a wire suspended between fixed end points 
is given by 

1 
ft = 

21 

where T is the tension in the wire of length L, and 
mass per unit length m. The different boundary condi
tions in a wire a strainmeter using an elastic wire 
suspended in a shaIIow catenary give rise to complicated 
mathematical expressions. The measured frequencies o! 
osciIIation in wire strainmeters agree to within le~ 
than an order of magnitude with the expression for ft 
aoove. Typical transverse frequencies for 1 O m. wire 
strainmeters are tabulated below. High transverse fre
quencies for a given length and material are to be 
obtained by increasing the tension in the wire. The 
increa_se is limited by the ultimate strength of the 
mater~al and the introduction of undesirable creep 
b~av1our at large stresses. A tension which is appro
ximately 1/10 of the ultimate breaking tension of a 
particular material, has been used as a working load. 

e) Damping methods in a wire strrJinmeter. 

Transverse resonances .in the wire have been damped 
by the expediency of placing thin mica · vanes near the 
antinodes of the first and second harmonics. This 
method reduces the large osciIIations which occur 
during strainmeter adjustment. The vanes, however, 
render the wire susceptible to air currents which may 
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TABLE 6 

Transverse resonant frequencies in wire strainmetet"s. 

Diameter 
Area of section 
Tension 
Transverse resonant 

frequency 

1 mm. 
10-0 m2 

100 mN 

5 Hz 

lnvar 

0.4 mm. 
1.6.10-1 m2 

20 mN 

2.5 H2 

exist in the measurement vicinity. The transverse oscil
lation mode can be heavily damped if the strainmeter is 
immersed in a fluid. (Section 7.2.f.) 

Longitudinal resonance has been critically damped 
in some strainmeters by velocity damping using ed4, 
currents in the tensioning system. In all ca.~es, the 
tensioning system is constrained to have 0nly one 
degree of freedom. 

f) Tensioning balance inertia and frequ·e11cy response. 

The inertia or rotational inertia of the tcns;onmg sys
tem determines the fundamental longitudinal resonant 
frequency, and the tension in the wire determines the 
transverse resonant frequency. The high-frequency use
fulness of the strainmeter will depend on the frequency 
of the lowest natural mode of oscillation. 

The longitudinal resonance can be reduced by using 
either a rotary tensioning-system of small rotational
inertia or a spring of low stiffness. For the sensitivities 
involved in Earth strain measurement the rotary balance 
is simpler and more convenient to apply. 

Fundamental resonances of between '20 Hz and 1 Hz 
can be expected for 10 m. invar wires and carbon 
fibres of diameters near 1 mm under 10 N. tension. 
l'he rotational inertia of the tensioning unit for these 
frequencies is approximately .004 Kg m2 . The trans· 
verse frequencies for corresponding conditions are also 
between 'l Hz and 20 Hz. 

If the lowest transverse resonant frequency can be 
raised (by constraining the wire lenght-standard at the 
antinodes of the first and second harmonics), there is 
a good case for increasing the fundamental longitudinal 
resonant frequency. 

Strainmeters, however, have their greatest use in the 
measurement of strains with periods greater than 10 se
conds. For these periods the tensioning inertia is not 
important except for the following considerations : 

i. The inertia of the tensioning system must be small 
enough to allow the fundamental longitudinal resonance 
to be approximately, but not quite, the same frequency 
as the fundamental transverse resonance. In normal 
operation if microseismic activity is present, the strain
meter is stimulated by longitudinal forced vibration. To 
prevent excessive excitation of the transverse mode the 
two resonant frequencies must not be harmonically 
related. 

ii. In areas of high seismicity if sudden violent ground 
strains occur the wire length standard will respond by 

2.10-4 fibres 
10-6 m'2 
200 mN 

15 Hz 

r 

Carbon fibre 

5 .10-3 fibres 
2.5 10-1 m 2 

50 mN 

10 Hz 

High-inertia 

low- inertia 

Theometer tensioning system 

4>:· 

Fig. 13. - Tensioning_ arr~ng~ments. in the constant ~ension 
wire strainmeter. Low mert1a 1s obtamed by concentrating the 

tensioning weight near the flexure pivot. 

changing in length. The magnitude of the transient 
length change will depend on the ratio of its stiffness 
to the tensioning inertia. At worst, a permanent change 
in length will be produced if the elastic limit of the 
wire is exceeded. 

iii. Self heating of the wire by hysteresis as a result 

of constant microseismic agitation has not proved 
detectable. However, it is worth noting that this heat
ing effect and other hysteresis effects are reduced in 
a system which employs a low inertia tensioning: system. 

6.3. The Displacement Transducer - General Require
ments 

Transducers for use in strain measurement must be 
capable of resolving displacements within a range of 
10 µ.m and 0.01 µ.m. For the study of microseismic 
strain levels ( e.g. 10-10 over a 110 m measurement inter
val) they must be capable of detecting displacements 
of several Angstroms. 

Many electronic devices are capable of resolving the 
displacements involved in strain measurement. Inter
ferometric methods, although highly suitable by virtue 
of their inherent calibration in terms of the wave
length of light, are costly and delicate. Photocell 
methods have high temperature coefficients and are not 
easy to incorporate into simple machines. The same 
applies to wire and semiconductor strain gauge elements. 

To achieve electronic simplicity, low «zero» drift 
and a low temperature coefficient, the choice must be 
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made between capacitative and electromagnetic trans
ducers. 

There are numerous ways of arranging capacitance 
plates or electromagnetic elements to measure displace
ments. (Neubert 1963, Jones 1967, Wolfendale 1968). 
In general, the smaller the displacement range to be 
measured the smaller, or more closely spaced, the ele
ments of the transducer. For the units described later 
in this paper it has not been necessary to develop a 
transducer and associated electronics since cheap devices 
are commercially available. 

The operating principles of capacitative and electro~ 
magnetic transducers are summarised in Fig. 14. 

.---.. f 

I:):,:=: 
Variable proximity 

Capacitative 

Variable inductance 

Electromagnetic 

+-+ 

:fu4!:f::::f:::::: 

Variable area 

Is 1.-.. 
~ 
Vatiabla coupling 

+-+ 

~t.t.l.'.~· 
Variablil distance 

~ .. p 
Differential coupling (LVDT) 

The Linear Variable Differential Transformer {LVDT) 

S = second11y coil(s) p =primary find coil f =.f.ixed plate 

Fig. 14. - Displacement transducers. The arrangement of the 
elements of some forms of displacement transducer are shown 

in outline. 

Compared with electromagnetic devices, commercial· 
ly available capacitance transducers can resolve smaller 
displacements with less electronic noise. However, a 
serious disadvantage is a reduced range over which this 
sensitivity is available. Were length standards and ther
mal conditions ideal, this would not be so important. 
Instrumental drift, however, can displace the operating 
position many times further than the magnitude of the 
periodic strains observed. This demands a wide linear 
range in the displacement transducer - a condition 
easily satisfied in the linear variable differential trans
former (L VDT). An L VDT has the further advantage, 
that it is relatively insensitive to dirt and moisture, 
which greatly disturbs capacitive devices. 

7. PRACTICAL DESIGNS FOR CONSTANT TEN
SION WIRE STRAINMETERS 

Over the past two years some six or seven experi
mental strainmeters have been built at the Department 
of Geodesy and Geophysics of Cambridge University. 

They have to a large extent been designed to test the 
theories discussed in previous sections. 

From these designs two practical devices have been 
evolved, which, while they do not represent final sys
tems, they are practical field devices and are currently 
being employed for tidal and seismic surveys. 

7 .1.a. The Theometer 

This strainmeter has been designed to measure long 
period strain for periods of thirty seconds to thirty days. 
It is primarily for the study of earth tides in a quiet 
seismic environment, so that the tensioning system is 
of relatively high inertia. To facilitate portability and 
alignment a micrometer calibration system has been 
incorporated. 

The strainmeter is designed to work in any thermally 
constant environment ( + .01 °C) such as may be found 
in a variety of abandoned mines, tunnels, dungeons, 
sewers, cellars, basements or caves. Installation requi
rements are modest; a visibly straight stretch vertical 
wall between 5 m. and 20 m. long, or an interval 
between to vertical walls. Power consumption is small 
enough to be independent of mains if necessary, in 
which case recorder and electronics can be run for a 
month on two 12 v. car batteries. 

It uses as a lenght standard a 0.3 mm. diameter, 
10 metre long invar wire. The measurement of strain 
is achieved with an L VDT. Flexure pivots are used 
throughout so that there are no frictional effects within 
the instrument. 

The construction of the Theometer is self-explanatory 
from a study of Fig. 15. Most of the components have 
been machined from a single solid sheet of 12 mm. 
brass, and grain direction maintained to minimise dif
ferential thermal expansion within the instrument. In 
particular, care has been exercised in the layout of com
ponents away from the << thermal reference axis ». 

b) Installation. 

The strainmeter is fastened to the tunnel wall by 
four bolts, three of them support the tensioning unit, 
while the fourth is positioned approximately 10 m. to 
the right, to hold the other end of the wire length 
standard. With the aid of a template three holes are 
drilled in a suitably vertical piece of rock firmly attached 
to the tunnel wall. The depth of these holes is between 
5 and 10 cm. Snug fitting 12 mm. diameter brass 
cylinders are lightly hammered into the holes with an 
excess of araldite glue. Most of the resin glue is 
squeezed out if the cylinder is correctly installed. In 
the top of each cylinder is a tapped 0.B.A. screw. 
thread ( 6 mm.) which locates with the three mounting 
holes of the Theometer. The bolts take three or four 
days to cure. 

c) Operation (see Fig. 15) . 

Strain occuring in the measuring interval can be 
regarded as a movement of the length standard (A) 
away from the reference plate (B) of the Theometer. 
This movement is amplified mechanically by the magni
fication arm (C), which rotates about the flexure 
pivot ('F). The signal gain is a factor of 10 ( + 0.5.% 
allowing for the thickness of the flexure pivot). The 
transducer core (I) is positioned at the far end of the 
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Fig 15 THEOMETER DESIGN FEATURES 

MEASUREMENT COMPONENTS 

F crosaed-epTing pivot 

G steadying flexure pivot 

Linear variable differential tran du.cer 

K copper damping vane -----

CALlBRA TION I.ALIGNMENT COMPONENTS 

M 

P phosphol'"'bronze spring 

T ·mounting hol111 

t 
thermal 

reference· 
axi1 

magnification arm and rotational movements are measur
ed by (J), a Linear Variable Displacement Transformer 
(L VDT). A copper eddy-current camping vane, at the 
end of the magnification arm, reduces longitudinal 
resonances in the wire. Tension is applied to the wire 
by the tensioning weight (E), suspended by flexure 
pivots (D) where FD = FA. 

The L VDT is mounted on a parallel spring guide 
(Q), the position of which is determined by the cali
bration arm (L). This arm facilitates calibration and 
coarse adjustment of the L VDT measurement position. 
The calibration arm rotates about the lower pivot (S2 ) 

in response to micrometer movements on the stainless 
steel ball bearing ( 0), held in place by the retaining 
spring (P). The amplitude of the micrometer displace
ment is reduced by a factor of 10 ( + .5 % ) where it 
is coupled to the L VDT by the upper pivot (S1). The 
fine adjustment lever (N) is adequate to produce 
apparent « strains » of 1 o-s for calibration purposes 
(5 :%). 

d) Frequency and Thermal respon.re, 

The response of the system to a step function is 
shown in Fig. 16. The lateral resonant frequency of 
the wire is 5 Hz, which is poorly damped by air. The 
longitudinal resonant frequency is approximately 2 Hz, 
which is more than critically damped by the eddy-cur
rents in the copper vane of the Theometer. 

The Theometer and associated electronics has a 
thermal coefficient when expressed as apparent strain 
of 3.10-9/°C (in 10 m.) for temperature variations 

····················. ·········· ..... . 
15 30 45 60 

SECONDS AFTER STRAIN STEP 

Fig. 16. - Response of Theometer to 10-1 strain step. 

between 5 °C and 2 5 °C. The time constant for the 
instrument to stabilise thermally with its environment 
is approximately 40 minutes. Fig. 1 7 illustrates the 
curve obtained experimentally for a Theometer. In ope
ration the Theometer is in good thermal contact with 
the rocks of the tunnel, but the length standard is 
influenced by the temperature of the air which imposes 
stringent requirements on air temperature stability. The 
Theometer and a 0.5 mm. diameter invar wire have a 
thermal time constant of approximately 5 minutes for 
small air temperature changes while it is in operation 
( such as may occur during inspection). 

i5.10 
;; 

! 
20°C • • • • • • • • • • • • • 

2 3 4 
Time in hours 

Fig. 17. - Thermal response of a Theometer to an air 
temperature change. 

e) Electronics. 

Commercial L VDT units and electronics have been 
supplied by Electro Mechanisms Limited. Sensitivity is 
adequate to observe strains of 10-10• 

When using an A.C. mains source, a voltage change 
of 10 v. produces an apparent strain of 10-9 • The 
electronics is summarised in the block diagram Fig. 18. 

Initial drift of the strainmeter is of ten many times 
more than the magnitude required to study earth tides. 
The signal from the electronics is fed to a stepper unit, 
which, in turn, feeds a chart recorder. In this way the 
system gain may be maintained unsupervised, at working 

Fig. 18. - Electronics block diagram for strain recording. 
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Fig. 19. - Representative record from an incremental chart 
stepper. An analogue signal may exceed the full scale recording 
value of a chart recorder, without loss of gain, by a factor of 
30 before the trace is lost. If drift continues recording gain 

can be reduced. ( Owen 1970). 

sensitivities in the · presence of either thermal or 
mechanically induced drift. The stepper unit produces 
as many as thirty incremental offsets. (Fig. 19). 

7.2. A Trench Strainmeter 

For general application to earth strain measurement, 
~ trench strainmeter must fulfil certain requirements ; 
its component parts must not be too large or too heavy 
to be conveyed and installed by one or two men, and 
aut~matic calibration and compensation from drift 
durm~ months of unattended battery operation are 
essential. Instrumental sensitivity to strain of at least 
10-8 and insensitivity to the large near-surface thermal 
effect~ are opposing facets of measurement. Perhaps 
most important of all is its invulnerability to vandalism. 

E_ncourage~ by the success of simple two point fixing 
strammeters m thermally stable underground environ
ments, 3: 10 m. wire strainmeter has been designed to 
oper~te m a 2 m. deep refilled trench in Cambridge. 
Previous w~rk on near-surface strainmeters (Major 
~9<96) has involve~ the use of rigid quartz tubes or 
mvar. rods. T~~se mstallations do not take kindly to 
floodm~ by ~1S1ng ground waters and are fragile in 
c<;>mpanson with the corresponding tensioned-wire de
v!c~s. The support columns and joints necessary in a 
r1g1d rod extensometer are entirely avoided and the 
end piers can be miniaturised due to the reduced weight 
of the length standard. 

a) Siting. 

A basic consideration in positioning a near-surface 
instrument is the avoidance of large vertical objects 
upon which the wind may purchase to induce local 
ground strain. Buildings, trees and cliffs are all sour
ces of strain noise for periods between one second and 
~en minutes. The thermal insulation of the ground is 
im~roved by grassy vegetation and thermally-induced 
strams are reduced when this cover is uniform. Thermal 
strains ~re minimised in regions of flat topography and 
fluctuations of the water table should also be considered 
if secular strain is to be observed. 

b) Security. 

An unassuming manhole cover is all that can be seen 
of a trench strainmeter from the surface. Contained 
below this cover are the batteries, recording equipment 
and _the ~ensioning end of the strainmeter. It may be 
possible, m the future, to bury the strainmeter and elec
tronics entirely, if power and recording facilities can be 
remotely housed. At present, the best arrangement ap
pears to be to keep everything together in one hole and 
to . cover the inspection manhole with a layer of local 
sod, once the device is working satisfactorily. 

c) Trench 

The depth of the trench is determined by a number 
of factors and finally by the reach of the available me
chanical excavator. Although the strainmeter is designed 
to work underwater, it is inconvenient to install a 
strainmeter in the presence of free water, so that the 
water table must be below the bottom of the trench 
if adequate pumping facilities are not available. The 
degree of competence of the surrounding soil is a 
m~jor factor limiting the depth of the trench. In Cam
b.ndge, a 10 m. long trench, 2 metres deep required 
side supports to prevent gravel walls from collapsing. 

d) Installation (Fig. 20) 

. The floor ot the trench is evened using a tensioned 
sting as the guide. The end piers, sawn sandstone blocks 
weighing approximately 25 kg each are bedded flush 
wi~h the floor,. taking care not to disturb immediately 
~d)acent .material: A three section aluminium pipe is 
JOmed with plastic tubes through which the wire length 
standard has been threated. The pipe is bedded, firmly 
bedded into the undisturbed flat floor of the trench 
and the trench refilled with the original material. Wa
ter is liberally applied during these operations to ensure 
that there are no air pockets which would allow the 
pip~ to sink during the subsequent settling of the fill. 
Typically the completer installation using a three man 
team and a trenching machine takes one day. 

Access to the tension balance end of the instrument 
is provided by a manhole cover on the top of a stack 
of precast concrete sewer sections stacked to just below 
the surface of the ground and situated symetrically 
about one of the sandstone end piers. This is intented 
to reduce tilting of the block during settling. The two 
end housings are fastened to the sandstone blocks and 
connected to the pipe with flexible rubber bellows. 
The tensioning balance and electronics are installed and 
the wire adjusted to the correct length. Final adjustment 
after the installation of the tensioning balance and 
electronics follows filling the strainmeter system with 
paraffin mixed with a little oil. 

e) Tensioning and Output. 

The tensioning unit incorporates x 1 O mechanical 
magnification, remote electronic resetting and incre
mental calibration. An output of 60 m V + 3 m V for 

1ua11 HUIWI AI.IIIINIUM PIPE 
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Fig. 20. - Trench strainmeter. « A» during installation, 
« B » operating. 



10-s strain is observed. Coarse adjustment during initial 
settling is achieved manually. Thereafter adjustment and 
calibration of the LVDT transducer is possible by elec
trically operating a stepping motor from the surface. 
Its incremental rotation is converted into small displa
cements by a worm drive and a folded lever system. 
It is possible, in the present devices, to introduce cali
bration signals corresponding to strains of 10-9 over a 
range of 10-4 with 5 % repeatability. However, the 
absolute calibration of sensitivity must be confirmed by 
other means for a given wire, span, wire tension and 
tensioning system. (Section 6.2) . 

f) A Fluid Environment. 

An unusual innovation in this instrument is the com
plete immersion of every part of the strainmeter in a 
liquid. The instrument is housed in a fluid-tight enclo
sure, except for a small vertical tube, through which 
the coarse adjustment screw can be reached. 

There are five important reasons for immersing the 
strainmeter in a liquid medium : 

1) The instrument is to be left unattended under
ground for extended periods, the presence of a paraffin 
(kerosene) or a silicone liquid is a deterrent to insect 
invasion, i.e. spiders' webs and cocoons are liable to jam 
the moving parts. 

2) Metallic parts are protected from corrosion and 
electrical properties will. remain constant. 

3) The fundamental resonances of the system are 
heavily damped. This is very impo·rtant as a near-sur
face site is probably subject to high microseismic acti
vity near this range of frequencies (20 Hz - 0.1 Hz). 

4) The thermal time constant is increased and so is 
the thermal coupling of the strainmeter to the ground. 
This is one way of preventing the instrument being di
rectly disturbed by air temperature changes. Also, sin
ce thermal variations are likely to be the largest single 
disturbance on the instrument, some degree of ther
mal compensation may be required, for which good 
thermal ground coupling is a prerequisite. However, 
there is a slight disadvantage in the possible occurence 
of convection systems in a 10 m. long pipe which may 
produce spurious results. 

5) The level of the water can rise above the level 
of the instrument without putting it out of action 
Fig. 20. 
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Fig. 21. - 20 second microseisms recorded on an 8 m «wire» 
strainmeter with a carbon fibre length standard in Queensbury 

Tunnel (53° 46' N 1° 51.5' W). 
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8. SOME TYPICAL RECORDS 

At present some long spans of record are being ana
lysed for background seismic level and tidal component 
amplitudes. These will be published elsewhere together 
with a more extensive discussion of their significance. 

2amar 2100 
1970 GMT 

2200 2300 

NE/SW 

10m INVAR 
WIRE 

NE/SW 
20m QUARTJ 

ROD 

Nw\SE 
CARBON 7 m FIBRE 

Fig. 22. - The Gediz, Turkish earthquake of 28th March 1970 
recorded on an invar wire strainmeter, a quartz rod (Benioff 
type) strainmeter and a carbon fibre length standard strain-

meter (Queensbury Tunnel}. 

Fig. 21-25 show some typical data from the instru
ments described. It is worth noting that all the instru
ments are of adequate stability to easily observe diur
nal tidal effects and that the signal to noise ratio in 
all cases is sufficient for the study of short period ti
des. The Sydenham gauge is insufficiently sensitive to 
detect microseismic activity but this has been clearly 
observed on the other instruments. Fig. 21 shows some 
20 second microseisms recorded in Yorkshire on a 
wire strainmeter using an 8 metre Carbon fibre length 
standard and Fig. 22 illustrates typical seismic arrivals 
obtained on this strainmeter and others operating simul
taneously. The use of slow speed chart recorders limits 
the usefulness of earthquake records obtained in 
Queensbury. 

Fig. 24 shows a spectral analysis of a months tidal 
data obtained from one of the invar wire strainmeters 
in Queens bury. The records are not corrected for instru
mental temperature or pressure effects. 

Fig. 23. - Simultaneous tidal records from a constant-tension 
wire strainmeter and the fringe-counting laser interferometer 

strainmeter in Queensbury. 
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Fig. 24. - A month of tidal data and its spectral analysis. 
Of note is the excellent signal to noise ratio for diurnal and 

semidiurnal tides (NE/SW component of strain). 

A short span of data from a trench strainmeter in 
Cambridge shows a large thermal signal. It is expected 
that tidal components will appear when the analysis 
of longer spans of record are complete. 

APPENDIX 

THE THEORY OF THE WIRE IN CATENARY 

In the constant tension wire strainmeter a flexible 
wire is suspended so that it hangs under its own weight 
and describes the curve known as a catenary. In the 
foliowing mathematical treatment the wire will be 
considered elastic and flexible so that although it can 
stretch it has no resistance to bending and cannot sus
tain kinks. Only first order terms in the mathematical 
expressions will be considered. 

Three results are required : 

i) the sag at the centre of the wire given its length, 
density and end-tension. 

ii) the change in span of the wire for a small change 
in end tension. 

iii) the change in span in the wire caused by changes 
in the acceleration due to gravity and by changes 
in atmospheric pressure. 

6-13 aug 1970 Trench stralnmeter 
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Fig. 25. - A week of strain data from a trench wire strain
meter installed in Cambridge. The spectral analysis shows the 
large amplitude of the diurnal thermal signal. Longer periods 

of record allow the analysis of tidal components. 

· Consider first an inelastic, flexible wire of length 
S = 2s, supported between A and B which are of the 
same height. The tension in the wire at the ends is T 
and the tension at the centre of the wire is T'°. Let the 
weight per unit length be w. Resolving forces on the 
length of wire OA we have, 

and 

i.e. 

so that 

and 

T0 = Tcos () 

Tsin () = wsi 

tan() = 

sin() 

cos() 

ws/T0 = Si/k 

(where k = T0/w) 

Si (k2 + S12)-1/2 

k (k2 + Si 2)-1/2 

., 
~ 

(1) 

(2) 

(3) 

AT : T .. .............................. X···i•...... ..... ....... ... .... ............. a 

WS 

Consider a small element of the suspended wire, RG. 
It has a length ds and is held in equilibrium by three 
forces as shown. We are neglecting the effects of the 
wire's resistance . to bending. We can write 
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T 

dx 

ds 

T+dt 

wds 

cos () = k (k2 + s2)-1/2 

from (3) where s = OR 
x 

and s 

k sinh-1 (s/ k) 

k sinh (x/k) 

x3 w x 5 w 
x + - (-)2 + ~ (-)4 + ... (4) 

6 T0 120 T0 

dy 
similarly - = sin () s (k2 + s2)-1/2 

ds 

also 

y (k 2 
- s2)1/2 - k 

k cosh (x/ k) - k 

x2 w x4 w 
- - + - · (-)4 + 
2 T 0 24 T 0 

T T0 sec() 

w (k + y) 

T - T0 = T0 (1 + y/k) - T0 

(S) 

(6) 

T 0 xw T 0 xw 
- (-)2 + - (-)4 + (7) 

2 T0 24 T0 

Let the total span of the wire be X, and let d be 
the sag of the wire at the centre, 0. 

From (1), tan() = 1 ws/T0 

w X w 3 X 
hence d = - (-)2 + -r-- (-)3 + 

2 T0 2 24 T0
3 2 

from (6) 
wX2 

d = (8) 
8 To 

Expression 8 relates the sag at the centre of a wire 
stretched between horizontal supports to its weight per 
unit length, its total span and its tension at the centre 
of the span. The tension in the suspended wire is given 
by expression 7 and varies from a maximum at each 
end, T, to a minimum at the centre T,0 • In practical 
designs for constant-tension wire strainmeters T '.:::::'. T0 

so that we may use the end tension in expression 8 with 
sufficient accuracy. 

From (4) 

X 3 w X 5 w 
S - X = -- (-)2 + -- (-)4 + 

24 T0 1920 T0 

(9a) 

Rearranging this expression and neglecting small terms 

53 w 3 55 w 
s - x =· - (-)2 - -- (-)4 + ... (9) 

24 T 0 640 T0 

If the wire is elastic and has a Young' s Modulus E, we 
can write 

S = L (1 + T/a E) (10) 

where S is the stretched length of a wire of length L, 
cross-sectional area a, under a tension T. 

Substituting for S in (9) and applying the approxi
mation for the tension in the suspended wire ( stated 
above) we obtain, 

X = L + LT/aE - L3 w 2 T-2/24 + 

differentiating 

L La w2 
dX - (~E + 12T-;-) dT (11) 

which is an expression relating the change in catenary 
span to small changes of tension when the catenary is a 
shallow one. It consists of two parts : a linear Hookean 
elasticity L/ aE and a non-linear elastic contribution due 
to the change in sag of the catenary. 

Expression 11 is an indication to a first-order of the 
«stiffness» (dX!dT) of the catenary. The two elastic 
contributions to the stiffness of the catenary will be 
equal when the end tension T satisfies the condition 

12 T 3 = a E w 2 L2 (12) 

which would represent the optimum working tension in 
a wire strainmeter if the tension could be held absolu
tely constant. 

An increase in the end tension, T, above the value 
obtained in ( 12) would result in only a small increase 
in the stiffness dX! dT. It is unrealistic to design a 
tensioning system in which no small change in the 
tension of the suspended wire can occur. Changes in 
tension can be accomodated in strainmeter design if 
the stiffness of the suspended wire is largely linear. In 
his case, the Hookean contribution to the sitffness must 
be made larger than the catenary contribution to the 
stiffness in (12). Hence, 

b 
T > a [- (dgL)2]1/3 

12 

where a is the cross-sectional area, E is Young' s Mo
dulus for the wire of density, d, and length L.g is the 
acceleration due to gravity. However, the tension is li
mited ultimately by the maximum stress the wire will 
take before failure, T f· Also problems of dimensional 
creep at high stress in most materials prevent T from 
being too large. A working tension of < 0.1 T 1 has 
usually been adopted in the strainmeters decribed. 
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The effect of pressure on a constant-tension wire 
strainmeter 

A wire strainmeter is affected by changes in air
pressure in two ways. 

(i) Compression. Since it is subject to hydrostatic 
compression by the air, the wire length-standard will 
respond by a change in length if the air-pressure chan
ges. 

(ii} Bouyancy. The wire hangs in the form. of a ca
tenary whose span is determined by its weight per unit 
length. An increase in the density of the air will reduce 
the weight per unit length and hence increase the span. 
Similarly, the tensioning-system. often involves a weight 
whose bouyancy will modify the tension transmitted to 
the wire. 

Fig. A. 

Consider the arrangement shown in Fig. A. A wire 
is suspended between C and B and held in tension by 
a device which rotates about the fixed point A. The 
span of the wire is X. Atmospheric pressure will be 
denoted by P and it will be considered to change by 
not more than 10 %. ie dP!P = 0.1. 

(i) The direct effect of hydrostatic pressure on the 
dimension of a solid body is given by : 

dX 1 
- = -- dP 

X 3k 

where k is the bulk modulus of the solid. For invar wire 
where k = 9,9.1010, a 10% atmospheric pressure change 
will produce a 3.3.10r8 change in length. This repre
sents a strain equivalent to tidal Earth strain. Seismic 
strain is often less than 10-10• Compensation for baro
metric effects is necessary if meaning is to be placed 
on measurements at sensitivities less than 10-7 • (Ba
rometric fluctuations are present in the atmosphere at 
periods from less than a second to more than a year.) 

(iia) Bouyancy of the wire length-standard. 

Neglecting small terms, expression 9a may be written, 

xa g2 m2 
X= St+----

24T2 
(9b) 

where X is the span of the wire in catenary, St is the 
stretched length of wire held under a tension, .T. m is 
the mass per unit length of the wire, cross-sectional 
area a, density dm. T is the tension in the wire at the 
centre of the catenary, ( approximately equal to the end 
tension when the catenary is shallow) . g is the accele
ration due to gravity. 

The change in span for small changes of pressure 

ax a.x om' 
- - - X - -

oP am' oP 

(m' g is the weight per unit length in air) 

ax 
am· 

g2 xa m' 

12 T2 
(from 9b) 

and the apparent change in weight per unit length 

am' g = - gad o P/P 

where a is the cross-sectional area of the wire, which 
to a first approximation does not change during the 
increase of atmospheric pressure from P to P + oP. d 
is the density of dry air at pressure P. 

ax g2 X 3 m'a d 
Thus 

oP 12 T2 P 

ax oP Xag 
hence d d ~ (-)2 

x m P T 

For example, for a 10 % change of air pressure in 
air of density 1.2 Kgm-3 , the span of an invar wire 
in catenary will change by approximately 10-10

• (X = 
10 m, a = 1.14.10-1, dm = 8.108 Kgm-3, T = 10 N). 

(iib) Bouyancy of the tensioning weight 

In fig. E the tension is induced in the wire by a 
weight W rotating about the pivot A and joined to 
the wire by unequal-length arms as shown. An increase 
in the density of the air will reduce the tension at 
point C. 

The volume of the weight W is MID where M is 
the mass and D the density of the weight. The apparent 
weight of the wire in air of density d is 

d 
W = Mg (1 - -) 

D 
and the tension at C, 

f1 d 
T = Mg - (1 - -) 

r 2 D 

aT Mgr1 d 
hence __ ,..........,_ 

oP Pr2 D 

ax x xa g2 m2 
from (9b) -- + oT aE 24T2 

where X is approximately equal to St for a shallow ca
tenary. 

The change in catenary span caused by a small chan
ge in the bouyancy of the tensioning system, 

oT aX 
--X--
oP aT 

Hence the apparent strain produced by a change in 
bouyancy of the weight in Fig. A 

o X Mg d r1 o P 1 g2 m2 L2 

X = - PDr
2 

(~E + 12T3 ) 

where the symbols are as follows, ( approximate, re
presentative values for an invar wire strainmeter are 
shown in brackets) 
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M mass of tensioning weight (10 N) 
D density of tensioning weight (8 . 103 ) 

P - atmospheric pressure (760.133 Mn-2
) c}P /P = 1 

d - density of air at pressure P (1.2 Kgm-3 ) 

r 1 radius of rotation of the C of G of M 
(r1/r2 = 1 1) 

r 2 =1 radius of rotation of wire attachment point 
a cross-sectional area of the wire (10-7 m2 ) 

E =• Young's Modulus for the wire {17. 6. 1010 

Nm-2 ) 

m mass per unit length of the wire (103 Kgm-1 ) 

L - length of the wire (10 m) 
T - tension in the wire (10 N) 
g acceleration due to gravity (10 ms-2 ). 

The magnitude of the apparent strain produced by 
10 % atmospheric pressure changes is approximately 
10-11 in the above case. 

Instrumental compensation for pressure effects 

Three pressure effects exist in a wire strainmeter. 
For a 10 % pressure increase, a hydrostatic compres
sion of more than 1 o-s occurs in the length standard, 
a reduction in the tension causes a decrease in catenary 
span and a reduction in the apparent weight of the 
wire causes an increase in the span. The latter two 
bouyancy effects are two orders of magnitude smaller 
than the hydrostatic compression and are approximately 
equal and opposite when the strainmeter is made 
throughout of the same material. It is possible to in
crease the ~ensioning system bouyancy and change its 
sign by using a dummy counterbalance. 

.{::i::ro~----~------~ 
w, W2 

Fig. B. - Dummy counterbalance to compensate for pressure. 

The counterbalance W,z is light compared with W1 

and R is large compared with r. The volume of W2 

must be large in order to wholly compensate for the 
compression of the length standard. The disadvantage 
of such a system besides its obvious clumsiness, is that 
it becomes susceptible to draughts because of the large 
sizes involved. A more compact pressure compensation 
method is to move the measurement transducer by 
means of a pressure sensitive capsule. 

Normally, the measurement of atmospheric pressure 
(and the subsequent reduction of the data) is sufficient 
to remove instrumental effects. 
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THEORY AND REALISATION 
OF BROAD-BAND FEEDBACK SEISMOGRAPHS 

by Axel PLESINGER * 

1. Introduction 

It is well known that research of the internal structure 
of the Earth or focal mechanism studies require to 
expand considerably the pass-band of station seismo
graphs, in particular towards longer periods. This requi
rement can be fulfilled by applying electronic filters 
in a usual seismograph system. The filters may either 
be included after the seismic detector, or they can 
be used to establish feedback to it. As regards the 
capacity for modifying the response curve of the system 
and the level of its instrumental noise, both methods 
are practically equivalent. However, as regards the 
linearity oveir a wide dynamic range, the feedback 
method is more convenient (Sutton and Latham, 1964; 
Daragan, 1967). In the presented paper a brief survey 
of our results, involving analysis, synthesis and realisa
tion of broad-band photoelectric feedback seismographs 
is given. 

2. Modification of the frequency response of seis
mometer-galvanometer combinations by degenera
tive feedback. 

The equations of motion of a feedback-controlled 
seismometer-galvanometer combination are of the form 

.. . 
and Jg ·'P + P g cp + Dg 'P - Gg i 1 = Gg i 81 

where i 1 and i 82 denote feedback currents flowing 
through the galvanometer and seismometer coil, is1 the 
current in the common signal circuit, J s and Jg moments 
of inertia, P8 and Pg open-circuit damping constants, 
Ds and Dg torsional restoring constants, G81 , G82 and 
Gg electrodynamic constants of the coils, m the pen
dulum mass, r0 the distance of the center of the mass 
from the rotation axis, () and cp angular deflections 
of the seismometer pendulum and of the galvano
meter coil, respectively, and x the displacement of 

* Geophysical Institute of the Czechosl. Acad. of Sciences, 
Bocni I.I, Praha .. 4 ........ Spo.cilov. . . --- . .. . .. 

the seismometer frame measured in the same sense as 
(). Let us assume that the feedback currents are each 
composed of three components defined by the equa
tions 

- (k1 () + k2 0 + ks 'o°) 

- (k4 <p + k5 ~ + k6 f ip dt) 

(1) 

(2) 

i.e. that the current i 82 is proportional to the lst, 2nd 
and the 3rd derivative of the pendulum deflection and 
the current i 1 proportional to the deflection of the 
galvanometer coil, to its lst derivative and to its 
integral. The complex frequency characteristics of the 
two me-chanical oscillators are then defined by the 
expressions 

A 

S (j w) = 15 1 (j w)/X (j w) 
' jws. 

= Cs (w s/ Ws}
2 

( , 2 2) + . (2 , , k' B) 
Ws -w f asw s w - 3(1) 

and 

G (j w) = ~ (j w)/Is1 (j w) 
iw = Cg ___..__._ __ ~ __ ...........,,.......... __ _ 

(k'o w'/ - 2 a'g·w'g w2
) + j (w'g2 w - w3

) 

where 

Ws Ws (1 + k\)-1/2, 

w' g Wg (1 + k' 4)1/2, 

a' s as (1 + k' 1 ) (1 + k' 2)-1 /
2

, 

a g ag (1 + k' 5 ) (1 + k' 4)-
1 !2

, 

k' 1 

k'3 ks Gs2/ J5 (1 + k\}, k'4 = k4 Si, 
k' 5 k5 Gg/Pg, k'a = k6 S1 (1 + k'4), 

Si = Gg./Dg; 

ws , wg denote the free angular frequencies and as , ag 
the dimensionless damping constants of the pendulum 
and the galvanometer, respectively. 

A detailed analysis of these expressions · has shown 
t.h..at bi .. various combinations of the feedbacks a wide 



field of requirements can be realised. In figure 1 the 
asymptotes of some significant combinations are plot
ted. The dashed lines are asymptotes of a seismometer
galvanometer combination without feedback, the full 
lines asymptotes of feedback modifications of this 
system. The numbers by which the asymptotes are 
denoted, give their slopes in multiples of 6 dB/octave. 
Data pertaining to the individual modifications are 
given in table 1. 

It is evident from figure 1 that by introducing 
feedbacks of the mentioned types the pass-band of 
the system can be enlarged towards lower and higher 
frequencies and that the system can be modified to 
record either displacement, or velocity, or acceleration 
in a requir,ed frequency range. Furthermore, degener
ative feedback improves the linearity of the whole 
system. 

'rJ-------
P~CJJI 

f 

Fig. 1. - Asymptotes of the amplitude-frequency characteris
tics of various feedback modifications of a seismometer

galvanometer combination. 

280 -
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Fig. 2. - Schematic diagram of a photoelectric feedback 
seismograph system ; S - seismometer, G · galvanometer, 
PW - photoelectric transducer, GV1 and GV:i -- low noise d.c. 

- amplifiers, e - output signal. 

3. Analysis of a photoelectric feedback seismograph 

The schematic diagram of a photoelectric feedback 
seismograph system shows figure 2. A light spot, re
flected from the galvanometer mirror, is projected on 
the sensitive surface of a photoelectric transducer. A part 
of the amplified sigp.al proportional to the displace
ment of the light spot is fed throug two RC-circuits 
- which realise in a certain frequency range the feed
backs defined by equations (1) and (2) - back to 
the seismometer and galvanomete·r. 

Procedures current in the analysis of control systems 
were used to derive an analytical expression for the 
transfer function F (p) = E (p)/X (p) (e - outpur 
signal, x - frame displacement) of the system. It 
was found to be of the form 

TABLE 1 

Modification Feedback parameter values Combination Asymptotes 

sl f1 6.074 k'2 = 49.015 k's 2.5 

s2 4.0 24.0 0 
sl-gl 3-0 -2 

s3 3.737 0.455 0.14 
s2-g3 3 - 0 - 1 

s4 2.68 0.01 0 
s4-g3 3'-1'-0'-1'" 

s2-gl 3'-1'- 1" 

gl k'4 24.0 k'5 4.0 k' 6 0 
s3-gl 3"- 2'- 2" 

g2 24.14 4.014 0.02 

g3 24.0 87.54 0 
s4-gl 3"- 2'-1 
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where 

Vo 

aa 

d4 

bo 

b1 

1 + ~ am pm 
m=l 

F(p) - -V0 pa ---

n=O 

(r1 + T2) T3 T4 + (T3 + T4) T1 T2, 

4 
I1 T1, 
i=l 

Cow/, 

= Co Es + d1 Ws2 + /31 (K + Ws 
2 µ.), 

h2 + (/31 Eos + g1 Ws2) /J,) 

hs + (/31 + g1 Eos + g2 Ws2) /J,, 

h4 + (g1 + g2 Eos + gs Ws2) µ., 

hs + (g2 + gs Eos + g4 w/) µ., 

b6 d4 + d5 Es + d6 w/ + (g3 + g4 Eos) µ, 

b1 ds + do Es + bg Ws 
2 + g 4 µ., 

Co' 

di Ci + Ci-1 (T1 + T2) + Ci-2 T1 T2, 

where i = 2, 3, 4, 5 

Co (1 + (/34 + /3s) K] wl, 

(3) 

C1 {[/34 (Ts + T4) + /3::i + /3o Ts] K + ~ T} roi + eg, 

C2 [(/34 Ts + /35) T4 K + T2] wi + eg ~ T + 1, 

g1 /31 a1 + /32 , 

g2 = /31 a2 + /32 (T2 + T3 + T4) + /33, 

g3 = /31 a3 + /32 [(Ta + T4) T2 + Ts T4] + /3a (Ts+T4), 

g4 = /31 a4 + (/32 Tz + /3a) Ta T4 , 

h1 = di-2 + di-1 Es + d1 Ws2 + gi-1 K, 

where i = 2, 3, 4, 5 

Eos + Eis, Eos = 2 aos fils , 

Eis 

Eog 

To+ T3 + T4, 

µ. = V 0 10. M/Gs1, 

/31 Rz![Ra (R1 + R2) +. R1 R2], 

/32 R4 R12 C1/[Rs (R4 + R12) + R4 R12], 

/34 = Rs/[Ro (R1 + Rs) + R1 Rs], 

/3s Rio Ca/(R10 + R11), 

/3o = l/(R12 + R1s), 

Tz = (Ra + Ro2) C2 , 

T4 = R12 Ris C4/(R12 + R1s)· 

In these expressions are : aos , aog the open-circuit 
damping constants of the seismometer and galvano
meter; R51 , Rg the resistances of the seismometer and 
galvanometer coil; K 1 , K 2 the voltage amplification 
factors of the two D.C. amplifiers; R12 , Ro2 the input 
and output resistance of the amplifier in the seismo
meter feedback circuit; K 0 , To the sensitivity and the 
time constant of the photoelectric transducer; M the 
mutual inductance between the signal and the feed
back coil of the seismometer; S1 the current sensitivity 
of the galvanometer; /0 the reduced pendulum length. 

Expressions defining the spectral properties of the 
equivalent input instrumental noise of the feedback 
system were derived in a way outlined by Byrne (1961). 
Four predominating noise sources were taken into 
consideration : thermal noise in the signal circuit, 
thermal noise in the feedback circuit, noise of the 
photoelectric amplifier and noise of the amplifier in 
the seismometer feedback circuit. The latter two com
ponents were assumed to be white noise· with Gaussian 
amplitude distribution. The equivalent peak-to-peak 
ground motion in 1 octave bandwidth corresponding 
to the former two sources was found to be: 

X111p [µ/oct] = 6.71 X 104 10 Tl/2 (s1T + slA), (4) 

where 

S1T = k TJ (Rsl + Rg) [1.55 Ts-4 T4 + 1.167 a 8 T 8 -
2 T2 + 1 ]lf2/Gsi2, 

S1A = 7.87 elnp Jg (Rs1 + Rg) [1.55 Ts-4 Tg-4 T4 + 1.167 T 2 (as Ts-2 Tg-4 + ag Ts-4 Tg-2) 

+ Ts-4 + as ag Ts-2 Tg-2 + Tg-4 + T-2 (a Ts-2 + ag Tg-2) 

+ 1.167 T-4]1/2/K0 K1 G 51 Gg & f1!2; 

as = .1 2 (2,as2 - 1), Clg = 2 (2ag2 - 1), 
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and for the equivalent ground motion corresponding 
to the latter two sources the expression (5) was ob
tained: 

X2np [,u/oct] (5) 

where 

S:iA = 0.494 e2np .:if* [0.1125 T 

~ r2 arctg 0.1 125 r2 T-1/(r/ T---2 + 0.02535)]1/2; 

T s and T g are the free periods of the seismometer and 
galvanometer, e111JJ and e211P the peak-of-peak noise volt
ages on the output of the direct- and feedback-path 
amplifier which are exceeded only 10% · of the time, 
.:if is the passband over which the noise voltages were 
measured, k Boltzmann's constant, 77 the absolute tem
perature and Re Z 2 the real part of the output im
pedance of the seismometer feedback circuit. The 
expressions (4} and (5) were used to compute the equi
valent input noise of an experimental feedback seismo
graph. The result is plotted in figure 3. It is evident 
that at periods T > 50 s the component corresponding 

; 
; 

Xnp / 
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fig. 3. - Computed equivalent input noise of an experimen
·tal feedback system ; Xnv - total peak-to-peak equivalent 
ground motion in 1 octave bandwidth, X1T1 - signal circuit 
thermal noise component, XiT - feedback circuit thermal noise 
component, X1A - photoamplifier noise component, Xl2A -

feedback amplifier noise component. 

to thermal noise in the signal circuit predominates. In 
well designed broad-band feedback seismographs this 
noise, variations of the barometric pressure at the 
recording site and microseisms, are mostly the main 
factors limiting the maximal available sensitivity. 

4. Synthesis of feedback systems with prescribed 
frequency responses 

On the base of a simplified analysis a fast method 
for the synthesis of broad-band feedback seismograph 
systems has been worked out. Only the principle of 
the method will be pointed out here. A detailed des
cription of the procedure is given in a previous paper 
(Plesinger, 1970). 

The asymptotes of the required frequency response 
of the feedback system are constructed and the cor
responding pole-zero configuration of a simplified 
transfer function of the system is determined by using 
relations given in the literature concerning with net
work synthesis. From the given pole-zero values the 
corresponding values of the coefficients am , b:n in the 
simplified transfer function are computed. Relations 
between these coefficients and system parameters -
including the feedback parameters (31 , {3 2 , ... (36 - are 
then used · to determine the values of the feedback 
elements which fulfil the given requirements. 

The frequency responses of two feedback modifica
tions of a system designed in this way are shown in 
figure 4. The curves 1 are the responses of the system 

Q1 10 100-(.) cs11000 

D.D1 0,1 10 100 - c..,[r] 1000 

Fig. 4. - Frequency-response characteristics of two feedback 
modifications of an experimental photoelectric seismograph 

system; corresponding system parameters see Tab. 2. 
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TABLE 2 

Modification D, V d = 1 mv Iµ Modification V, Vv = 10 mv/p./s 

Ws ·= 0.3142 S-1, J. = 0.37 kgm2, hi = 0.49 m, Gs1 = 1.12 vs, Rs1 '= 19.5 U, G.2 = 8.1 vs, Rs2 = 930 n, 
eos = 0.007 s-1

, e1s := 0.174 s-1 

Ko = 33.6 ma/rad, ro = 0.52 ms 

K = 7 v/pa, K1 := 6.61 v/µa 

/31 := 0.286 µa/v 
/32 := 7.26 µa/v/s 
/3a = 93.2 µa/v/s2 
r1 106 ms 
r"J = 10 ms 

/34 = 0.0718 µa/v 
/35 = 0.698 pa/v/s 
/3u = 0.647 µa/v 
Ts = 0.112 ms 
7'4 = 318.3 s 

R1 = 60 kn 
~ := 1.8 kn 
Rs ·= 100 kn 
~ ·= 2 kn 
Rs = 14.7 kn 
Ra := 20 kn 

R-. - 13.8 kn 
Ra 100 !!! 
Ro ·- 100 kn 
R10 := 112 'O 
R11 = 160 kn 

C1 = 64 µF 
C2 ·= 0.5 µF 
R12 := 32 kn 
Ro2 = 250fl 
K2 = 1750 

R12 = 773 kn 
Ria = 773 kn 
Ca ·- 1 /lF 
Ci = 824 µF 

without feedback, curves 2 V and 2 D the required 
responses defined by the corresponding pole-zero con
figurations of the simplified transfer function, and 
curves 3 V and 3 D the theoretical responses of the 
designed systems obtained by computation from the 
analytical expression (3). The parameters of the seis
mometer-galvanometer combination and of the two 
feedback modifications are given in Table 2. The differ
ences between the required and computed responses are 
caused by the simplification in the design procedure, 
where ideal feedbacks are supposed. However, feedbacks 
represented by the equations (1) and (2} can be realised 
only in a limited frequency range. Thus, at high fre
quencies the influence of the non-zero time constants 
of the derivating feedback circuits ( r 1 , r 2 , r 3 ) and at 
low frequencies, the influence of the non-infinite time 
constant of the integrating circuit ( r 4 ) becomes per
ceptible. 

5. Experimental results 

Two broad-band systems operating in the way 
described were put into operation in 1968. These 
systems were mainly used to verify the theory discus
sed above. A good agreement of experimental results 
with the theory was found out. In figure 5 the com
puted and measured response of the vertical experi
mental system to a current impuls in the calibration 
coil of the seismometer are compared. Some earth
quake records obtained from the systems presents 
Fig. 6. The comparison of a number of records of 
earthquakes from epicentral distances D = 20 - 120° 
obtained from various feedback modifications has shown 

K = 2.75 v/pa, K1 = 2.6 v/µa 

/31 = 0.491 µa/v 
/32 := 9.18 µa/v/s 
Ti = 183 ms 

/34 = 0.183µa/v 
/35 = 1.78 pa/v/s 
/30 ·= 1.65 µa./v 
r s = 0,177 ms 
n ·= 318.3 s 

R1 ·= 34.2 kn 
R'2 ·- 1.8 kn 
Rs = 100 kn 

R1 = 53.2 kn 
Ra = 1 kn 
Ro = 100 kn 
R10 := 112 n 
Ru = 62.7 kn 

C1 = 64 µF 
R4 = 3.74 kn 
Rs = 20 kn 

R:12 .= 303 kn 
RlS = 303 kn 
Ca 1 µF 
Ci = 2100 µF 

1 
60 sec 

I 

Fig. 5. - Computed and measured testimpuls-response of a 
vertical feedback seismograph with velocity-proportional output 

in the passl:and T := 1 s to T ·.= 160 s. 

that for the purpose of visual interpretation systems 
with a velocity-proportional output are more convenient 
than systems recording displacement. 

At present a new 3-component equipment with a 
passband from T = 1 s to T = 200 s operates in 
an abandoned gallery near Kasperske Hory in South 
Bohemia. 
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FRU 4.II.1968 a) 

p pp s 

PPU U,fll,1'69 

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

H 
60 sec 5 min 

--- ---==---- - ---------- ---

Fig. 6. - Examples of eartquake recordings; above : Curile Island 43,0°N, 147,1°E 
H := 11 00 50,1 h ;= 33 km M = 5,5 (USCGS), middle : China 38,3°N 119,4°E 
H = 05 24 48,0 h = 33 km M := 6,2 (USCGS), below : New Hebrides 14,1°S 

166,7°E H := 22 20,0 h ·= 33 km M = 6,2 (USCGS). 
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A HORIZONTAL PENDULUM STATION 
WITH TILT COMPENSATION 

by K.A. VOGEL 

SUMMARY. - Horizontal pendulum with Hengler-Zollner suspension made of 
quartz are used as zero point indicators. The tilt is compensated by mercury pressure 
membranes. When the pendulum beam is deflected from its zero position the current 
from a photo-electrical device is amplified and drives a servo-motor itself moves a 
mercury container along a vertical axis regulating the mercury pressure of the membrane 
and brings the pendulum beam back to its zero position. In comparison with amplitude 
records of the beam deflection this feed-back system has many advantages. 

The results presented in this paper appear in the following 
publications : " 

A. VOGEL : A Horizontal Pendulum Station with Tilt-Com
pensation. Report No 1, University of Uppsala, Depart
ment of Solid Earth Physics, Uppsala 1970. 

A. VOGEL : A Horizontal Pendulum Station with Tilt-Com
pensation. Vie Symposium International des Marees Ter
restres, Strasbourg 1969. Communications de l'Observa
toire Royal de Belgique, No. 9, Serie A. Serie Geophysi
que n° 96. 



THE IGS-THERMIONIC PORTABLE SEISMIC SYSTEM 

by P.L. WILLMORE* 

As most of the equipment was on display through
out the Meeting, the present paper is restricted to 
a review of its special · potentialities in field use. 
These potentialities result from the fundamental design 
concept which is aimed at portability, ease of instal
lation in a variety of configurations, and economy of 
operation. The major modules of the equipment are 
as follows :-

a) Recorder. This unit is completely self-co,ntained 
including a crystal clock, a communications receiver 
for radio time signals, and a tape-deck with all neces
sary controls and recording electronics. The unit is 
capable of continuous operation for 48 hours on a 
single set of batteries and a single loading of magnetic 
tape. 

The time marks on the tape carry a binary code, 
repeated each minute, which identifies the minute, 
hour, day of the month, and recorder number. The 
crystal clock can be programmed to switch on radio 
time signals at hourly intervals and to inject these 
onto one of the seismic tracks in a 15-secoode gate. 

b) Outstation equipment. The output of the seismo
meter is converted by the amplifier modulator to a 
train of short pulses which are further converted in 
the recorder to a train of frequency-modulated square 
wav:es. The pulse train can be sent to the recorder 
along a 2-core wire line or by VHF or UHF radio 
transmissio,n along unobstructed lines of sight. 

The seismometer and the associated electronic units 
are made up in weatherproof cannisters. Remote out
stations communicating to the recorder by radio tele
metry can operate up to ooe year on a single set of 
batteries. 

c) Hybrid telemetry concept. The seismometers may 
have to be laid out in a particular geometrical pattern, 
or may have to be placed in sites which are well 
favoured from the point of view of foundation con
ditions. The radio antennas must be directed along 
unobstructed lines of sight. It may therefore be neces
sary to run considerable lengths of wire line between 
the elements of the system. The arrangement is to 
mount the radio transmitters and receivers on the 
antenna masts so that only short lengths of UHF 
transmission line are needed. The looger lines then 
need only to carry the power for the electronics units 
and the audio frequency carrier s.ignals. 

In order to minimise .the cost of the line, each 
electronic module is terminated by a transformer with 
a split winding, similar to that used in telephone 
systems. The power supply may be connected to any 
point of the line through a transformer of this type. 

* Institute of Geological Sciences, Edinburgh. 

At each end of the line the DC power r.equired for 
the electronic module appears across a condenser be
tween the two halves of the split winding. The audio
signals pass in and out of the system by induction 
between the primary and secondary windings of the 
transformer. 

d) Calibration facility. The instantaneous reversal 
of the battery supply initiates a sequence of calibra
tion pulses in the amplifier modulator from which 
the amplifier gain and the electromechanical charac
teristics of the seismometer can be deduced. This 
eliminates any requirement to disturb or even to 
approach the seismometer for routine checks. 

e) The field test box. When the system is being 
set up, it is important to have an. immediate visual 
indication of the output of the amplifier modulator, 
and to be able to conduct spot . checks on the perfor
mance of other elements of the system. The package 
which performs these functions contains a demodulator, 
a miniature hot-stylus recorder, and a multi-purpose test 
meter. These functions are sufficient to record earth 
noise and even to produce a usable record of a seismic 
event. By means of a simple radio-frequency detector, 
the necessary signals can, if desired, be picked up 
from the UHF radio transmission. 

f) The playbCll:k system. The portable playback unit 
re-plays at 64 times the recording speed, through a 
set of variable filters onto an 8-track or 16-track ink
jet oscillograph. Additional facilities which are avail
able in the Edinburgh laboratories include analogue
digital conversioo, and an analogue summer-correlator 
which isolates the radial and transv,erse components 
of earth motion and identifies the nature of particle 
motion by generating cross correlograms between the 
vertical and horizontal compooents. 

The system is being deployed in a succession of 
short-term field projects and in the following long
term operations:-

a) The Scottish Lowl~nds network. This system 
consists of a 3-component base station in the Royal 
Observatory, Edinburgh, and 6 radio outstations de
ployed over an area of 100 km aperture. The ele
ments of this system were originally the prototypes 
of the present portable system and the base station 
equipment is somewhat non-stan.dard insofar as it is 
adapted to mains, rather than battery, operation. The 
present functions of the system are to locate events in 
the Scottish Lowlands, to serve as a permanent detec
tion system for explosions in Britain and ·the sur
rounding waters, to serve as a tele-seismic array and 
to provide a continuous test bed for further develop
ment. 
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b) The Bra1ilia array. The Brasilia aray was made 
up of early prototype modules of the portable systems 
and is now being develope.d with the latest equipment 
to provide a 3-component base station, 15 outstations 
in ' T ' formation and 2 1 /2 km spacing, and 3 
remote recording points at a distance of 50 km from 
the centre point. The principle function of this station, 
in conjunction with the projected standard station 
which is to occupy the same centre point, will be to 
monitor seismic activity in the Andes and Mid-Atlantic 
Ridge. Its advantages in this role are the relative 
quietness and homogeneity of the Brazilian Plateau, 
and its favourable location in the so-called ' seismic 
window ' in the distance range of 30-90° from the 
principle source region. 

c) The Rabaul network. The network centred on 
Rabaul and spanning the Bismarck Sea to New Ire
land, has now been in operation since March 1970, 
and is intende.d to yield precise data for locating 

'earthquakes and for the determination of mechanism. 
It is hoped that these observations will yield informa
tion on the relationship between earthquakes and 
volcanic eruptions. 

Further developments envisaged include the exten
sion of the frequency band by the use of feedback, 
the development of a tapeloop system to yield repetitive 
output on playback, and the introduction of multi
plexing and relay operation in the telemetry system. 



MARS 66 - A NEW PORTABLE SYSTEM 
FOR EXPLOSION SEISMOMETRY 

by H. BERCKHEMER * 

SUMMARY. - A magnetic tape recording equipment has been developed for 
reflexion and refraction deep seismic sounding. Each unit consists of three 2 cps seis
mometers, a time signal receiver and the recorder. Use is made of frequency-multiplex
modulation technics. Therefore only a simple single channel tape . recorder is needed. 
The high dynamic range of 60 dB is obtained by a very efficient flutter and wow com
pensation. More than 50 recording units are now in use at the geophysics institute in 
Germany F.R. A playback center for analogue electric treatment of data is installed 
at Frankfurt University. A fast analog-to-digital converter exists at the Hamburg 
University. 

This text is a summary of the communication published in : 
« Zeitschrift fur Geophysik », 1970, Band 36, Seite 501-518. 



THE NORWEGIAN SEISMIC ARRAY 

by E.S. HUSEBYE * 

Introduction 

NORSAR (Norwegian Seismic Array) is a joint 
un~ertaking by the ~overnments of Norway and the 
Umted States. The field work and instrument installa
tions started in 1968 and were completed in the 
autum?- 19~0. T~e array is planned to be fully 
operat~onal m sprmg 1971. The local responsibilities 
rest with the non-profit organization Royal Norwegian 
Council for Scientific and Industrial Research (NTNF). 
!he c~t of NORSAR and its operation up to July 1972 
1s mamly covered by Advanced Research Projects Agen
cy (~~A). IBM has developed the software for array 
momtormg, data acquisition and analysis on a routine 
basis. 
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Fig. 1. - NORSAP Array Configuration. 

NORSAR configuration and instrumentation 

NORSAR is located around lake Mj0sa and comprises 
22 subarrays (Fig. 1) each containing one LP (3 com
ponent) and 6 SP (vertical) seismometers. The types 
of LP and SP instruments used at NORSAR are similar 
to those at LASA. 

* N1NF/NORSAR, Norway. 

From the seismometers the recorded earth motions 
are transmitted via trenched cables to the Central 
!ermi~al Vault (CTV) at the subarray center. The CTV 
1s housmg the Short and Long Period Electronic Module 
(SLEM) which multiplexes and digitizes the 9 seismo
meter. outputs into a single bit stream. The sampling 
rate 1s 1 and 20 Hz for LP and SP seismometers 
respectively. The data is then transmitted by means of 
ordinary telephone lines (2400 bauds) to NORSAR 
Data Processing Center (NDPC) at Kjeller for further 
analysis. Time synchronization signals are sent each 
0.05 sec the other way, i.e., from NDPC to the SLEM. 
Check of seismometers, SLEM and data transmission 
lines is performed by sending special commands from 
ND PC to signal generators ( sine or pseudo random 
waves) which are part of the SLEM units. Remote 
calibration of the LP seismometers is optional. We 
should like to mention that one trans-atlantic link is 
used for on-line LP data transmission and exchange 
between NORSAR and the LASA and ALPA data 
center in Alexandria, Virginia. 

NORSAR Data Analysis 

The data received at NDPC is processed and at the 
sa~e time stored on magnetic tape for more permanent 
savmg. The routine data analysis is performed in two 
steps, called detection ( on-line) and event processing 
~off-l~ne) (see Fig. 2). It is a dual computer configura
tlOn, 1.e., the IBM 3,60/40 and peripheral equipment 
such as tape and disc drives used for detection are 
idenctical to those for event processing. This would 
ensure, to a very large extent, continuous data recording 
and on-line analysis capabilities. 

Detection Processing (DP) comprises all functions 
asso~iat~d with · data acquisition and tape storage, array 
mon1tormg and analysis of the incoming data in real 
time. The latter consists essentially of deciding wether 
or not a detection of a seismic event should be declared. 
The detection algorithm performed individually on each 
subarr~y or array beam, is the following : The band 
pass filtered beam is rectified and integrated over a 
~liding time window (length around 2 sec), resulting 
m a short term <<power» average (STA), A long 
t:rm averag (L't~·) is calculated by a recursive algo
:ithm, thus prov1d_mg a noise estimate which in principle 
is based on the history of the beam from the time the 
system was activated. The ratio STAj1LTA is calculated 
at a specified rate, and whenever it exceeds a predefined 
threshold a number of successive times, a detection is 
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Fig. 2. - Hardware configuration in NORSAR Data Processing 
Center (NDPC). 

declared. During beamforming up to 400 array beams 
( selected surveillance) are deployed over the most 
interesting seismic regions. To ensure adequate coverage 
of the entire teleseismic regions, but at a lower detection 
capability, a General Surveillance is performed in 
parallell with the Selected Surveillance. The former is 
based on 8 different subarray beams. Display of sensor 
and beam traces on the Experimental Operations Con
sole (EOC) is optional during detection processing 
(Fig. 2). 

Event Processing (EP) satisfies two objectives, na
mely, preparation of a daily bulletin based on a mini
mum number of seismic events and support of research 

290 -

through the formation of a seismic data base. The EP 
receives the detections and the preliminary epicenter 
determinations from the DP, and applies algorithms 
required to assign a seismic phase identification to the 
detections reported and subsequent grouping the detec
tions which belong to the same event. Basic signal 
parameters are then extraced from the array beam 
waveform. As the SP seismometers are essentially velo
city measurement devices, the magnitude is estimated 
by an algorithm based on the assumption that signal 
power is proportional to the kinetic energy of P-waves. 
Arrival times are calculated either by threshold pick 
( emergent events) or by model fit ( impulsive events). 
The signal dominant period is determined through 
power spectral analysis, while peak amplitude is com
puted from the estimates of magnitude and dominant 
period. Focal depth information is sought through a 
spectrum analysis, taking into account the possibility of 
observing pP, sP and PcP phases. In addition to stan
dard bulletin information, signal parameter extractions 
also include correlation coefficients, relative arrival 
times, and signal power on the subarray beam level, etc. 
So far, no LP processing is included in the EP analysis. 
Raw data and half processed data are stored on 9-track 
1600 or 800 bpi tapes, and tape copies are available on 
request. 

Finally it should be stressed that NORSAR represents 
a dynamic seismic data analysis system, and we would 
always strive for improving and extending the data 
processing routines. 
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THE PROTOTYPE OF A MOBILE SEISMIC STATION* 

by K.-P. BONIER and St. MUELLER** 

Over the past few years the prototype of a mobile 
seismic station has been developed following the 
recommendations of a working group within the 
German Research Council of Physics of the Solid 
Earth (Forschungskollegium Physik des Erdkorpers). 

The mobile station combines the functions of a 
modern conventional seismograph station with the 
advantage of great mobility. 

* Contribution No. 82 within a joint research program of 
the Geophysical Institutes in West-Germany sponsored by 
the Deutsche Forschungsgemeinschaft (German Research 
Association). Contribution No. 155, Geophysical Institute, 
University of Karlsruhe. 

*·* Klaus-Peter Bonjer, Stephan Mueller, Geophysical Institute, 
University of Karlsruhe. 

"' 

In Fig. 1 the station setup is illustrated schema
tically. A set of three seismometers (Geotech S-13) 
with a natural period of 2.0 sec forms the, three
component system. The outputs are .connected to the 
amplifier unit by cables with a length of about 130 
meters. Solid-state amplifiers in combination with active 
inverse filters (Wielandt, 1970) provide two inde
pendent data channels with different frequency cha
racteristics for each seismometer component. The am
plifier and calibration unit, the timing unit consis.ting 
of a crystal dock, a coding system and a radio
receiver, the slow-speed magnetic tape recorder and a 
direct writing ink recorder for monitoring purposes, 
as well as the entire power supply are all housed 
in a compact trailer. The total weight amounts to 
1150 kg. 
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Fig. 1. - Abbreviations in the Schematic Diagram 

Ladegerat Charging Unit 
Stab. Stabilisation 
Verst. Einheit Amplifier Unit 
Bandger. Slow-Speed Tape Recorder 
ZKGl Coding Unit 
Schreiber Monitor System (Ink Recorder) 
L V Power Amplifier 
CAQ Crystal Clock 
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One week of continuous recording is provided by 
a battery supply. If commercial power is available, the 
batteries can be charged during operation. 

As with any prototype the first version leaves much 
to be desired. A second more reliable and advanced 
generation of amplifiers and filters has therefore been 
designed during the past year. Also a new time
coding unit, mon.itor system and power supply have 
been developed and tested. These new elements will 

eventually be incorporated in the prototype of the 
mobile station. 
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SEISMIC ARRAYS AND DATA HANDLING PROBLEMS 

by E.S. HUSEBYE * and H. BUNGUM * 

ABSTRACT. - To take full advantage of recent developments in seismological 
theory and sophisticated interpretation methods requires that high quality data is easily 
available for research purposes. As of today, the large number of seismological 
observatories in operation, produce a tremendous amount of quantitative data which 
is hardly accessible for the seismological community. The latter problem prevails even 
for the large aperture seismic arrays which are characterized by a new seismic obser
vation concept, advanced recording and standardized analysis techniques. In this paper 
we compare different types of seismic wave recording systems, and discuss relevant data 
handling problems. It is concluded that array processing techniques could be adapted 
to ordinary station networks, requiring coordination and cooperation in seismograph 
operation on a regional basis. In this way data quality and accessibility could be 
improved, but at the same time reducing the costs involved in running the global seismic 
network. 

Introduction 

As a prelude to this paper we should like to give a 
few excerpts from a paper by Keilis-Borok (1964) : 

« It turns out that the variety of seismological studie.i 
in principle can be fitted into systematic order. Put in 
reality, as we have seen, there is no systematic order 
as yet : large entropy is introduced by disunity of the 
work. To restore order is not enough ( altough im
portant) to understand the logical structure of seis
mology. This structure must be realized : first, by an 
introduction of unified and universal recording 
equipment ; secondly, by a formalization of the stan
dard elements o.f interpretation (which will make it 
possible to automate them ; thirdly, by a presentation 
of the results of interpretation in a compact unified 
form. Then the seismologist could be disentangled 
from routine work». 

The logical structure of seismology as visualized by 
Keilis-Borok in 1964 has to some extent been realized 
for the large aperture seismic arrays. Typically, the 
disunity in instrumentation, recording mode, and data 
interpretation still prevails when we compare the Ame
rican and British built array systems. However, the 
seismic data contributions from arrays is modest relative 
to that from the around 1100 conventional seismo
graph stations in operation which produce roughly 1 
million records annually. The data contributon from 
the global network has proved a great asset to seismolo
gy in the past, but in order to comply with increasing 
demands for high quality seismic data some modifica
tions must be introduced in the present operational 
modes of various types of seismograph stations. These 
problems are the topic of this paper, and we hope that 
our ideas here could arouse the interest of the seismo
logical community. 

* NTNF /NORSAR NORWAY 

Seismic Arrays 

On of the most useful techniques for improving our 
capability to observe and subsequently analyze seismic 
events is to combine a number of seismic sensors distri
buted on the earth's surface so as to form an array. 
Looking back on the ten years' history of seismic arrays, 
it seems logical to group them in the following way : 

1. Tripartite stations and « Geneva » arrays 
2. Large aperture seismic arrays like NORSAR 

(Norway) 
3. Continental arrays like the Fennoscandian seismo

graph. network. 

The first two groups are representing different gene
rations in array development, characterized by differen
ces in sensor numbers, geometrical dimensions, recor
ding modes ( analog/ digital), and extents of data 
processing. The concept of continental arrays is the 
result of applying selected part of array processing 
techniques to seismic data from conventional stations. 

There are several ways in which we may describe an 
array. Definitions which are related to physical proper
ties and dimensions of such systems are interesting 
enough, but not entirely satisfactory. One of the fun
damental characterisitics of an array is that it adds a 
new dimension to seismic wave recording, namely, the 
parameters required to define points on the surface of 
the earth. At a seismic array the wave sampling is per
formed both in space (two-dimensional) and time, and 
then only Fourier transformation is required to convert 
the observations into the frequency wavenumber space. 
The capability of filtering in the latter domain is essen
tial (Fig. 1); such techniques give better signal-to-noise 
ratio, effective suppression of signal generated noise, 
and also estimates of velocities and bearings of propa
gating waves (e.g. Capon 1969). In addition, signals 
observed in real space, provide a wavefront solution 
which is determined or over-determined dependent on 
the number of sensors and degree of polynomia used. 
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Fig. 1. - Representation of signals and noise 
in frequency-wavenumber space for a fixed azimuth. 

It should be noted that for continental arrays the 
wavenumber concept is not meaningful as this parame
ter is not part of the solution of the wave equation 
in spherical coordinates. On the other hand, the beam
forming technique is very useul. For comparison, at a 
conventional station the data is sampled at one point 
in space ; we get one single time series and seldom 
know to what extent this is representative for the 
seismograph region or even the local area. In the latter 
case we may observe absolute values of wave arrival 
times and amplitudes contrary to an array which measu
res gradients like wave velocities, relative amplitudes 
( dlogA), etc. 

Seismic Wave Recording and Data Handling Problems 

It is natural to differentiate between large aperture 
seismic arrays and ordinary seismograph networks be
cause these systems are not easily comparable and also 
present us with different types of operational problems. 
On the other hand, concepts and analyzing techniques 
built into seismic arrays may be adapted to seismograph 
networks and thus improve the data output of the · ratter 
systems. 

Large Aperture Seismic Arrays. 

If we consider an array like NORSAR as an indepen
dent seismic wave observation system, it represents 
unified recording equipment, automated data interpreta
tion and result presentation in a compact unified form 
(Bungum et al 1971). In order to demonstrate the 
objectiveness of array data processing, a short description 
of event detection and mb magnitude measurements at 
NORSAR (l'BM 1'967) will be given. The «eye-ball» 
logic involved in reading seismograms is impossible to 
computerize, so the chosen procedure here is the follo
wing: 

A short term average ( ST A) is calculated through a 
rectangular window (length around 2 sec), and a long 
term average (LT A) is calculated through a recursive 
exponential filter which gives an estimate of the noise. 
The two filters then slide through sensor or beam traces 

in real time, and when the ST A/LT A ratio exceeds a 
given threshold a specified number of times, a detection 
is declared. NORSAR-observed STA, LTA and STA/ 
LTA values are shown in Fig. 2. This test is performed 
simultaneously on up to 400 · beams, and extensive 
processing is done in order to eliminate false detections 
and to localize the true detections. All this takes a con
siderable amount of computer time, and actually ties 
up one IBM 36~/ 40 computer completely. (In addition 
extensive off-line processing is done by another com
puter). 

The computerized mb magnitude estimation is demon
strated in Fig. 3. The principle in use here is that 
measured signal power is proportional to kinetic energy 
of the P-waves as the SP instruments in use at 
NORSAR are essentially velocity measuring devices. As 
it is well known, Richter's magnitude defintion is 
implicity tied to the kinetic energy of the recorded waves 
through the incluison of the A/T term. Typically for 
some of the disorder in seismology is the fact that 
several magnitude formulas are in use, different equa
tions used for transforming one magnitude scale into 
another, and different formulas used for relating 
magnitude to the energy released by earthquakes (Bath 
1966). 

The seismic arrays represent a significant step toward 
a more unified approach to preliminary seismic data 
analysis, although many problems remain to be solved. 
For example, NORSAR will (when fully operational 
early 1971) require nearly one digital tape per hour 
for storing raw data. This means that the tapes must be 
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Fig. 2. - Beam, STA, LTA, and STA/LTA values for 
earthquake from Tsinghai, China, 27 Feb 1970. Filtered 
1.0-3.4 Hz. STA integration time is 1.8 sec, and LTA 
computation rate is 5/9 Hz. The short line above the STA/LTA 
curve indicates detection state, and the line crossing the curve 
is the threshold. The different parameters are set such that 

we get rapidly out of detection state. 
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Fig. 3. - Procedure for estimating body wave magnitude. 

reused, and a retention period of at most one year 
is possible within an acceptable economic frame. Only 
seismic events can be saved permanently, but even this 
may be optimistic, e.g., estimated event recording rate 
may be around 10 events per hour. Still thede are many 
questions to be answered, like saving all or only a 
limited number of sensor traces ( say, retaining LP and 
subarray center SP data), proper saving length of the 
recorded earthquakes, tape administration, i.e., storing 
events chronologically or as a function of seismic re
gions, etc. Another problem is array data exchange. 
NORSAR uses 9 tracks, 1600 bpi tape as standard, 
but has options for data copying on 9 tracks, 800 bpi 
tapes. Even so, some institutions may have difficulties 
in reading NORSAR tapes. 

For LASA and NORSAR extensive event processing 
analysis will be performed daily on a minimum number 
of events and resulting in a seismic bulletin. The latter 
includes phase velocity and azimuth measurements, and 
thereby an estimate of epicenter location. During the 
event analysis we may have options to extract far more 
information than that appearing in the bulletin, like 
power spectra, sensor coherency, group and phase velo
cities, etc. (Bungum et al 1971). 

It is beyond the scope of this paper to go into further 
details here, but we should like to stress that the com
bination of digital seismic data and electronic computers 
for the very first time gives the seismologist an oppor
tunity to be disentangled from routine work. In our 
opinion, the response of the seismological community 
to this ch\.llenge has been too modest so far. 

Continental Arrays 

In this context a continental array is defined as an 
aggregate of ordinary seismograph stations which are 
characterized by analog recording on some sort of paper 
or photographic film. Obviously, the distribution of 
individual seismic sensors does not favor the use of 
these stations as continental arrays in many areas. Na
tional considerations usually have counted more when 
establishing a network than the . question of to what 
extent the stations might fit into a larger pattern. Of 
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course, there are good exceptions - planned or not -
like the Fennoscandinavian network. In addition to 
configuration, the usefulness of the continental array 
concept is limited due to non-uniform instrumentation 
and lack of magnetic tape recording. These drawba[ks 
are most obvious for the LP sensor destribution. The 
problem of coordination and cooperation of seismo
graph operations in order to rationalize this process, 
was taken up in 1963 (Bath 1964). Seismologists 
showed great interest in Bath's ideas, but as time has 
proved, national boundaries seem to represent scientific 
boundaries in this respect. Anyway, within the present 
frame of global seismograph operation, we believe that 
small modifications in station configuration and seis
mogram analysis would improve the quality of the 
extracted wave parameters and at the same time reduce 
significantly the costs and work involved. 

We would like to discuss some aspects of the above 
problem, and take the Fennoscandian seismograph 
network as a reference system unit. This network has 
a relatively homogeneous instrumentation ( mostly SP 
Benioff seismometers) and reasonable configuration 
which is appropriate for P-wave velocity measurements. 
In fact, the precision in dT/d~ using a continental array 
is very high due to its large geometrical dimensions. 
For exemaple, the problem of possible existence of late
ral velocity variation may definitely be solved when data 
is available from number of continental arrays (Huse
bye & Kanestrem 1971). Station sensitivity in terms 
of number of events recorded per unit time varies 
greatly over even small regions (Fig. 4). This fact 
should be fully exploited by restricting the time 
consuming scanning work involved in seismogram ana
'1ysis to a few sensitive stations within. the netwo~k. 
Based on results obtained here, the reading of remain
ing stations seismograms could be limited to a few, 
short time intervals. 

Jansson and Husebye (1966) and Whitcomb (1969) 
have demonstrated that body wave signal similarity is 
good despite large station separations. If regional 
centers are established as proposed by Bath (1964). 
records from all stations would be greatly reduced, 
using the « eye-ball correlation » technique. As it is 
today, bulletin data on secondary arrivals is usually 
rendered useless due to lack of precision. Other aspects 
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Fig. 4. - Histogram of detection· frequency for seven Fenno
scandian stations. The data cover the period 1-15 March 
1970. NORSAR is here represented by only a few sensors in 

an interim detection system, 
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Fig. 5. - The Fennoscandian network of seismological 
stations. Asterisk indicates stations recently discontinued. Un

derlined stations have also long period equipment. 

of large aperture array data processing techniques like 
group and phase velocity measurements could be 
~dapted to continental array data. In short, , benefits 
gained by establishing regional centers are that more 
and better data could be included in the bulletins, and 
also that seismogram exchange would be facilitated with 
the total operational costs involved si,gnificantly reduced. 

Discussion 

Recent advances in seismology are characterized by 
sophistications in theory and establishing of powerful 
techniques for inversion of gross geophysical data. The 
developments result in requirements for increased 
precision in observational data. Such data will spur 
further developments in theory and analysis techniques, 
and so the circle closes. Today the largest problems 
seem to be in seismic wave parameter extraction and 
data exchange as discussed in the previous sections. In 
our opinion, the seismological community should be 
much more concerned than hitherto with improving the 
operation of the instruments in use presently, and also 
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be prepared for further demands for high quality seis
mic data. In the latter case, the way to go is obviously 
to install magnetic tape recording equipment and use 
of small special purpose computers for automating data 
analysis. Seismic array data processing techniques deve
loped so far could easily be adapted to local types of 
arrays. This would be a significant step toward more 
homogenity in seismic wave recording and routine data 
analysis. 
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THE GENERAL PURPOSE DIGITAL PROCESSING 
SYSTEM FOR SEISMIC DATA IN OTTAWA* 

by D.H. WE/CHERT H 

Since late 1965 signals recorded at the Yellowknife 
Seismological Array hav,e been processed digitally in 
Ottawa by a small research group within the former 
Dominion Observatory, now the Earth Physics Branch 
of the Department of Energy, Mines and Resources. 
Initially, analysis of array data could only be under
taken in non-prime time on a CDC3100 computer in 
the general purpose Scientific Computing Center of 
the Department (1]. In 1967 a small general pur
pose computer with rather limited input-output peri
pheral equipment was purchased by the array seismo
logy group. In the beginning, the system was almost 
exclusively used for the processing of short-period 
array data [ 2 J. Requirements of other groups within 
the Seismology Division of the Earth Physics Branch 
led to an upgrading of the system configuration. 

Apart from the minimum paper tape - typewriter 
input output, the DDP-124 computer now has attached 
to it : 2 Direct Memory Access channels; one of 
these is dedicated to the 2 digital 800 bpi, 36 ips 
tape decks, the other one to analog-digital -analog 
multiplexers and converters. Available are 22 simul
taneous-sample-and-hold analog inputs, another 8 se
quential inputs, 10 digital-analog outputs, and 12 each 
discrete input and output lines ( e.g. for computer 
controlled relays). A variety of analog instrumenta
tion can be attached to this digital system via an 
exchangeable patchboard. Choices of inputs include 
two 1/2 in. 7-track, and one 1 in. 14-track IRIG
compatible FM tape decks, and one 1 in. 24-track 
EMI deck including various analog filter options. 
Output from the 10 analog lines can be recorded on 
two 8-trace hot-pen recorders or on a storage oscil
loscope, a Tektronix 611. This 2-dimensional output 
medium greatly facilitates interactive programming. 
For debugging of plots and for development work, 
a hand-held polaroid camera is available. Production 

* Contribution No. OOO from the Earth Physics Branch, De
partment of Energy, Mines and Resources, Ottawa/Ca
nada. 

** D.H. Weichert, presently on Post Doctoral Assignment 
at the Geophysical Institute, University of Karlsruhe. 

output from the screen is obtained with a 3 5 mm 
camera. 

Apart from being used as a digitizer for most 
magnetic tape recordings made by the various groups 
within the Seismology Division, the system has been 
used for a variety of non-standard scientific calcula
tion. Some examples are : the fully automatic detec
tion and location of teleseismic events from array 
data; off-line analysis of short-period and long,-period 
array data requiring scientist-operator interaction via 
the storage scope scr,een; design of Wiener and other 
optimum and shaping filters for crustal data and the 
on-line study of their effects; trial- and-error fitting 
of various crustal and upper mantle velocity models 
to observed arrival times and apparent velocities [3]. 

This highly efficient and flexible processing system 
has been built around a free-standing small computer. 
The obvious disadvantages were the relatively large 
initial amount of special-purpose programming and 
systems work which had to be borne by the small 
scientific staff. Occasionally, the limited amount of 
memory (16 OOO words) presented limitations. Whilst 
this latter constraint would be removed by building 
a similar system around a terminal of a large com
puter, it is not unlikely that the constraints imposed 
by · the relative rigidity of the operating system and 
monitor of such a large computing system would be 
a . more severe handicap for a scientific group such 
as ours. 
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THE PREPARATION OF THE JOINT BULLETIN 
OF THE FEDERAL REPUBLIC OF GERMANY 

BY A DIGITAL COMPUTER * 

by H. AICHELE ** and D. MAYER-ROSA *** 

ABSTRACT. - For 1969 a joint bulletin for the seismological observatories of the 
Federal Republic of Germany is edited. The data processing is carried out by a central 
data bureau at the Central Observatory in Erlangen. All steps, including the printing 
of the bulletin, are done utilizing a digital computer. In this way rapid and precise 
processing of all reported events can be achieved. Data flow between the Central 
Observatory and the stations in both directions, as well as between the stations themselves 
has been implemented. The hypocenter data and the data of the reporting stations are 
saved in a computer compatible format at the central data bureau and can be used by 
interested scientists for special investigations. 

It should be considered, how this national network could be connected with the 
international data centers in order to support their efforts for a more rapid and efficient 
data exchange. 

In 1969 about 15 seismological stations operated in 
the Federal Republic of Germany ( fig. 1). Until thaf 
time, these stations issued their own bulletins and 
separately sent ,their data to the international seismo
logical centers of the USCGS, BCIS and ISC. The 
data did not arrive at the same time and with same 
reliability, and besides these .data were transmitted in 
differ,ent formats, for example on punched cards; 
mark-sensed cards or other forms. 

The possibility to use a digital computer suggested 
to centralize · the data processing and to issue one 
annual bulletin for all stations of a country. First 
impulses and discussions for such a joint bulletin in 
Germany took place in 1968. At this time it was 
also decided to expand the observatory of the Grafen
berg-Array into a Central Observatory for the Federal 
Republic of Germany. It then became obvious, to 
carry out the data processing at the Central Obser
vatory in Erlangen. The Central Observatory is res
ponsible for the data collection, the data exchange 
with the other centers and the stations, and for the 
edition of the joint bulletin. To fulfill these tasks 
a CD3300 digital computer has been used, which is 
supposed to facilitate the routine work of the single 
station and to make the .data more reliable for the 
international cen-ters. 

At the present day the preparations for the bulletin 
of 1969 are finished and the experience of this work 
can now be discussed. Simplified block-diagrams show 
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the way of data processing and an example of the 
printout. 

Various sources provide information about hypo
cen ter, such as : 

1. The CGS Preliminary Determination of Epicenters 
in form of punched cards; 

2. The BCIS « Determination preliminaire » on paper 
sheets, and 

3. German stations and institutions giving information 
about local earthquakes and commercial explosions 
(fig. 2). 

The information received from the two latter sources 
is transferred to punched cards in the same format as 
the USCGS information and, after a control step for 
format errors, a chronological data file of all these 
data is made up. ( All control steps are indirnted by 
oval boxes). The events written on this chronological 
file are numbered. If an event is reported by different 
independent institutions and the difference in origin 
time is less than 30 seconds and less than 1.5° in 
latitude and longitude, it is assumed to be the same 
event and indicated by the same number on the 
"Hypocenter Data File". The data are stored on 
computer tape and are available for further processing. 
A printout of this tape with the numbered events is 
sent to all contributing stations. 

The station data are collected on punched cards. A 
special format, which differs from the !SC-format has 
been developed for these cards. Because of particular 
interest in regional events it seemed desirable to 
choose this format in order to provide an accuracy 
in time for each phase of 0.1 seconds. In addition 
all phases can be described in the same detailed man
ner. The development of this format was based on 
discussions with the ISC about new formats. The 
format makes it possible to indicate more information 
for each phase; for example the quality of onset and 
the signal-noise ratio. The event number from the 
hypocenter data list is also punched on these cards. 
The assignment of the hypocenter data to the records 
of each station is carried out by the seismologists of 
the ref erring stations. Furthermore a control list of 
the station data is sent to each co-operating station for 
comparison with the original seismogram readings 
(fig. 3). This mutual data processing and control 
gives an intensive data flow between the Central 
Observatory and the stations and effects an increase 
in reliability of the data. 

The data prepared in this way are translated into 
the !SC-format and mailed to the ISC in Ed.inburgh. 
For further pro::essing a chronological data file of 
these data is used. 
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The final arrangement of the bulletin is executed by 
means of two data files : The" Hypo Genter Data File" 
and the " Station Data File ". The epicenter ·distances 
and the azimuths are computed if source data as well 
as station .data for an event are given (fig. 4). The 
new " Combined Data File ", besides all data that 
were originally on the " Station Data File ", contains 
the identification number, epicentral distance and azi
muths for the identified and recorded events. This 
file is stored. Separate inputs make it possible to add 
comments, explanations and station descriptions to the 
final bulletin data set and the resulting printout serves 
as copy for the reproduction of the bulletin. 

Fig. 5 shows an example of an original ,page of 
the bulletin indicating different events. The heading 
giv·es the explanation of the station readings : Station 
abbreviation, arrival times and so on. The source para
meters are represented as closed data blocks. If hypo
center reports are given from different institutions, 
all this information is included in this first bulletin. 

Between the source data block and the station data 
block comments can be added. 

The above described data processing has brought up 
the following advantages : 

1. Intensifying not only the data flow between the 
Central Observatory and the regional stations, but 
also between the stations themselves; 

2. Increasing the reliability of the seismic data by 
uniform processing; 

3. Increasing number of identified and analysed small 
regional events; 

4. Actualization of these data by rapid epicenter
determination. It is preferable for this purpose to 
use regional travel time curves., based on reg.ional 
crustal and upper mantle investigations. 

For the future it is desirable for the Central Obser
vatory to restrict .the joint bulletin to regional events 
within Europe, provided that the data flow between 
national and international data centres is improved. 



OPERATION OF THE GRAEFENBERG OBSERVATORY (GRF) 
AND THE USE OF A WMO DATA LINK TO THE USA 

by J. KOPIETZ 

The Graf enberg Observa:tory performs the function 
of a Central Seismological Observatory of the Federal 
Republic of Germany (FRG). On the one hand it 
has to serve for joint use of all geophysical institutions 
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in the FRG for their seismological research. On the 
other hand it shall meet the running requirements of 
a national data center within the international Seismo
logical Service. 
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Recording station and seismometer installation are 
situated on the upland plateau of the Frankische Alb 
about 25 km north of Erlangen, a university town 
not far from Niirnberg. The surface geology consists 
of limestone, dolomite · and chalk o.f the Malm facies 
which is covered with a thin layer of sandy loam. 

The seismometer installation includes a small array 
which is originating from a former U.S. LRSM-station. 
It is equipped with Large Benioff seismometers 
adjusted to a natural period of one second. A central 
underground walk-in vault contains a 3-component 
set of Large Benioff s, a 3-component set of long
period Sprengnether seismometers adjusted to 20 se
conds natural period, and another 3-component set 
of Geotech 18300 seismometers with 2 seconds natural 
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period. The signals of the Benioff and Sprengnether 
seismometers are routed through bridged-T attenuators 
to galvanometers of phototube amplifiers which pro
vide the signals for the diverse recording equipment. 
The natural periods of the galvanometers are 0.2 sec. 
(short-period) and 30 sec. (long-period). The Geotech 
seismometers are driving geophon amplifiers each in
cluding in a second channel an integrating circuit pro
ducing the same frequency response of the system as 
a decupling of the natural period of the seismometer 
would do. 

The recording system consists of an automatic pro
cessing film recorder-viewer for 16-mm film (Develo
corder), two recorders for 35-mm film, two Helicor
ders for visual monitoring on thermosensitive paper, 
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and two 7-channel magnetic tape recorders for fre
quency modulated recording on half inch tape with 
a recording speed of 15 / 160 ips ( in accordance 
with IRIG standard). 

The whole equipment is subject to successive exten
sion and improvement in order to meet the running 
requirements of seismological research and of interna
tional seismological service. 

Figures 1 and 2 show the frequency response o.f 
the short-period (Benioff) and long-period (Spreng
nether) seismograph system. The response curves are 
resulting from the electromagnetic sine wave calibration 
of the system, which is carried out by applying sinu
soidal currents of specified frequencies to the calibra
tion coil of the seismometer. The corresponding values 
of the system magnification are calculated with a 
digital computer from the recorded calibration ampli
tudes at the applied frequencies. The computer pro
gram also includes the determination of the coeffi
cients of a best f.it polynom of 6th degree appro
ximating the magnification values and the procedures 
for plotting the frequency curve and listing the values 
of true earth motion and its logarithms for the entire 
range of recording amplitude and period ( figures 3 
and 4). 

For the routine seismogram analysis the Helicorder 
and the 16-mm film recordings are mainly used. On 
the Helicorder recordings the rough onset time of the 
arrivals from the recorded events can be found out 
conveniently, whereas the 16-mm film recordings with 
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its considerable time resolution (50 mm for 10 se
conds) are very suitable for the actual reading of the 
seismograms. The error of time marks is kept less 
than 50 milliseconds. 

The Grafenberg Observatory is exchanging and 
reporting seismological data in the teleprint and 
punched card formats. Data recorded at stations of 
the seismological network of the FRG are forwarded 
to the Graf.enberg Observatory and from there to the 
international data centres in both formats. The reports 
for the USCGS are transmitted by teleprint to Wash
ington. A bilateral arrangement could be achieved to 
use for this purpose a WMO high speed data link 
of the Meteorological Service between Offenbach and 
Suitland. Over the same circuit preliminary seismolo
gical reports for major seismic events are received from 

USCGS within a few hours after the occuring ( figures 
5 and 6). The BCIS in Strasbourg receives by mail 
copies of the rep01"ts which are transmitted by tele
print to .the USCGS. The ISC in Edinburgh receives 
a file of the punched cards collected at the Grafenberg 
Observatory after its repunching into the desired 
format. All data collected on punched cards will 
furthermore be published in a joint bulletin for the 
whole network of seismological stations in the FR.G. 

Figure 7 shows the relative frequency distribution 
of the travel-time residuals at GRF taken from the 
Earthquake Data Reports of the USCGS. It is 
intended to carry out detailed investigations of the 
travel-time residuals in respect to possible systematic 
travel-,time ·errors. 
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