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FOREWORD

The XIlIth General Assembly of the European Seismological
Commission took place in Romania between the 28th August and the
5th September 1972.

As host-city to this scientific meeting served Brasov important
cultural, industrial and touristic centre located inside the Carpathian
Are, not far from its bend, where the earthquakes determinative for
Romania’s seismicity — sometimes called ‘““Romanian earthquakes’ —
have their epicentral area, in the Vrancea region, well-known to seismo-
logists all over the world for its remarkable features, matched at the
planetary scale only by the Hindu Kush region.

At the opening ceremony, the participants to this forum of European
seismologists were welcomed on behalf of the People’s Council of the
city of Bragov by its vice-president, Mr. Coman. Professor R. Botezatu,
Deputy Minister for Mines, Oil and Geology greeted the attendance as
President of the Local Organizing Committee, while Professor S. Ste-
fanescu, President of the Romanian National Committee for Geodesy
and Geophysies, and Professor R. Bogdan, Rector of the University of
Bragov, spoke on behalf of the respective organizations, co-operative in
implementing the meeting.

The large attendance to the Bragov get-together of Europe’s seis-
mologists — the participation was heavier than at anyone of the twelve
previous General Assemblies of the European Seismological Commission —
had its equivalent in the great number of papers given within the frame-
work of the scientific sessions, shaped either as special meetings of the
subcommissions and their working groups or as general symposia, with
a given topic.

In fulfilling its last task of host and organizer of the XIIIth General
Assembly of the European Seismological Commission — that of publi-
shing the professional papers presented within the framework of the
scientific sessions — the Romanian Institute for Applied Geophysics
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has attempted, as editor of the volumes containing them, to systematize
the written presentation and to obtain some unity in diversity by grouping
the papers in the same manner as they were presented. In one category
are to be found the papers which, irrespective of their logical belonging
to a given subcommission or working group, constituted elements of
one of the three symposia having as general themes: Microseisms and
Ground Noise (Symposium 1), Structure of the Lithosphere and Astheno-
sphere (Symposium 2) and Temporal and Spatial Variations of Seismic
Activity (Symposium 3). The other category of papers is represented
by those given under the sponsorship of the various subcommissions
and working groups of the ESC, in which is expressed its present structure,
as established at the Luxembourg General Assembly in September 1970.

It is hoped that these volumes, the content of which reflects the
main features of the scientific aspects of the XIIIth ESC General Assem:-
bly — without, perhaps, its character of give-and-take of scientific ideas
and assessment of their value — will give satisfaction to both authors
and readers, continuing and widening the impact the oral presentation
of the papers had on the participants in Bragov. This will also constitute
the satisfaction of the Bucharest Institute for Applied Geophysics, acting
as editor.

Professor LIVIU CONSTANTINESCU



SEISMICITY OF EUROPE

TSUNAMIS

EARTHQUAKES AND TSUNAMIS IN THE EUROPEAN AREA

BY
VICTOR SOUSA MOREIRA 1

Large tsunamis are very rare on the European and North African coas-
ts in comparison with the great number of earthquakes of large magnitude
which have occurred off them, since Antiquity till now. The regions
where the main tsunamis, which have affected the European region,
have been originatel are shown in figure 1. This figure shows that there
are two main tsunamigenic zones in the European area : the region of
Eastern Mediterranean and the part of the Gibraltar-Azores seismic
line situated southwestwards of Portugal. The region of the Straits of
Messina is important too. In this region few tsunamis have been set off,
but normally they reach high intensity. Another important tsunami-
genic zones are the Black Sea and the coasts of Yugoslavia and Albania,

A catalogue of tsunamigenic earthquakes with magnitude greater
than 5.3 and referred to 1901 —71 is presented in table 1l (Ambraseys,
1962; Galanopoulos, 1960; Grigorash, 1959 a, b; Mo-
reira, 1968). ]

The geographic distribution of the epicenters is shown in figure 2.

Earthquakes whose magnitude is smaller than 6.0 do not cause tsu-
nami normally. The tsunamis which correspond to the aftershoks of the
earthquake of 9 July 1956 have set off landslides (Galanopoulos,
1960), but the tsunami which correspond to the earthquake of 12 July 1966
(M = 5.3) seems to have had a different origin.

In table 2 are listed the non-tsunamigenic earthquakes with epicenter

1 Servico Meteoroldgico Nacional. Lisboa, Portugal
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Calalogue of non-lsunamigenic earthquakes with magnitude grealer than 6.0 (1901—71)

TABLE 1 .
Calalogue of earthquakes with magnifude grealer than 5.3 accompanied by isunamis
(1901—71)
No Date Epicenter Magnitude
1 8 Sept. 1905 38.7°N; 16.0°E —
2 4 Oct. 1905 44.7 N; 37.2 E -
3 27 Nov. 1914 38.8 N; 20.5 E 6.1
4 7 Aug. 1915 38.5 N; 20.5 E 6.0—6.2
5 26 Jun. 1927 44.5 N; 345 E 6.0 |
6 12 Sept. 1927 44.5 N; 34.5 E 6.5 1
7, 26 Sept. 1932 40.5 N; 23.8E 6.9
8 8 May 1939 37.0 N; 24.5 W 7.1
9 25 Nov. 1941 37.5 N; 18.5 W 8.3
10 6 Oct. 1947 36.9 N; 22.0E 7.0
11 9 Feb. 1948 35.5 N; 27.0E 7.1
12 22 Apr. 1948 38.5 N; 20.2 E 6.4 i
13 10 Sept. 1953 35.0 N; 32.0E 6.5 !
14 9 Jul. 1956 37.0 N; 26.0 E 8.0
15 9 Jul. 1956 36.8 N; 25.2 E 6.8
16 9 Jul. 1956 36.8 N; 25.2 E 5.7
17 9 Jul. 1956 36.8 N; 25.2 E 5.6
18 2 Nov. 1956 39.5 N; 23.0E 5.8
19 6 Jul. 1965 38.7 N; 226 E 6.2
20 12 Jul. 1966 44.7 N; 37.2E 5.3
21 19 Feb. 1968 39.4 N; 25.0E 7.0
22 28 Feb. 1969 36.2 N; 10.5 W 8.0

TABLE 2

No Date (G.M.T.) Depth Epicenter Magnitude
1 18 Feb. 1910 05 09.3 150 36.0°N ; 24.5°E 7.0
2 16 Jun. 1910 04 16.3 — 36.5 N; 4.0W 6.1
3 4 Apr. 1911 15 43.9 140 36.5 N; 255 & 7.0
4 11 Jul. 1915 11 28.6 50 37.0 N; 10.5 W 6.2
5 26 Jun. 1926 19 46 34 100 36.5 N; 27.5FE 7.9
6 30 Aug. 1926 11 38 12 100 36.8 N; 23.2E 7.9
7 20 May 1931 02 22 49 5 37.5 N; 16.0 W 7.1
8 27 Dec. 1941 18 17 27 60 36.0 N; 10.5 W 6.8
9 17 Dec. 1952 23 03 58 33 34.5 N; 24.0E 6.8
10 12 Aug. 1953 09 23 55 - 38.5 N; 21.0E 7.2
11 16 Jul. 1955 07 07 08 — 37.5 N; 27.0E 6.9
12 12 Sept. 1955 06 09 20 - 32.5 N; 30.0E 6.8
13 25 Dec. 1956 09 33 37 — 48.5 N; 28.0 W 6.5
14 8 Mar. 1957 12 21 08 25 39.5 N; 23.0 E 6.2
15 15 Nov. 1959 17 08 41 — 37.8 N; 205 E 7.0
16 10 Apr. 1962 21 37 13 35 38.1 N; 12.2E 6.3
17 28 Feb. 1969 04 25 32 28 36.2 N; 10.6 W 6.0
nstitutul Ge al Romaniei
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14 V. SOUSA MOREIRA 6

in the sea, with magnitude greater than 6.0 and referred to the same
period (1901—71). -

The geographic distribution of the epicenters is shown in figure 3. Ba-
sed on the data taken from Tables 1 and 2 correlations between earthquake
magnitude and focal depth and between tsunami magnitude and water
depth at the epicentral area have been established. In figure 4 the mag-

h

150 4

Fig. 4. — Correlation bet-
ween earthquake magnitu-
de (M) and focal depth (h) :
1, earthquake which caused tsunami ;

2, earthquake which did not cause
ez tsunami.

1001

50

9 M

nitudes of the earthquakes with epicenter in the sea are plotted on the
M-axis and the respective focal depths are plotted on the h-axis. Ear-
thquakes with epicenter in the sea and that caused tsunami are repre-
sented by filled-in circles whilst earthquakes which did not cause tsunami
are represented by open circles. Figure 4 shows that there is a linear
boundary between earthquakes accompanied by tsunamis and earthquakes
which were not accompanied by tsunamis. A similar result has been
obtained by Iida (1963).

This boundary which is well defined up to magnitude 7 marks the
limits for the earthquakes that can cause tsunami. The equation of the
straight line above defined is

h=30M + 159

where M represents the earthquake magnitude and % the focal depth
in kilometers.

This means that one earthquake of magnitude 6 may cause a
tsunami if its focal depth is smaller than 21 km, since its epicenter is
situated in the sea, but an earthquake whose magnitude is 8.2 may cause a
tsunami even its focal depth reaches 87 km.
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In figure 5 the depths of the sea at the epicenter have been plotted
on the h-axis and the magnitudes of the correspondent tsunamis, in the
modified Sieberg scale (Ambraseys, 1962) have been plotted on
the M-axis. A linear relationship between M and % does not exist, owing
to the fact that there are large magnitude tsunamis originated in regions
of shallow water. The relationship between M and % is defined by an

Fig. 5. — Correlation
between tsunami mag-
nitude (M) and depth
of the sea at the epi-
center (h).

0 1000 2000 3000 1 D0

hyperbola whose equation is & (M-2) = 730 which shows that a negative
correlation between tsunami magnitude and water depth at the epicenter
exists. '

To analyse the difference between tsunamigenic and non-tsunamige-
nic earthquakes, the relationship between tsunamis and focal mechanism
was investigated. Most of the data was taken from Wickens and
Hodgson (1967), other have been given by Dr. Munuera (Spain)
and Dr. Drakopoulos (Greece).

Assuming that faulting occurs along one nodal plane, the dip and
strike components of the unit vector of the movement have been con-
sidered. The results are listed in table ‘3.

In figure 6 the geographic distribution of the epicenters of the tsunami-
genic earthquakes classified according to the type of faulting is shown.

The open circles correspond to earthquakes belonging to the strike-
slip type, whilst the earthquakes which can belong to the strike-slip or dip-
slip type are represented by a black and white circle. In table 4 the magni-
tudes of tsunamis caused by the earthquakes of table 3 are indicated.
The modified Sieberg tsunami magnitude scale has been utilized. Forty
percent of the tsunamigenic earthquakes investigated may belong to
the dip-slip or to the strike-slip tsi;pe.
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TABLE 3
Tsunamigenic earthquakes and tupe of faulting (1901—71)

Plane « Plane b

j-| Strike} Di Strike| Di
No Date Time Epicenter N{:l%m = B ;1;5]'1 ;l)fi:f
¢ | com- | Com- | Com- | Com- g
ponent|ponent|ponent|ponent

1| 8 May 1939] 01 46 50{37.0°N; 24.5°W 7 0.829| 0.559 0.809; 0.588 SS
2125 Nov. 1941( 08 03 55|37.5 N; 18.5 W 8.2 | 0.788| 0.616| 0.927| 0.375 SS
3| 6 Oct. 1947| 19 55 31{36.9 N; 22.0 E 7 0.857] 0.515| 0.848| 0.530 S8
4| 9 Feb. 1948 — 35.5N; 27.0E 7.1 | 0.755{ 0.656| 0.978| 0.208 SS§
5110 Sept. 1953| 04 06 00{35.0 N; 32.0E 6.5 | 0.980] 0.210 0.370] 0.930(SS, DS
6 9 Jul. 1956| 03 11 39|37.0 N; 26.0E 7.8 | 0.950| 0.310} 0.420} 0.910(SS, DS
7| 2 Nov. 1956/ 16 04 33{39.0 N; 23.0 E 5.8 | 0.880] 0.470, 0.970! 0.240 §S
8| 6 Jul. 1965/ 03 18 45[38.7N; 22.6 E 6.5 | 0.999| 0.052| 0.147| 0.985/|SS, DS
919 Feb. 1968| 22 45 42{39.4N; 24.9'W 7.1 | 0.999/ 0.035; 0.999| 0.035 SS
10|28 Feb, 1969| 02 40 33|36.2N; 10.5 W 8.1 | 0.766| 0.643| 0.643| 0.766/SS, DS

All earthquakes which belong to the strike-slip type, with only one
exception, present an appreciable amount of dip component. On the
other hand, all tsunamis caused by earthquakes of the strike-slip type
are weak. The greatest tsunami is that of 9 July 1956 (magnitude VI,
table 4). The correspondent earthquake may belong to the strike-slip
type or to the dip-slip type. Considering the type of faulting belonging
to the dip-slip type the value of the dip-component is very high. The
earthquake of 6 July 1965 has generated a tsunami which probably has
been set off by an earth-slide. '

fn table 5 are listed the non-tsunamigenic earthquakes with magnitude
greater than 6.0 and with epicenter in the sea referred to the period
1901 —71. In figure 7 the geographic distribution of the epicenters of the

TABLE 4
No Date Tsunami magnitude| Type of faulting
l
1 8 May 1939 I SS
2 25 Nov. 1941 I SS
3 6 Oct. 1947 111 SS
4 9 Feb. 1948 I1I SS
5 10 Sept. 1953 II SS, DS
6 9 Jul. 1956 VI SS, DS
7 2 Nov. 1956 ITI—-III SS
8 6 Jul. 1965 III—-1V SS, DS
9 19 Feb. 1968 ITI-1III SS
10 28 Feb. 1969 I SS, DS
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TABLE 5
Non-tsunamigenic earthquakes and type of faulling (1901—171)

0

Plane a Plane b
;.| Strike{ Di rike} Di
No Date Time Epicenter lh{i%r: ' L ' J 'fglﬁ:ix?f
Com- | Com- | Com- | Com- g
ponent|ponent|ponent |ponent
1]20 May 1931 02 22 49| 37.5°N; 16°W 7.1 | 0.985/ 0.174| 0.985] 0.174 SS
2 (12 Ago. 1953} 12 05 22| 38°N; 21 E 6.8 0.97 | 0.24 | 0.97 | 0.24 SS
3116 Jul. 1955| 07 07 08| 37.5°N; 27 E 6.9 | 0.96 | 0.27 | 0.99 | 0.13 SS
4 |12 Sept. 1955) 06 09 20| 32.5 N; 30 E 6.8 0.50 | 0.87 | 0.89 | 0.45 |DS, SS
5 (15 Nov. 1959 17 08 41/37.8 N; 20.5 E 7.0 0.99 | 0.10 | 0.41 | 0.91 |SS, DS
6 (10 Apr. 1962 21 37 13/ 38.1 N; 12.2E 6.3 | 0.961| 0.276| 0.574| 0.819|SS, DS
7| 8 Mar. 1957 12 21 13[{39.3 N; 22.6 W 6.7 | 0.993| 0.122| 0.874| 0.485 SS

non-tsunamigenic earthquakes, classified according to the type of faulting,
is shown. Fifty-five percent of the non-tsunamigenic earthquakes belong
to the strike-slip type and have a small dip-component ; the rest belongs
to the strike-slip type or dip-slip type. Considering the type of faulting
belonging to the strike-slip type, the dip component has a small value.

As a result of this analysis it appears that the generation of a tsunami
depends on the value of the dip component of the unit vector of the
movement. Tsunamis are associated, generally, with dip-slip type of
faulting or with strike-slip type of faulting with appreciable amount
of dip component. To confirm this results it will be necessary to make
further studies which will be the subject of another paper.
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MAGNITUDE AND ENERGY

BASIC PROBLEMS OF THE INNER STRUCTURE
OF THE MAGNITUDE SCALES
BY
VITALII CHALTURIN?, LUDMIL GHRISTOSKOV 2

The magnitude of the earthquakes is used in the seismological
services practice in the capacity of compulsary parameter for each recorded
earthquake. On the basis of the mass magnitude determinations a series
of special comparative and methodological investigations are carried out.
These studies revealed some discrepancies and contradictions in the
classical definition of magnitude scale and its linear inner structure.
They are mainly as follows :

1) The magnitude scales, based on the different type of seismic
waves, have unequal step;

2) The correlations among the different magnitude scales are not
linear ;

3) The changes of the wave amplitudes with the distance (the
amplitude-distance curves) for small and strong earthquakes are unequal
and they from a field of nonparallel curves ;

4) For the local and teleseismic events the different magnitude
scales are elaborated and the correlation between them is rather com-
plicated.

5) The existence of the regional differences in the amplitude curves
or in the calibrating functions which are used for magnitude determi-
nations was found ;

1 Institute Physics of the Earth, Academy of Sciences of USSR, 10 B. Gruzinskaya
Str., Moscow, USSR.

2 Geophysical Institute, Bulgarian Academy of Sciences, 6 Moskovska St., Sofia, Bul-
garia.
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6) A lack of correspondence was established for the magnitude
determinations made by the records from seismographs of different types ;

7) Within the framework of one and the same magnitude scale
a big discrepancy is observed in the magnitude determinations made by
different seismological services and centers in the world.

In the present paper an attempt is made to analyse the physical
phenomena of the above mentioned effects from the point of view of
clearing up the possible character of the inner structure of the magnitude
scales. '

Let us briefly define the axiomatic principles of the magnitude
classification of the earthquakes. At first sight, the magnitude classi-
fication is coming down to the basic classical magnitude equation :

A
M =log . o(4) 1)

But in this equation it is accepted that each determination of M
could be made for arbitrary values of :

the period 7 of the seismic wave;

the epicentral distance A;

the magnitude M itself;

the band-pass response of the recording instrument.

These assumptions will be generally valid if the real amplitude-
distance curves possess the following properties :

a) the amplitude curves for different periods of the seismic waves
coincide in shape and absolute level;

b) the amplitude curves coincide in shape for the earthquakes with
different magnitudes ;

¢) the step between any two amplitude curves constructed for
magnitude M and M + 3M is equal to dlog A/T and it is kept constant
for all epicentral distances and magnitude levels.

The concept ‘‘calibrating function” o(A) could be valid in the clas-
sical meaning used in equation (1) only for the amplitude-distance curves
wich are satisfying the above conditions, i.e. only in this case the linear
inner structure of the magnitude scale could be taken as a represen-
tative one.

The physical considerations as well as the experimental data show
that in reality the above enumerated assumptions are not satisfied and
as a result a nonlinear inner structure of the magnitude scale is observed
especially for short epicentral distances. We make an attempt to adduce
some new data and results which corroborate this conclusion.
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1) The shape of the amplitude spectrum of the seismic signal depends
significantly on the earthquake energy. This fact is confirmed by the
theoretical investigations (Kasahara, 1957; Keylis-Borok,
1960; Berckhemer, 1962; Aki, 1967) as well as by experimental
data ® (Gutenberg, Richter, 1942,1956; Matumoto, 1959,
1960; Antonova et al, 1968; Chalturin et al, 1971a). This

—l

Fig. 1. — Family of spectra A for P and S waves for

Chan Tengry epicentral region recorded at Talgar station

(A = 260 km) by frequency - selecting seismic station 10

(CISS) (K-energy classes according to Rautian,
1960).

1, § wave; 2, P wave.

005 01 05 1 5
c %
effect can be seen on figure 1 where the velocity spectra for different
energy levels (log Z = K [joules]) are shown. The stronger the ear-
thquake the bigger the period of the maximum of the spectral curve.
In other words, for the strong earthquakes the spectral amplitudes still
continue to increase for periods at which the maximum or even decreasing
of the spectral components for the small earthquakes is observed. Moreover
for the strong earthquakes the spectral amplitudes increase quicker
before the maximum than the amplitudes for the small earthquakes.
Therefore, for two earthquakes with different magnitudes or energy,
the difference 3log A/Tis unequal for the various frequencies, besides,
the lower the frequency the bigger the difference 3log A/T'.
. 2) The use of the value A/Tas a basis for the magnitude classifi-
cation is connected with the assumption of constancy for A/T in a wide

3 RautianT. G, Chalturin V. I. Dependence of the spectra of seismic waves
upon the magnitude of earthquakes. 1972. Paper presented during XIII Ass. of ESC in Brashov.
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frequency range, i.e. it is accepted that a relatively wide flat zone in
the velocity spectrum exists (Gutenberg, 1957). But the experimental
data show (fig. 2) that the velocity spectrum has a flat zone within a
limited frequency range of period interval and moreover the width of
this zone depends on the magnitude of the earthquakes ®. Therefore, the
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ratio AT for one and the same seismic wave could be unequal on the
records of the instruments with different frequency-response curves.
First of all, this effect influences the magnitude determinations made by
the records of the short period instruments. These determinations are
lower than the estimations made by the records of the middle period
seismographs® ; (Antonova et al, 1968; Basham, 1968;
Kondorskaya, Fedorova, 1969). For small or not very strong
earthquakes the magnitude determinations m,, from the records of the
short period instruments are lower than those from the long period seismo-
graphs (R ommn ey, 1964). An analogous discrepancy may be expected

¢ Bune V. I. et al. To the problem of earthquake magnitude determination. 1971.
Paper presented to the XV Gen. Ass. of IUGG, Moscow.

5 Kalturin V,Kurochkina R. Comparison of magnitude determination based
upon short-period and middle-period instrument’s records. 1967. Paper presented to the XIV
Gen. Ass. of IUGG, Zurich.
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for the middle period seismographs with respect to the long period com-
ponents also.

3) The attenuation of the different spectral components is varying
due to the frequency-dependent absorption of the seismic waves. As a
result of this effect the amplitudes of the short-period components are

4 km

100 200 300

Fig. 3. — Variation of the
amplitude ratio Log A(T;)
/log A(T,) of the mono-
chromatic spectral compo-
nents for P and S waves
from the records of the
frequency-selecting seismic
station in Talgar as a func-
tion of the epicentral dis-
tance. (The epicentral re-
gion is in Northern Tien
Shan).

1, P wave; 2, S wave; Tc — 1.23s.

logA(T;) -logA(T)

Y
\ 77200455

diminishing quicker than the long-period components (Chalturin,
Urusova,1962; Knopoff,1965; Passechnik, 1966; Chal-
turin, 1971b). The pure effect can be seen on the records of the fre-
quency-selecting seismic station ((¢.I.8.8.) (Zapolsky, 1960, 1971).

Some results of the relative attenuation for the monochromatic
amplitude spectral components as a function of the epicentral distance
are shown in figure 3. For P and § waves the spectral components A(T7})
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for different periods 7'; are compared with A(T,) for a constant period
T, = 1.25 5. It is seen that the variation of the amplitude ratio A(T,)/A (T,)
strongly depends on the period 7; for which the amplitude curve is
constructed. The bigger the period T; the smaller the attenuation of
A(T;) with the distance.

There is also no doubt that even the amplitude-distance curve
constructed by the records of the broad-band instruments are influenced
by this effect.

W2

Y
bl
- Ky
w
S

Apy (8,M,) —

Fig. 4. — Amplitude
-distance curves of
PH-wave for differ-
ent magnitude levels
(The figures of each
curve correspond to
the mean magnitude
of the earthquakes
recorded at station
Sofia).
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4) The combined actions of the physical phenomena discussed
above determine the complicated character of the real amplitude-distance
curves. In fact, the amplitude curves for different magnitude levels are
not parallel to each other and they form a family of divergent amplitude
curves with the epicentral distance. This effect is observed for the surface
waves (Christoskov,1965) as well as for the body waves, especially
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at the short epicentral distances (Christosko v, 1967, 1969a, 1969b).
In figure 4, as an example, the amplitude curves of PH wave for diffe-
rent magnitude levels are given (Christoskowv, 1969a). In the
nearest to the source zone the difference 3log A/T corresponding to M = 1
is considerably less than the unity for P-wave (fig. 4) and also for S-wave
and only at distances of about 22—23° the change of log A/T with unity
corresponds to dM = 1.

These results show that a nonlinear inner structure of the magnitude
scales exists for distances less than 20°.

5) The correlation between the magnitude scales usually is given
by the formula :

M=am-+ b 2

where a and b are constants. However the more detailed investigation
of this correlation show that the coefficients @ and b in formula (2) are
not constant and they are different for the small and the strong
earthquakes. The reasons of this phenomenon are discussed in the report
of Rautian-and Chalturin ® presented to the present Assembly
of the E.S.C. Moreover, the real values of these coefficients depend on
the frequency-response of the instrument from which the body wave
magnitude m is determined.

According to the data given in the seismological bulletins of ESSN
(USSR) and USCGS we calculated (by the method of orthogonal regres-
sion) the correlation between the body and the surface wave magnitudes
my and Mg, Mggn, and Mg, mgy and M, ., separately for the relatively small
(M = 4.5—6.5) and for the strong earthquakes (M = 6—7.5). The final
results for a wide epicentral distance range (20—80°) are given in the
Table :

TABLE 1
i ' M =45-6.5 M=6-175
source
USCGS my, = 0.69M; + 1.48| m, = 0.50M,; 4 2.65
ESSN mgry = 0.68Mpg + 1.8 | mggay = 0.55M g + 2.7
ESSN Mgr = 071MLH + 2.0 Mgy = O.SGMHL -+ 2.3

Nole : mggpr — determined by short-period instrument ;
mgy — determined by middle-period instrument.

¢ Op. cil, p. 3 .
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Thus, the combination of the experimental and theoretical data
demonstrate the inapplicability of basic magnitude equation (1) for all
epicentral distances, period variations and magnitude levels. Obviously,
it is necessary to create a system for magnitude classification which
has to take into consideration all the effects discussed above. In this
system the classical magnitude definition given by equation (1) is a partial
case and it will be valid only for a fixed epicentral distance {or small
interval) A, (for instance-30—50°) and only for certain frequency range
which will be different for the small and the strong earthquakes. For
distances A << A, the step of the amplitude curve family, i.e. the value
3logA|T = log(A|T)y— log(A/T)s -, will be less than unity and for distances
A > A, it will be bigger than unity.

As the amplitude curves for different magnitudes are not parallel
to each other, i.e. the magnitude scale has nonlinear inner structure,
for determination the earthquake magnitude we have to replace equation
(1) with a set of nomograms like that shown in figure 4. Such a kind of
nomograms has to be constructed in a wide range of epicentral distances
for the different seismic waves and for the possible types of seismographs
from the observation data. For the magnitude determinations at short
distances (A > 20°) similar nomograms have to be constructed for each
seismic region separately because of the regional differences in the ampli-
tude-distance curves.

In this way only it will- be possible to overcome the existing dis-
crepancy in the magnitude determinations communicated by the different
countries and international seismological centers, i.e. to establish an
unified earthquake magnitude classification.

The authors wish to thank Dr. T. G. Rautian and Dr. N. V.
Kondorskaya for kindly going through the manuscript and pro-
viding several pertinent comments and.suggestions.
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STATISTICAL METHODS

ON THE ACTIVITY OF THE WORKING GROUP “STATISTICAL
METHODS” OF THE ESC-SUBCOMMISSION “SEISMICITY OF THE
EUROPEAN AREA™

BY
RICHARD MAAZ?

The Working Group “Statistical Methods’ of the subcommission
“Seismicity of the European Area’”, established during the General
Assembly in Luxemburg in 1970, consists officially of O. Gotsadze
(Thilisi), G. F. Panza (Bari), G. Purcaru (Bukarest),Z. Schen-
kova (Prague), and R. Maaz (Jena) as convener. Strong connections
exist to many other colleagues, e.g. to M. Jankovi¢ (Sarajevo),
D.Postpischl (Bologna), W. Ullmann (Jena), Ju. V. Riz-
nicenko, and A.Prozorov (Moscow), ete. '

The activity of the group started with the propagation of a pre-
liminary conception of the aims of the group including some current
bibliography. Further, some concrete co-operations concerning the
physically and statistically based quantitative representation of seismicity
as well as concerning energy-frequency distribution of earthquakes began.
Some of the co-operations already led to interesting results, partially
presented at meetings in Prague, Jena, and Bragov, other are under
work or preparation.

During the meeting of the Working Group in Jena the following
aims have been stated :

a) Searching the measures which are directed to the quantitative
representation of seismicity and seismic risk in connection with the
Earth’s structure in time and other geophysical and also economic aspects.

1 Communication Nr. 277, Central Earth Physics Institute.
2 Central Earth Physics Institute AAW der DDR, part Jena, 69 Jena, Burgweg 11,GDR.



32 R. MAAZ 2

b) Studies of energy-frequency distribution, especially of the
strongest expected earthquakes.
¢) Statistical analysis of earthquake effects.
d) Statistical models for the occurrence of earthquakes, especially
for their after- and foreshocks.
The papers presented at the meeting in Jena deal mainly with the first
topics, regarding also tectonic aspects, and being connected with the
Geodynamic Project. The issue of the Verdffentlichungen des Zentral-
instituts Physik der Erde, Nr. 18, will present the text of the single con-
tributions : - '
Stiller IL. Seismicity as contribution to geophysical and geological
complex interpretation.
Savarensky E.F. General remarks to the object of this meeting.
Schenkova Z. Time distribution of the earthquake occurrence
in the north-eastern Mediterranean zone.
Purcaru G. The informational energy and entropy in statistics and
prediction of earthquakes. i
CaputoM,V.Keilis-Borok,T. Krourod,G. Motchan,
G. F. Panza, AL Piva, V. Podgaezkaya, D. Post-
pischl. Models of earthquake occurrence and isoseists in Italy.
Caputo M., D. Postpischl. Seismicity of the Italian region
(Paper presented by G. F. Pan z a).
Panza G. F,Y.Calcagnile. Focal effects on M determination
from Rayleigh waves — preliminary results.
Purcaru G.  R. Maaz On the earthquake magnitude distribution
and the prevision of earthquakes.
Neunhofer H., R. Maa z Refined determination of the parameters
of the energy-frequency distribution.
Prochazkova D. The comparison of the results of the different
procedure of the calculating of the magnitude-frequency relation.
Maaz R.,, W. Ullmann. Projective seismicity and focal volume.
Ullmann W., R. Maaz The projective seismicity of an earthquake
with regard to the probability distribution of its epicentre.
From these and other papers as well as from discussions especially with
the colleagues named above the following results and aspects are deduced :
As far as the physical process of earthquake occurrence in any
considered region of the Earth is not sufficiently known, the statistical
treatment of the phenomenon is necessary. In this connection the loga-
rithmic linear law of Gutenberg and Rich ter for the frequency-
magnitude distribution of earthquakes is of importance. It is useful for
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predicting strong earthquakes and for the definition of seismic activity
by use of the absolute term. The validity of that law is restricted by the
regional maximum expected earthquake, as used by Rizni chenko,
who found a linear statistic relationship between the two quantities or
parameters. Further, there are investigations concerning a relationship
between the parameter of inclination b and the mean focal depth, con-
cerning the variation of b before and after strong earthquakes, and studies
of the physical interpretation of b.

At this state of things it is necessary to test the law of Guten -
berg and Richter, who themselves used two inclined straight
line segments. Surely, there are other functions which represent the
frequency-magnitude distribution better. E. g., the lognormal frequency-
-magnitude relation and lognormal frequency-energy relation have been
subjects of the meeting in Jena. Especially, new methods to determine
more precisely the parameters of that distribution and to compute their
confidence intervals were presented (Purcaru, Neunhofer,
M a a z). Further, it was clearly demonstrated that the parameters 4, b
mentioned above should be calculated by the maximum likelihood method
and that they depend naturally on the chosen investigation period
(Prochazkova), This result, certainly, holds also true for the para-
meters of other distribution functions.

From the statistical results it seems to be quite sure that different
regions have different frequency relations. That implies different physical
earthquake occurrence processes. It is a task of to day in each case to
find the most reliable distribution law and to seek for suitable physical
models of the process, which are to be fitted to the observations by
appropriate mathematical procedures. Simultaneously, such distribution
functions should be studied from the point of view of informational theory
as done by Purcaru.

Naturally, any frequency-magnitude relation is affected by the
magnitude or energy determination. As demonstrated by P anza and
Calcagnile, the magnitude value M, obtained from surface waves
strongly depends on the focal depth, varying within 3 units. Consequently,
our work depends on the research work of other groups, and also the
detection of small earthquakes remains a problem for all seismicity
studies.

The study of earthquake occurrence with respect to time is also
under mathematical research: Schenkova tested the description
of earthquake series by a Poisson process and a negative binomial
distribution, which generalizes the P oisson distribution. The logical

3 — c. 930
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argumentation and the test results speak in favour of the more gene-
ral law.

The distribution of earthquakes and their strain energy in space
represents a basic field quantity for the definition of seismicity. Therefore
the relationship of seismicity to the focal volume was discussed by M a a z
and Ullmann, who considered also the influence of the inaccuracy
of the focal co-ordinates on seismicity, introducing the conception of
the probable projective seismicity.

In two papers read by Panza the seismicity of Italy including
the basis of representation was discussed, where the Gutenberg-
Richter magnitude-frequency relationship is used. Its coefficients
were determined for various seismotectonic units of that region. On the
basis of seismic data going back as far as to the birth of Christ maps
of the seismic risk and of the seismic active faults were drawn up.

Till now, a lot of different seismicity definitions are used or pro-
posed. Members of the group started to study those definitions and to
seek for the best one. It should need as few as possible independent field
quantities and include all the phenomena of seismicity. Their investi-
gation requires also the effort of other colleagues who are especially
interested in physics of earthquakes or their tectonic aspects.

Our working group hopes for such contacts and for help in getting
an extensive bibliography naturally not restricted to the European area.
A preliminary bibliography was dispersed with the draft of the program
of the W. G. at the end of 1970. Further literature can be taken from
the announced proceedings of the meeting in Jena.

The Working group regrets that their active member O. Got-
sadze as well as some other invited colleagues like the president of
our subcomission, V. K&4rnik, aswellas J. V. Riznichenko and
M. Jankovié¢, have been unable to participate in the meeting in
Jena, and that V. Pisarenk o retired from our group with respect
to other scientific interests; he named A. Prozorov as working
in our field. Generally, the working groups are open to co-operation,
which we hope for.



ON THE STATISTICAL INTERPRETATION OF BATH’S LAW
AND SOME RELATIONS IN AFTERSHOCK STATISTICS

BY
GEORGE PURCARU1?

INTRODUCTION

B4th’s law is actually one of the most controverted problems
in seismology and also one of the most,important peculiarity of after
shocks. In seismological literature many papers have been published
concerning this problem but different and somewhat contradictory results
have been obtained concerning this law and aspects related to it. This
important feature of earthquake aftershocks known in seismological
literature as Ba4th’s law (Richter, 1958; B4 th, 1965) shows
that the observed difference D, in the magnitudes of the main shock
(M,) and the largest aftershock (M,), in large aftershock sequences, has
a value of approximately 1.2, independently of the magnitudes of the
earthquakes concerned (D, constant regardless of M,).

However, it must be mentioned that, before, U t s u (1957) examined
D, = M, — M, as a function of M, for 90 Japanese shallow earthquakes
with M, > 6 and established that for M, > 6.5, D, takes values between
0 and 3 with a mean value D, of 1.4 which is nearly the value D, = 1.2.

Also, Utsu (1961, 1964, 1969) which up to present made also the
most extensive researches on the statistics of aftershocks stated that,
for Japan, D, is a linear function of M, and the mean and variance of D,
increase with decreasing M, (negative correlation between D, and M,).

On the other hand, Utsu (1961, 1969) and Vere-Jones
(1969) noted that, because generally the magnitude of aftershocks follows
a negative exponential distribution and if these are independent, then

1 40, Ana Ipitescu Boulevard. Bucharest, Romania,
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D, has the same negative exponential distribution as the main earthquakes
with a mean value D; of the order of 0.4—0.5. Kurimoto (1959)
tried to explain the U tsu’s result (D; = 1.4) on the assumption that
the magnitudes are in fact independently distribute dand the main shock
and largest afterschock come from the same category as the largest and
second largest members of a random sample. But his analysis seems
to be inconclusive (see and Vere-Jones, 1969) and Utsu (1969)
noted tat ‘it seems impossible to provide an explanation of this result
on a purely statistical basis”.

Vere-Jones (1969), based on a statistical theorem, gave
a theoretical version of B4 th’slaw, according to which D, follows
a negative exponential distribution with a mean D, of the order of 0.5
and a positive rather than zero or negative correlation exists between
D, and M,. He made the hypothesis that the aftershock magnitudes follow
a negative exponential distribution and are statistically independent, but
his principal result D, = 0.5 is in strong contradiction with the commonly
accepted image of the so-called Bath’s law (D, =< 1.2) and Utsu’s
data (U tsu, 1961). According to it, this contradiction is principally
or entirely due to bias in the selection of data (different lower cut-off
values of M, and M,, unrepresentative data) rather to intimate pecu-
liarities of aftershocks.

Thus, there are different and contradictory images about the diffe-
rence in magnitude between the main shock and its largest aftershock
for a given aftershock sequence.

As Vere-Jones (1969) also pointed, it is necessary to check
out the above results on the basis of suitable tables of aftershock sequence
data, and therefore it is the purpose of this paper to make such a statistical
analysis of more extensive and reliable information about M,, M, and D;.

THE DATA |[AND STATISTICAL ANALYSIS OF M,, M, and D,

In this paper, the statistical analysis of M,, M, and D, is given
on the basis of data concerning the aftershock sequences occurred in the
areas of Japan and Greece.

Up to present, the most completed data on M, and M, for Japan
have been published by U tsu (1961, 1969) and, here, they are consi-
dered as homogeneous for aftershock sequences occurred in 1926 —1968
and 1959—1968 and representative when the magnitudes of main shocks
are M, > 6.9 and M, > 6.2 for these time periods, respectively. And
this, because it is a fact that the values of D, for some aftershock sequences
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with M, < 7 are not available (U tsu, 1969, 1972 — personal commu-
nication).

As for the area of Greece, I have used the complete and homogeneous
table published in a paper of Papazachos (1971) which can be
considered the most homogeneous and representative for the period
1911—1969 if M, >5.6 (Drakopoulos, 1972 — personal com-
munication).

Because detailed discussions about these tables are given in respective
papers, here they are not repeated. Properties of M, M, and D, for the
aftershock sequences in the area of Greece have been considered from
different points of view by seismologists of Greece (Papazachos et
al.,1967; Drakopoulos, 1968,1971;Papazachos, 1971, etc.).
Therefore, the statistical analysis of data will be made on the basis of
these data for both regions, Japan and Greece.

THE REGION OF JAPAN

Data on aftershock sequences of earthquakes occurred in and near
Japan have been published in tables by Utsu (1961, 1969) and his
tables cover two principal time periods: 1926—1958 and 1959—1968.
So, it was possible to analyse the homogeneous data for these time intervals
and on this basis there has been made a general table for 1926 —1968
with M, M, and D, (for the period 1926 —1958 some few values of these
parameters were modified according to some later papers of U ts u).
For 1926 —1958 the tables of Utsu give the values of D, for M, > 6
and for 1959—1968 for M, > 5.5.

As we have also mentioned above, Utsu noted that for some
afterschock sequences the values of D, are however unknown for these
treshold magnitudes M, especially of too small values of M, (U ts u,
1972 — personal communication).

The distribution of M,. From the tables of U tsu it results the
following distribution (tab. 1) of M,, N(M,), for the considered time
periods when D, is known and unknown. ‘

~ In table 1 we are given the distribution of the magnitude of main
schocks of total 238 afterschock sequences in Japan for 1926 —1968
when M, = 6 and for 1959—1968 when M, = 5,5—5,9 and D, is known,
after Utsu (1961, 1969). In this table we are also given the values of
annual mean number N(M,) of main earthquakes of aftershock sequences
in the period 1926 -—1968 when D, is known and unknown.
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TABLE 1
Japan — Frequency N(M,) = f(M,) for D; known and unknown
= o~ ]
vorp| NOtw | N9 | Ney | FMO Nery o Ny
e D, — 1= = T T
Mo 1? low unknown, | unknown, known, l::l){‘;gwt known known,
nOWRl4 906 — 1958| 1959 —1968 | 1926—1968 * | 1926 —-1958 | 1959 —1968
1926 —1968
1 2 3 4 5 & 7 8
5,5 11 - 16 1,10 2,70 - 11
5,6 10 — 6 1,00 1,60 o 10
5,7 4 — 5 0,40 0,90 — 4
5,8! 10 — 8 1,00 1,80 — 10
5591l 7 — 2 0,70 0,90 — 7
6,0 23 17 3 0,535 1,023 19 4
6,1| 32 17 3 0,744 1,209 24 8
6,2 14 9 1 0,349 0,581 12 3
6,3] 16 7 0 0,372 0,535 12 4
6,41 9 4 1 0,209 0,326 6 3
6,5| 15 5 0 0,349 0,465 12 3
6,61 17 3 1 0,395 0,488 16 1
6,71 11 3 0,256 0,326 6 5
6,8 12 2 0,279 0,326 9 3
6,9/ 6 1 0,140 0,395 3 3
7,0| 11 0,256 0,256 8 3
7,1} 6 0,140 0,140 6 0
7,2 4 0,093 0,093 3 1
7,31 2 0,047 0,047 2 0
7,4 2 0,047 0,047 2 0
7,5 /& 0,116 0,116 2 3
7,61 1 0,023 0,023 1 0
7,7 2 0,047 0,047 2 0
7,8 1 0,023 0,023 1 0
7,91 1 0,023 0,023 0 1
8,00 1 0,023 0,023 1 0
8,1 3 0,070 0,070 2 __1_
8,2l 0 0 0 0 88
8,3 1_ 0,023 0,023 1
238 150

From the table 1 we see that the information about the distribution
of M, is not representative for these two time periods when M , > 5.5
and M, > 6. Therefore, the corresponding histogram for the distribution
of magnitude difference D, = M, — M, given in figure 1 cannot be
suitable and reliable for a statistical analysis, the data being unrepre-
sentative and nonhomogeneous.
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In figure 1 only a lower cut-off value of M, is taken M, = 5.5
or 6 and this figure is of the same type with figure 1 from the paper of
Vere-Jones (1969) which was used in his statistical analysis. But
according to the above discussion, it results that an interpretation of
such diagrams of D, can introduce unreal conclusions because of their
unrepresentativeness and nonhomogeneity. But even in this case, it can
ce observed that it is difficult to appreciate if the distribution of D, is-

Kby

14+
78
. 13 1
Fig. 1. — Histogram ™
for the distribution of D1 221
for Japanese aftershock
sequences after Utsu
(1961, 1969): 141 . ?
1,1959 — 1958, Mo >6,5; 2, (1

1966 — 1968, M, > 6.0.
10

27
04
82

; ‘ ; YA
02 B4 05 88 180 (2 44 {6 18 20 22 24 26 28 44 J2

far or near from its approximating to the negative exponential distribution.
(for the period 1926 —1968 the distribution of D, is peaked near to M, =
= 1.4 and is far from the negative exponential distribution).

According to table 1, it also results that the data can be considered
as representative and homogeneous, with respect to 3,, when a treshold
magnitude M,, (lower cut-off value of M) is taken M,, = 6.9—7 for
1926 —1968 and M,, = 6.2—6.3 for 1959—1968.

As the distribution of D; can depends on the distribution of 3,
and M, it appears necessary to analyse these aspects of the problem.

The frequency of the main shocks of aftershock sequences in given
magnitude classes (the classes are taken with AM = 0,4, asin Katsu-
m a ta, 1967) is presented in tables 2 and 3 for both D, known and
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TABLE 2
Japan— Distribution of M, in magnitude classes (AMy=0.4) for D, known
: : N(M,)
Magnitude Time 9 i =
class interval % By Niag;) logN(3M,)
nown
5.5—5.9 1959 —1968 42 4.20 0.6235
6.0—6.4 19261968 95 2.2093 0.34420
6.5—6.9 1926 —1968 61 1.4186 0.15170
7.0—-7.4 1926 —1968 25 0.5814
7.5—7.9 19261968 10 0.2326
8.0—8.4 1926 —-1968 5 0.1163
EN(My)Y 238
TABLE 3

Japan — Distribution of M, in magnitude classes (AM, = 0.4) for
D, known and unknown

Magnitud Ti DN(kMo)

agnitude ime 1> known T o~
class interval and N(,) logN(,)

unknown

5.5--5.9 1959 —1968 79 7.90 0.89763
6.0—6.4 1926 —1968 158 3.6744 0.56514
6.5—6.9 1926 —1968 76 1.7674 0.24724
7.0—7.4 1926 —~1968 25 0.5814 —0.23552
7.5—17.9 1926 —1968 10 0.2326 —0.63339
8.0—8.4 1926 —1968 5 0.1163 —0.93442
ZN(M,) 353

unknown. The observed frequencies are normed in time (for homogeneity)
and plotted in figures 2 and 3 to obtain the graph of the magnitude-
frequency relation of main shocks.

It can be observed from figures 2 and 3 that the data are very well
fitted by straight lines for a given M, and also for M, > 6.5, both for
D, known and unknown, i.e.; a negative exponential distribution can
be accepted for main shock magnitude. The value of the coefficient b,
in the relation

log N(M, : My > 6.5) = a; — byM, is by = 0.91

This value of the coefficient b, of magnitude-frequency relation
for the main shocks of aftershock sequences is practically the same with

| D omiim e \ - 1
> dal hOmaniel
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the mean of b-value for general earthquakes (excluding the values for
aftershock sequences, foreshock sequences, ete.) throughout the world
(b = 0.96) and nearly equal to the b-value for Japanese shallow earthqua-

N(My, My)

—-—n—z
TR ] e 10 ; P 3 ) 7 ]

Fig. 2. — Magnitude-frequency relation Fig. 3. — Japan-Histogram for the dis-
for main shock of aftershock sequences tribution of M; and magnitude-frequency

in and near Japan (1926—1968) relation for main shock (1926 — 1968,

My > 5,5: My > 6.5):
1.D; Enown and unknown, 2 N(My) =358; LN(My: My >65); 2, N(My: My>17);
2.0, Known, I N(M,) = 288. 8, N(M;:M, > 6.5), by = 0,91.

kes b = 0.9—1.08 (Katsumata, 1967; Okada, 1970; Utsnu,
1969, etc.).

On the other hand, using U tsu’s formula and the data from
table 1, for the estimation of b, we have obtained b, = 1,06 for M, > 7,
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value which coincides with b-value for Japanese shallow earthquakes,
b=1,08 (0Okada,1970) and b = 1.0 (Katsumata, 1967).

Thus, we can conclude that the magnitude of the main shock of
the afterschock sequence follows the negative exponential distribution
as well as the distribution of general earthquakes with the same parameter
b of general magnitude-frequency relation of earthquakes.

The distribution of M,. The second analysis is performed about
the distribution of the magnitude of the largest aftershock, ;.

The distribution of values of N(M,: M, > M) for a given lower
cut-off of M,, M, = 6.0, 6.5, 6.9, 7.0 and 7.3 is given for the period
1926--1968, in table 4 and, also, in figure 3.

From the figure 3 and table 4 it can be easily observed that the
distribution of M, is far from approximating to the negative exponential
distribution.

The distribution of M, shows that the values of M, are peaked in
the interior of the interval of variation of the largest aftershock magnitude
and the form of curves is nearly similarly for different M,,. The distri-
bution of M, appears to be somewhat related to probability distribution
which is more or less far from the normal distribution. Therefore some
statistical criteria were applied to test the hypothesis of the normal distri-
bution of M, for different values of M, using the data given in table 4
and 4a.

The x% — test of goodness of fit and (|g,|, d) statistics (Bolshev,
Smirnov, 1968) were used together or separately. In the case of
x2-test, to eliminate the possible influence of data grouping in intervals,
the author also made some other groupings in different intervals and the
total number N of data was doubled when the data were arranged in
classes of M,.

a) M, > 6.

In this case, the total number of data was ¥ = 196 values of M,
for the period 1926—1968 with the parameters: the mean X, = 5.25
and variance estimate s* = 0,8579 (X, is the value of M, in the case of
grouped data, M, = 5,23). The y2-test gave at the Significance level
« = 0.05 the following result: y? calculated = y; = 7.89 and ¥ <
< Xbos9e = 9-80.

The statisties | g, |, where

N

2 n(X; — XP
21

a1 N.s?
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TABLE 4a

Japan — The distribution of M(My) in magnitude classes (AM; = 0.4)

i ! N(M

Magnitude | Ny | Noty | ney | Nowy | onowy | NORY

o, (Mo>6) | (My>6.5) | (My>86.9) [(My>T)| (My>73) | (o982 o) i

3.0—-3.4 4 ] 1

3.5—-3.9 15 4 2
4.0—-4.4 19 6 3 1 1
4.5—4.9 42 14 4 4 3
5.0—-5.4 39 17 9 7 1 9
3.5—-5.9 28 18 5 4 1 5
6.0—6.4 29 21 7 /. 7 8
6.5—6.9 16 15 13 12 6 5
7.0—-7.4 2 3 3 3 2 0
7.5—17.9 2 2 2 2 2 1
196 101 46 40 19 34

led to the value 0.0654. At a 5%, level of significance and N = 196 the
tabulated value of |g,| is 0.280 (Bolshev, Smirnov, 1968). The-
refore it results that for the calculated value of |g,|, |¢;]., We have:

1911 = 0.0654 < 0.280

(a = 0.05, N = 196).

The statistics d, where

N —
21 Xy — X|
t=t

d =

N:-s
show that d = 0.8194.

Using the same tables it results that the value of d is included in
the critical limits 0.7738 < d = 0.8194 < 0.8229 for N = 196 and
o = 0.05.

The above results show that the null hypothesis is accepted and

for M, > 6 we can conclude that our sample is obtained from a normal
population of M,.

b) My> 6.9, (N = 46, M, = 5.095, s? = 0.6567).
The number of data being too small, the data were not grouped
and only |g,| and d criteria were used and it was obtained :

19 1c = 0.180, d = 0.8604

Institutul Geologic al Romaniei
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For N = 46 and « = 0.05 it results that
1g1le = 0.180 < 0.553

and d = 0.8604 is out of the critical limits which are: 0.7496—0.8508;
but for o = 0.01 it is included between the limits of the interval:
0.7256—0.8682.

From the above analysis it results that the distribution of M,
appears to be normal one but this conclusion is somewhat more strong
for M, > 6 then for M, > 6.9 and therefore it must be checked also for
different values of M,. In any case, the probability distribution of the
magnitude of the largest aftershocks does not follow a negative exponential
distribution as the distribution of the magnitude of the main shock.
This conclusion is an aspect of the fact that M, and M, came from diffe-
rent populations as a reflection of different conditions in which the main
shock and aftershocks (the largest aftershock) occur.

The distribution of D,. As we sow in the above analysis, the distri-
bution of M, and M, was given for a threshold magnitude M, and this
magnitude is a single lower cut-off value of M, which is fixed by the
representativeness and homogeneity of data although, for some exten-
sions, the analyses were made and for some smaller values of M, i.e.
when the data are incomplete. Thus, to investigate in a statistical way
the distribution of D, we shall take only aftershock sequences with all
M, and M, known for a given M,. In the second case we can analyse
the difference D, for two threshold magnitudes : M, and M,,, where M,,is
a lower cut-off value of the magnitude of the largest aftershock. If in
the first case we take in account all M, and M, (for M, > M,) as in
reality, in the second one, by introducing the new cut-off value, M,,
for M, (when M, assures the completeness of data), a set of data are
exciuded from the analysis. The second method was used, under some
other considerations, by Vere-Jones (1969) and in his paper for
both M, and M,, a common value of the threshold magnitude is taken
as equal with 6. In this paper the both situations and other cases will
be considered for the data mentioned above. The information on D; was
statistically analysed for the periods 1926 —1968 and 1959 —1968 when
M, is under and above of M,,. First, we shall note the mean value of D,
when My, > M, or M,> M,, by D, (My: M, > M, or M,) where
M,, is a given magnitude of the main shock and M,, < M, (M, is &
lower cut-off value of M, for which the data are incomplete). The minimum
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values of M, for the periods 1926—1968 and 1959—1968 were taken
here as equal to 6.9 and 6.2, respectively.

The distribution of D, for M, > 6 is given for the period 1926 — 1968
in table 5 and in figure 4 for M, > 6.5. On the basis of the distribution
of D; we estimated the mean values of D,, D,, when M,> M, and
Mo > M,,. Thus, for the period 1959 —1968, the values of D, (My: My >
> M,,) for M, = 5.5, 6.0 and the values of D, (M,: M, > M,) for

TABLE 5

Distribulion of Dy(M,) for aftershock sequences in and near Japan

1926 —1968 1959 —1968
D, My> 6, |My>>6.5,(My> 6.9, My>7, (My>5.5,| My>62 | M;>65
ND) | Ny | NDy) | NDy | Ny | NDy N(Dy)
1 2 3 4 5 6 7 8
4 0 0 2 1 0
7 2 2 2 1 0
5 0 0 1 1 1
10 3 3 6 1 1
v 2 1 10 4 4
5 0 0 5 3 2
3 2 2 0 0 0
3 1 1 1 1 0 0
11 2 2 6 3 2
11 3 3 3 1 1
7 0 0 3 1 0
6 2 1 4 2 2
8 2 2 ) 1 1
3 3 5 1 1
4 4 5 2 2
1 1 4 2 1
4 3 4 1 1
3 3 5 4 4
1 1 5 2 1
1 0 1 0 24
2 2 4 0
2 2 2 1
1 1 2 0
1 1 1 1
0 0 1 34
1 0 0
2 2 0
1 40 0
46 2
1
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M, =6.2,6.3,...,9.6, were calculated. Similarly, for the period 1926 —
—1968 we estimated D, (M,: My, > M,) for M, = 6,0,6.1,...,6,8 and

D, (My:M =2 M,), when M, = 6.9, 7.0,..., 8.3. The results obtained
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Fig. 4. — Japan-Variation of D, vs. M,, M, 2 6.5, 1926—1968; N = 101,
D, (M,) = 136.4.

M, = "
24} (H5)=r5s4

are presented in table 6 (n = the numbers of used values of D;) and in
figure 5. From the analysis of figure 5 and table 6 it rsults that if M, > M,
for different values of M,, then D, oscillates round B a th ’s law. Thus,
when the data are representative and homogeneous, Bath’s law is
confirmed for D, and D, is of the order of 1.2 and in any case not of the
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TABLE 6

Japan — The mean values of Dy, D,(M,) for My > My or M,,

My, = Number
Period or Dy(My: My > My or My,) 3Dy of data,
My, n
1 2 3 4 5
1926 —1968 6.0 1.33 260.9 196
6.1 1.348 233.2 173
6.2 1.345 189.6 141
6.3 1.34 168.8 126
6.4 1.335 146.9 110
6.5 1.32 133.0 101
6.6 1.285 110.5 86
6.7 1.28 87.9 69
6.8 1.26 73.2 58
6.9 1.35 61.9 46
7.0 1.295 51.7 40
7.1 1.20 34.8 29
7.2 1.20 27.6 23
7.3 147 22.2 19
7.4 B1E 17 19.9 17
7.5 1.11 16.6 15
7.6 1.10 11.0 10
7.7 1.04 9.4 9
7.8 1.09 7.6 7/
7.9 1.12 6.7 6
8.0 1.05 6.3 5
8.1 1.25 5.0 4
8.2 1.60 1.60 1
8.3 1.60 1.60 1
19591968 5.5 1.17 103.0 88
6.0 1.20 55.2 46
6.2 1.11 37.7 34
6.3 1.11 34.5 31
6.4 1.06 28.7 27
6.5 1.04 24.8 24
6.6 1.02 21.4 21
6.7 1.01 20.1 20
6.8 1.03 15.5 15
6.9 1.15 13.8 12

order of 0.5. Much more, in this case even if D, is calculated for M, > M,
(M,, < M,) the mean value of D, is also of the order of 1.2.

This seems to indicate that the distribution of D, for missing
earthquakes is such that the mean difference D, for the remained ear-
thquakes is of the order of 1.2. In the period 1926 —1968 the number of
missing earthquakes with 6 < M, < 6.8 is 77, but D, (M, == 6.0) = 1.33
and D, (M, > 6.9) = 1.35, which agree with D (M, > 6.5) = 1.4 given
by Utsu (1957). Otherwise, the total pictuTe of figure 5 shows that

| Pmiias S Tt
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B 4th’s law is wholly confirmed for D, and the results are in a good quan-
titative agreement to this law.

Another aspect of the problem is the sense of the dependence between
D, and M,. Utsu (1961, 1969) established that for the earthquakes
in Jypan the mean value of D, decreases with the increasing of M, for
M, > 6. Thus, according to this author, for the Japanese earthquakes

o
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Fig. 5. — Japan, Variation of D; vs. M,, for My>M , or M, 1959—1968:
1, My > Mot: 2, My > 5,65 8, My > 6.0
1026 — 1088 ; 4, Mo > My i 5.My > M,

the mean and also the variance of D, increases with the decreasing of M,
in the domain M, > 6. According to our analysis from figure 5 it results
that D, (M, : M, > M,,), only for M, = 6.2—6.8 and M, = 6.9 — 8.0, —
i.e. when the data are homogeneous and complete — has a tendency of
decreasing with the increasing of M, and which supports only in this way
the conclusion of U tsu (although for a certain selection of aftershock
sequences occurred in Japan he obtained a correlation coeffcient of 0.06).
But figure 5 wholly shows that the mean values D,(M,> M, or M,b)
are independent of M, and oscillates round the mean value of 1.2 (for

this see further).

The probability distribution of D,;. Concerning the type of proba-
bility distribution of D,, the author analysed this distribution for different

4 — c. 930
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values of M, and M,, when the data have been grouped in
different ways. It has been resulted that D, does not follow a negative
exponential distribution. Thus, for the period 1926--1968, the distribution
of D, for M,> 6.9 is strongly peaked near to 1.4—1.5 (for different

Ay

Fig. 6. — Japan, 1926—1968, M, > 6 — Graphical g
testing for the normal distribution of D,. a

4

7 a205060810 15 28 26 28 a0

grouping intervals) and the coefficient of variation (standard deviation/
mean) is 0.70/1.35 = 0.52 is far from the value 1.0 as in the case of the

P(0,)

894

Fig. 7. — Japan, 1926 —1968,

M, > 6.9 — Graphical testing

for the normal distribution
of D,.

002 04 05 08 40 {2 14 15 1520 22 26 26 28 40 b

negative exponential distribution. The same conclusion also results in

the case of M, > 6 when missing earthquakes exist in the statistics of D,.
The representation of data on a normal probability paper (figs. 6,7)

showed, in both cases (M, > 6.0 and M, > 6.9), that they are fitted
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well by a straight line. Because this test — also called H e nri’s straight

line — can be non-semnificative we also applied other criteria as above.

For M,> 6 the total number of values of D, is N = 196, D, — 1.33,

8% = 0.564. The histogram is presented in figure 8 for different grouping
(o)
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Fig. 8. — Japan, 1926—1968, M, > 6 — Hitsogram for the distribution of D,:
1,AD; = 0.2; 2,AD; = 0.3; 8,AD; = 0.4; 4,AD; = 0.5.
classes of D;, AD, = 0.2, 0.3, 0.4, 0.5. The calculations gave the following
results : d = 0.8201 and |g,|, = 0.143.
For N = 196 and « = 0.05 we have

0.7742 < d < 0.8234
193ls = 0,143 < 0.282
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Only on the basis of these criteria we could accept that the distri-
bution of D, for M, > M, = 6 is a normal one, but the other criteria
must be also used to control this result. The inspection of figure 8 (where ¥
is doubled as for figures 9 and 10) shows that the normal distribution of
D, may be rejected by other tests for these data. Also it could be expec-
ted that for all values of D;, when M, > 6, this distribution to be a
normal one.

)
£GI-

1 L It Il L gL

L s t L s : . 1 ' N .
a g2 04 a5 28 10 12 L4 46 18 20 22 24 26 28 a0 d2 JI4 74

Fig. 9. — Japan, 1926—1968, M, > 6.5 — Hittogram for the distribution of D, :
1,ADy; = 0.3; 2,AD; = 0.4; 3,AD; = 0.5; 4,AD; = 0.8,

For M > 6.5, N = 101, the values of D; are presented in the
histogram given in figure 9 for AD; = 0.3, 0.4, 0.5 and 0.6. Testing of data
was not made and the interpretations of presented histograms appears
to be somewhat open to discussions.

In the case of M, > M, = 6.9, N = 46, D, = 1.35, s* = 0.4825,
the histograms are presented in figure 10, for AD, = 0.2, 0.3, 0.4, and
the data appear to be normally distributed. Thus, for « = 0.05, N = 46
we obtained 0.7496 < d = 0.8169 < 0.8508 and |g,|, = 0.023 > 0.558.
Therefore, in this case on the basis of above methods we accept that the
difference D, (M, > 6.9) follows a normal distribution. Also we shall:
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mention that for a great number of observations or at limit the distri-
bution of D, can be considered as a normal distribution. Therefore, accor-
ding to our analysis, as somewhat surprising, the distribution of D, for
M, given appears to be a normal distribution (in some few cases it may be
suggested that D, could follow a lognormal distribution type, but this
hypothesis must be analysed much more in detail). Thus, it results that
the distribution of D, is a normal distribution and not a negative expo-

)

3ot ) e/
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€@ 82 D04 05 08 10 12 447 46 48 20 22 24 26 28 a9

Fig. 10. — Japan, 1926 —1968, M, > 6.9 — Histogram for the distribution of D, :
LAD, =02; 2AD; = 0.3; 3,AD, = 0.4. '

nential one and this fact seems to be in agreement to the analysis on the
distribution of .M.

The dependence between D, and M,. We analysed the dependence
between D; and M, for M, > 6.5 and M, > 6.9 using the data from
figure 4. From this figure it clearly results that if M, > 6.5, then D,
is not correlated with M, (a linear dependence between these two para-
meters does not exist) and also D, is not constant regardless M,; D,
appears to be randomly distributed with values between 0.1—3.2 (con-
clusion which agrees with Ok an o, 1970).

To test the independence (in probability sense) between D, and
M, we used tetrochoic (four corner) test of Bloomquist (Miller,

K ahn, 1962) and the following results were obtained — for explanation
see below :

a) My> 6.5, N = 101, n; = 55, 2K, = 50.
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The sample correlation coefficient is
qg = 0.10

and the critical value for |c| is 0.195 at confidence level « = 0.05. As
0.10 > 0.195 we conclude that there is a correlation independence between
D, and M, when M, > 6.5.

b) M, > 6.9. In this case, two variants are considered :

N = 46, n, = 28, 2K, = 46 and ¢ = 0.217
N = 46, n, = 30, 2K, = 46 and ¢ = 0.304

For « = 0.05 it results that | ¢| = 0.289. This implies that if M, > 6.5
and 6.9 then the tests show ‘‘independence” or weak (very low) depen-
dence between D, and M, i.e. D, is almost independent of M.

The last aspect of the problem analysed here is the dependence
between D; and M, or M, when M, varies from its lowest observed
value, M, to M; = M, or M,, i.e. the aftershock sequences with M,
and M, < M, or M, are excluded from analyses.

The data and results of calculations are given in table 7 and plotted
in figure 11.

TABLE 7
Japan — Variation of D, vs M, and M,

Period No Mog, Mo n D,
1959—-1968 1 M,, M,>5.5 28 0.53
2 | M,>55 16 0.713
M550
3 | MyS5.5 62 0.85
M,>4.5
19261968 | 4 | M, M,;>6 49 0.59
5 | My>6 77 0.67
M,55.5
6 My>6 116 0.874
M,>5
7 | MSM>T 4 0.62
8 | M>7 18 0.76
M,56.5
o | M7 24 0.90
M6
10 | M;S7 28 0.97
M,55.5

Note: Mo, = 4.5, 5.0, 5.5, 6, 6.5; Moy =17
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When all aftershock sequaneces are considered (M, > 7); but the
mean differences D, are calculated only if M, > 6.5, 6 or 5.5, then they
show a clear tendency of increasing from 0.6 to about 1.

The same tendency is observed and in the case when M, > M

oq

(M,, = 5.5, 6) — these are omitted sequences — and M, is taken greater
or equal with certain values of the magnitude of the largest afterschock.

oy

i
147
12
12

Fig. 11. — Japan — Relation D, (M,, M, : My, M, >
> My or M) ~ dy:
a) My>7: by My >565; ¢ My>a.

s /

8 05 10 15 0 25 &

The form of the dependence between mean value D,, when both
M, and M; > M, or M,, and the difference d;, between the respective
cut-off values of M, and M, according to figure 11 is linear and D, increases
with the increasing of this difference and the following mean relation
was established :

Dy(My, My : My, My > My, M,g) = 0.58 + 0.29 d; %))

In figure 11 the values of D, for M, > 5.5, 6 and 7 are also plotted
when M, > M, (the corresponding values of M, are 3.2, 3.2 and 4.4,
respectively).

The concordance between these observed values of D, and the
values obtained by the extrapolation of the stright line (or band) obtained
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from table 7 is very well in both cases when the data are completely and
when they are not.

Thus, the relation (1) reflects the law of increasing of .D, (for a varia-
tion of cut-off values of M, and I, for exemple, as in table 7) with the
increasing of the difference d, between these cut-off values of magnitudes
of the main shock and largest aftershock.

The analysis was also prolongated to the limit when the cut-off
values for both M, and M, are the same and when M, > M, and M, <
M, (ie. M, > M,). The calculation data and results are presented
in table 8 and 9 and the variation of D, in function of the common cut-off
value for M, and M, noted here by M,, is shown in figure 12. For M,
and M, greater or equal to M, = 6.5, the values of D, (M,, M,: M,
M, > M,) show a clear tendency of decreasing with the increasing of M,
according to the following mean realtion which was obtained :

D, (Mg, My > M,) = 4.68 — 0.60 M, ; (M, > 6.5). )]

According to the relation (2) if M, = 6.9, i.e. when all aftershock
sequences are considered, then the mean value of D,, D,, for both M,
and M, > M, = 6.9 is equal to 0.54 and coincides with the value of the
order of 0.5 which is predicted according to the paperof Vere-Jones
(1969).

The coefficient of variation is here of about 0.8 and it is for the
support of the negative exponential distribution of D,, when M,. M, > M,.

TABLE 8
Japan —~ Varialion of Dy vs M, = M, or My,

Mg, My > M, n D,
My, M; > 6 49 0.59
My, M, > 6.5 20 0.65
0 My > 6.6 16 0.70
o My > 6.7 13 0.73
0 M; > 6.8 8 0.51
My, M, > 6.9 7/ 0.54
My, My >7 4 0.62
My, M, > 7.1 3 0.38
My, M;>17.2 3 0.38
My, M, >17.3 2 0.25
My, M; >17.4 2 0.25
0 My >175 2 0.25

0o My > 176 1 0.1
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TABLE 9

Japan — Distribution of Dy for aftershock
sequences with My > 6.5; M; > 6.5

V e.ele.7 7.1|7.2(7.3 7.8/7.9
Mg, My
1 -—
2 0.4
3 I 0.4
4 0.4
5 ~ 04/ 0.9
6 N 0.4 0.9
7 0.4 1.1
0.9
8 0.3 0.9/0.4) (11
1 0.9
9 0.3{0.3 0.9{0.4] [1.1
n — I X
1.4
10 0.3/0.3 0.9/0.4/1.3/1.1
0.9
0.6 0.9 14
1 0.3/0.3 0.8 0.9]0.4/1.31.1
| 18 - i b s
14
12 0.6/0.6 0.9
0.1 o3los®8 |0 0.9]0.4|1.31.1
0.9,
(continuation table 9)
No. My, M,>6.5 o,
1 7.6 0.10
2 7.5 0.25
3 7.4 0.25
4 7.3 0.25
5 7.2 0.38
6 9.1 0.38
7 7.0 0.62
8 6.9 0.54
9 6.8 0.51
10 6.7 0.73
11 6.6 0.70
12 6.5 0.65
L Institutul Geologic al Roméaniei
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However, our analysis differs in some aspects confronted by those
of his paper. Here M, = 6.9, because of condition M, > M, and the
minimum value of M, is considered as equal to 6.9 (very few data, only 7
values), while in Vere-Jones’s paper (1969), M, = 6 (33 data)
and not all aftershock sequences with M, > 6 were taken into considera-
tion. This may imply that the results cannot be comparable in all aspects.

Dy My M, v My)

Fig. 12. — Japan, Relation
D, (Mg, My>M,) ~ M,

&5 &7 [} 14 7 5 L

If we compare our data (1926 —1968) for M, > 6 (49 data) i.e.,
when there are missing aftershock sequences in the analysis, with the same
paper we have the following situation :

Vere-Jones’s paper: M, > 6, n = 33, D, = 0.588, the coeffi-
cient of variation to 0.9.

this paper: M,>6, n =46, D, = 0.59, the coefficient of
variation to 0.8.

From the above analysis it results that the conclusion of Vere-
J ones is confirmed according to which D, is of the order of 0.5 but this
is true only if M, and M, are both taken as equal to the same lower cut-off
value M, of the magnitude.

When the data are complete, then D, decreases with the increasing
of M, according to relation (2). Also it seems that in the case of the same
cut-off value M, for both M, and M, the distribution of D, is a negative
exponential one. But this conclusion must checked on the basis of much
more complete data (here for M, = 6 the data are not complete and for
M, = 6.9 the data are too few).
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THE REGION OF GREECE

The second earthquake region which is the most suitable for the
statistical analysis of M,, M, and D, is the area of Greece where many
afterschock sequences occur and there are also homogeneous and repre-
sentative information for certain periods of time.

As we mentioned and above the most complete catalogue of after-
shock sequences in the area of Greece published by Papazachos
(1971) can be considered, according to our purposes, to satisfay the above
conditions for a statistical interpretation of My, M, and Dy, if M, > M, =
= 5.0 (1966—1969), 5.3 (1958—1969) and 5.6 (1911—1969). The sta-
tistical analysis of the three parameters is of the same kind as in the
previous section of the paper.

The distribution of M. The frequency of main shocks (175 data)
of the aftershock sequences in the area of Greece as a function of M,,
(M, > 5.6), is given in tables 10 and 10a and figure 13. From table 10a,
where the data are grouped in magnitude classes and figure 13, it results

TABLE 10

Greece — Distribution of My, My > 5.6

M, '5.6]5.7 5.8' 5.9 6.0! 6.1 6.2'6.3‘6.4’ 6.5 6.6'6.7 6.8!6.9 7.0' 7.1(7.2(7.3|7.4]7.5|7.6
N(M,) 3117'25'1716117‘14’62 6 1!8'3}4 2’30 0 1‘1
|
TABLE 10 a
Greece — Distribulion of My in magnilude classes (AM, = 0.4)
Magniz‘f‘d&:]asses 5.6—6.0 I 6.1—6.5 l 6.6—7.0 l 7.1—7.5 l 7.6— '
N(M,) I 106 l 40 I 22 ’ 6 l 1 i

that M, (if M, > M,, = 5.6) follows a negative exponential distribution
and the magnitude — frequency relation of the main shocks, log N (M, :
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My> M,)=a, — byM,, can be well approximated by a straight line
with the slope b, = 0.65 after U tsu’s formula (using also his formula
for AM = 0.4, it results b, =~ 0.67). The parameter b, = 0.7 of the mag-

AN(M)
I8
an
9
I
At
60
04—
T o
/i
ot
201
Fig. 13. — Magnitude — frequency rela-
tion log N(M,) = a5 — byM,;, by, = 0.7,
for main shocks of aftershock sequences
in the area of Greece
’Z: (1911—1969, M, > 5.6).
e+
7
P
Pus
‘—L
3—-
24+
R
~ = X . LM
“'—5\1ﬁ7§1|1¢k1»5.l1§ >

nitude-frequency relation of the main shocks is between 0.9—1.0 for
normal seismic regime of shallow earthquakes in Greece and b = 0.47
for intermediate ones (Galanopoulos, 1963, 1968; Drako -
poulos, 1972, personal communication). Thus as in the case of Japan,
M, follows a negative exponential distribution.
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The distribution of M;. The same number of 175 data have been
used to analyse the distribution of M, for aftershock sequences with
M, > 5.6 (table 11).

TABLE 11

Greece — Distribulion of M, for aftershocks with My > 5.6

l i

‘ M, 13.5/3.6/3.7 3.8:3.9 4.014.1{4.2] 4.3/ 4.4|4.5/4.6] 4.7/ 4.8/ 4.9|5.0/ 5.1/ 5.2
i 1

iN(Ml),M_n>5.6 |_325§1631535107810_6_1311_7
[ M, \5.3 5.4|5.5/5.6|5.7| 5.8/ 5.9/ 6.0/ 6.1| 6.2/ 6.3/ 6.4/ 6.5(6.6/6.7(6.8] |
IN(MI) |610714823121201101

In the case of Greece region the representative and homogeneous
data are® much more than for the region of Japan (46 data for M, >
> M, = 6.9) and therefore, they are very suitable to check the hypothesis
of the normal distribution of M, made above. The distribution of fre-
quencies of the largest aftershocks with respect to M,, in different mag-
nitude classes is given in the tables 12—14, when the condition M, >
> M, = 5.6 is satisfied and in figures 14—16. The cumulated relative
frequencies given also in table 15 have been plotted for exemple on a
normal probability paper (fig. 17) and the data fit well a straight line.
The testing of the null hypothesis on the goodness-of-fit of our data
to a normal distribution by the graphical method shows that this can be
accepted. The other tests have been also applied.

For N = 175, M, > 5.6, M, = 4.94, s? = 0.40618 (data not grouped)
the following result was obtained :

d = 0.80
and at the « = 0.05 significance level we have
0.7715 < d = 0.80 < 0.8258

The value of |g, |, is 0.16 and |g,|, < 0.288 at « = 0.05 and N = 175.
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TABLE 12

Greece — Distribution of M; in magnitude classes
(AM, = 0.2) for My, > 5.6

1 0] 3
3.5—3.7 9 13

3.7—3.9 12 23

3.9—4.1 4 16

41—4.3 8 14

4.3—4.5 15 23

i 4.5—4.7 15 32
! 4.7—4.9 16 23
4.9—5.1 30 55

5.1—5.3 13 31

5.3—5.5 17 33

5.5—5.7 22 43

5.7—5.9 5 15

5.9—6.1 3 7

6.1—6.3 3 6

6.3—6.5 1 3

6.5—6.7 1 3

6.7—6.9 1 2

175 350

Nole for tables 12, 13, 14: 1 — class of M,;;
2 — N (M,;); 3 — N(M,) doubled;

TABLE 13 TABLE 14
Greece — Distribution of M, Greece — Dislribulion of M,
in magnilude classes (AM; = in magnilude classes (AM; =
= 0.3) for My > 5.6 = 0.4) for My >5.6
1 2 3 1 2 3
3.5—-3.8 15 24 3.5-3.9 21 36
3.8—4.1 10 25 3.9—-4.3 12 30
4.1—-44 i 13 22 4.3—~4.7 30 55
4.4—4.7 25 47 4.7—5.1 46 89
4.7-5.0 35 59 5.1-5.5 30 64
5.0-5.3 24 61 5.5~5.9 27 58
5.3—5.6 31 54 5.9—-6.3 6 13
5.6—5.9 13 37 6.3—6.7 2 6
5.9—6.2 4 10 6.7— 1 2
6.2—6.5 3 6
6.5—6.8 2 5
175 | 350 175 350
nstitutul Ge al Romaniei
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Fig. 14. Greece, 1911—1969, M, > 5.6 — Smoothed histogram for the distribution
of M; when AM; = 0.2.
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Fig. 15. — Greece, 1911—1969, M > 5.6 — Smoothed for the distribution
of M, when AM, = 0.3.
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30

The y2 — test leads to

and

Ao =163 > Yo = 15.507

T 188 < Yo asg = 17595

On the other hand Romanovsy’s criteria

PiMy)
59

35
&0

/]
80
36

101

Y-k

R= "
V2K

< 3

the following results:

Fig. 17. — Greece, 1911 —1969, M, > 5.6 — Graphical testing
of the mormal distribution of M.

0128 456817
TABLE 15
Greece-Distribulion of M, in magnilude classes for aflershocks with My > 5.6
Magnitude class . Cumulated ralative
of M, SIS L e frequencies — % —
3,5 — 3,9 21 12.0
4,0 — 4,4 17 21.7
4,5 — 4,9 41 45.1
53 — 5,4 53 75.4
55 — 5,9 34 94.4
6-0 — 6,4 6 98.3
6-5 — 6-9 3 1.0
17

(K =m —3 is the number of freedom degrees) used is many cases to
test the null hipothesis (the normal distribution of M,) shows that

16.3 — 8 8.3
VE 4

< 3.

From the above analysis it results that we can accept tfe normal dis-
tribution of My, although for « = 0.05, 32 — test rejects this conclusion

Inst

itutul Geologi
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and this it seems to be due especially of the frequencies of M, in the first
grouping classes.

The distribution of D,. The relationship between .D, and M, for
Greece is presented in figure 18 for M, > 5 and the distribution of .D,
is given in table 16 for M, > M, (M, = 5.6) in the case of the after-

b
2J~ . -
= B
2.6 1 == . -
o] e E Oy =11
2.4 * .
Sy . . .
221 9 . H
- a3 .
FAR w s oo g .
~d L) - -
(7 = s ¢ Beo
o e A
L2 L ETE m Fig. 18. — Greece — Variation of D, vs.
4 - o e ogey ks My for M, > 5, D, == 1.1,
o R e )
2 el & 32 wl o o
44 o ¢ es 121 s. . -
© . e . .n -
41 = e o sodlesss 0
= . o Thlean S . .
a5 1 = S e e
= e tess
44 4 oo TR
~ 1 . 3ol
42 = . 3 Q.0
L] e o
. My
40 4h 48 52 56 60 64 68-72 16 84
(/.

Fig. 19, — Greece, 19111969, M, > 5.6
— Graphical testing for the normal
distribution of D;.

6 — e. 930
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TA
Distribution of D; (M, > 5.6) and D,

D, 0 0.1 | 02| 03| 04| 05| 06| 07| 08
N(Dy) My > 5.6 0 1 6 5 4 11 11 16 13
N(Dy), My, M; > 5.6 0 1 4 3 3 2 3 4 1

shock sequences occurred between 1911 and 1968. From figure 18 it results
that D, has a great scatter and neither D, is linear dependent to M, and
also is not constant regardless of M, for M, > 5, as well as for M, > M, ;
thus it appears that mo distinct correlation exists between these two
quantities.

The individual values of D, are not closed concentrated about the
value 1.2 when M, varies from M, = 5 or M, = 5.6 and more, but the
mean value of D, is D, = 1.12 (N = 175 data).

TABLE 17
Greece — Distribution of Dy, (My > 5.6), in classes of D,

Intervals of D, N(D,) Cuml;/latxve
(4
0 —0.3 12 6.86
0.4—0.7 42 30.86
0.8—1.1 46 57.14
1.2—1.5 38 78.86
1.6—1.9 20 90.29
2.0—-2.3 14 98.29
2.4—2.7 3 1,00
N =175

The sufficient number of aftershock sequences with M, > 5.6 made
possible the testing in detail the distribution of D,. Using the table 17,
the data fitted well H enri’s straight line on a normal probability
paper, as we can see on figure 19.

The other criteria which have been applicated to test the normal
assumption on the basis of data from table 16 :

For N = 175, D, = 1.12, s = 0.30931 we obtained that d = 0.8304
and |g,|, = 0.414 and for « = 0.05 it results that d is out of the critical
limits 0.7715—0.8258 and |g,|, > 0.298. This means that on the basis
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BLE 16
M, > 5.6, My > 5.6) for afiershocks of Grecee

i ! i ! { 1 ! '
0.9 1.0‘ 1.1 1.2, 1.3{ 1'41 1.5{ 1.61 1.7! 1.8‘ 1.9] 2.0/ 2.1} 2.2 2.3‘ 2.4| 2.5 2.6

| |

6 2 1
! 0

2 4 0 w2 0

i !
d i

|
{ fi
7 17!9’6'13 &
4!{
{

of these statistics our hypothesis of normality of D, must be rejected.
The 2 test, for AD, = 0.2, shown that y2 = 23.76 fall beyond the
critical values of ygos0 = 16.9 and x5 o0 = 21.7.
Also for AD, = 0.4 (D, = 1.07, s2 = 0.3232) we obtained 2=
= 11.62 and '

ZE > Xg.os.s = 7.82,
Xe> Ao.ors = 1134
Romanovsky’s test criterion leads to
Y

11,62 —3 _ 8.62

R =
6 2.145

From the above analysis we can conclude that the probability
distribution of the difference D, for aftershock sequences of Greece (for
M, > 5.6) does not follow a normal distribution. From the inspection of the
values of frequencies in first intervals (too great), these appear to be the
reason of this clear discordance with the assumption of normality. The
author tried on some different distributions but the results were incon-
vincing (lognormal, reflected lognormal distributions, ete.), so itmust
search this question in much more detail.

On the other hand according to the data from the table 16 we have
obtained for the coefficient of variation the value 0.5 (D, = 1.12, s?=
= 0.31) which is also far from approximating of the distribution of
D, (for M, > M,,) by a negative exponential distribution.

Thus, like as in the case of Japan, but here more evidently because
of much more data, the distribution of D, for Greece aftershocks, is of
the other type than that of the negative exponential one.
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TABLE 18
Values of D; (My: My, > M) in funclion of M,

Greece — 1911 —1969

No. | My | DyMe>Mw | Ep, | n
1 5.6 1.12 196.3 175
2 7 1.16 167.0 144
3 5.8 1.16 147.4 127
4 5.9 1.16 118.5 102
5 6.0 1A 96.3 85
6 6.1 1.7 80.9 69
7 6.2 117 68.1 58
8 6.3 1.21 61.6 51
9 6.4 1.19 43.9 37

10 6.5 1.23 38.1 31

11 6.6 1.25 36.3 29
12 - 6.7 1.26 28.9 23
13 6.8 1.30 28.7 22
14 6.9 1.39 19.4 14
15 7.0 1.37 15.1 11
16 7.1 1.17 8.2 7
17 7.2 1.04 5.2 5
Greece — 1958 —1969

No. | My, | D, | Zp, | n
1 5.3 1.13 76.9 68
2 5.4 1.11 63.3 57
3 5.5 1.13 58.5 52
4 5.6 1.14 54.6 48
5 57 1.18 50.6 43
6 5.8 1.20 46.8 39
7 5.9 1.31 43.3 33
8 6.0 1.21 32.8 27
9 6.1 1.23 27.1 22

10 6.2 1.23 22.2 18

11 6.3 1.33 19.9 15

12 - 6.4 1.29 11.6 9
' Greece — 1966 —1969

No Mo‘ D1 ZDI n
1 5.0 1.16 56.6 49
2 5.1 1.16 48.8 42
3 52 1.19 41.6 35
4 5.3 1.23 343 28
] 54 1.17 29.2 25
6 5.5 1.16 . 27.9 24
7 5.6 1.13 24.8 22
8 5.7 1.17 24.5 21
9 5.8 1.15 23.3 20

10 5.9 1.23 20.8 17
pili] 6.0 1.06 12.7 12
12 6.1 1.10 9.9 9
13 6.2 1.23 8.6 7
14 6.3 1.27 7.6 6
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Fig. 20. — Greece — Variation of D, vs My, for My > M, :
1,M, > 5.6 (1911 —~ 1969); 2,M, > 5.3 (1958 — 1960); 3.M, > 5.0 (1966 — 1969).
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In order to analyse the dependence between D, and M, as in the
case of the Japanese aftershocks, we have calculated the values 1_71 (M, :
My > M,) for M, = 5.6—7.2. The results are presented in the table
18 and figure 20.

From these it results clearly that the mean values of D, in function
of M,, when I, is greater or equal with M, show a constancy regardless
M,, D, being well concentrated along of the straight line_]j1 = 1.2, which
confirms and in this case B4 th’s law in sense that D, is constant as
against M, and his value is about 1.2, when the data are representative
and homogeneous. The analysis of the dependence of D, in function of
M, when both M, and M, are greater or equal with M, has been made
also. It results the same decreasing of D, with increasing M.,

The obtained values of D, (M,, M,: My, M, > M:)are0.74, 0.71,
0.65, 0.62 and 0.63 when M, = 5.6, 5.8, 6.0, 6.2 and6.5, respectively.
When the information are not representative (M, = 5) the distribution
of D, (M,, M,: M,, M, > M, :=5) is given in figure 21 and the mean
value of D, in this case is D, = 0.77.

The data are plotted in figure 22 and the following mean relation
was obtained for aftershock sequences of Greece :

D, (M, M, > M,) = 1.98 — 0.22 M,, 3

(5.6 < M, < 6.2)

SOME STATISTICAL RELATIONS AND DISCUSSIONS

In the final part of this paper we shall obtain some statistical rela-
tions between different parameters of aftershock sequences and other
results obtained by various authors will be given. Also some discussions
will be made.

The relation D, ~ M, For Japan we analysed the dependence
between D, (M,: M,> M,) when M, > 6.2 under the form D, =
= A, — ByM, and for M, = 6.2—8.1 the following relation (20 obser-
vations) resulted :

D (Mg : My > My = 0.93 + 0.03 M, 4)

We can notice that the coefficient B, has a very small value (more
exactly B, = 0.027).
For M, = 6.2 — 8.3 we obtained :

D(My: My > My == 0.24 + 0.13 M, (5)
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Thus, in the case of Japan it seems that D, is almost -independent
of M,. Utsu (1969) obtained the following relation for Japanese after-
shocks : :

Dy(My) = 5.0 — 0.5 Mg, My > 6 . o (6)

which is very different from our relations (4) or (5), (in this paper ﬁl (M, :
M, > M,) shows, for example, that if M, = 6.2, 6,3.. .. we calculated
D, (M, > 6.2), D,(M,> 6.3),...). The values of D, depending on M,
are presented in table 6 and figure 5 when M, > M, and M, > M, which
indicate the variation of D, in a band with the axis at D, o= 1.2. )

At the same time, we analysed the correlation between D, and M,
using the test of Bloomquist which gives the correlation coeffi-
cient between D, and M,:

= < )

where 7, is the greatest number of observations in two opposed corners
(the four corners are obtained by help of medians of the axes of the graph
(Dy, M,)) and 2K, < N, where N = total number of observations. To
verify the null hypothesis we must test if the estimate |g| is equal with
a given value |g,| (|g,] = 0).

Putting

Pa(—ecg€9K0) =2

where |c¢| is the critical value of the absolute correlation coefficient |q|
for « confidence level, we obtain

1 — g2 =T
C-== (—l/ ‘e (05)) + 10} )
N

where @71 () is the inverse cumulative function of the normal distri-
bution with the expectance 0 and variance 1 (Bolshev, Smirnov,
1965).

Because we must have |¢| = 0, then in (8) |g,| = 0 and it results

the expression of ¢:
il il
1
= — /=0
fef ( VN) @) ©)
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For « = 0,05, ®'(«) = 1.96 and

1
le] = 1.96 ? (10)

The relation (10) shows that if |g| > |c| then the correlation dependence
must be rejected. For Japan we have N = 20, n, = 10, 2K, = 20 and
from (7) it results ¢ = 0. This implies that there is no correlation between
D, and M,."

In the case of aftershock sequences in Greece, the data are presented
in table 18 and figure 20.

For 23'data about D, (M o My > M,) we obtained the following
relation for Greese (M, X 5.0)

Dy (Mg : My > My) = 0.84 + 0.06 M, (11)

which indicates that D, is also almost independent of M. The relation (11)
can be compared with a relation between D, and M, using a result of
Papazachos (1971):
T M, = — 0.59 + 0.91 M, (12)
From its relation (12) it results that

D, = 0.59 + 0.09 M, @13)

which agrees very well to our relation (11), although they have been
deduced in different ways. Thus D, is almost independent of M, as D;,
this one being established. by Papazachos (1971). The g-test leads
to (N = 43, n, = 28, K, = 21, see fig. 20)

28

Igf = — 1 =0.33,
21

and for « = 0.05
fe] = 0.30

We have |¢| > |¢| but the value of |¢| is near |¢[, i.e. we can accept
a very weak correlation between D, and M, For My, > M,, Ms =5 —
— 7.2, N =23, n; = 20, K; = 11, we obtained :
' lg] = 0.81
fel = 0.41

l.e. |g| > le] and in this case we must accept a correlation dependence
between D, and M, but this correlation seems to have a non-linear form.
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Finally, the obtained relation between D, and M, for aftershocks in J apan
and Greece (the data were cumulated together for these regions) has
the form:

D, = 0.90 + 0.04 M,, (14)
(My> Moy, My =5 —8.3)

The calculation of correlation coefficient between D, and M, for
Japan and Greece gives the following result (¥ = 64, n, = 34, K, = 32):

gl = 2% _ 1 - 0.063
32

For significance level « = 0.05 it results

le] = 0.245

i.e |g| < |c| which shows that we can not accept the correlation depen-

dence between D, and M,.
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Fig. 23. — Variation of D, vs My, My > My, for Japan and Greece.

The data for M, =5 — 8.1 are plotted in figure 23 which also
shows that the values of D, fluctuate (oscillate) between 1.0 and 1.4,
having a mean value of 1.16 i.e of the order of 1.2 and in general do not
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depend on 3,. Thus we can conclude that D, is almost constant regardless
of M, and of the order of Bath’'s law,
Also the result of Borovik (1970) must be mentioned :

D, = 4.5 — 0.4 M,

obtained for aftershock sequences of Baikal region. In his paper he did
not includ the sequences with D, of small values. If these would be included
in analysis, then the dependence of D, on M, would be much smaller.

The relation D, ~ b. Using the data on aftershocks in the region

of Japan the author analysed the dependence between D, and by, = b
in aftershock sequences for the period 1926 —1968 (see fig. 24). Although

'D,

& 02 03 04 05 08 10 12 14 15

Fig. 24, — Japan-Relation D, ~ b,q (=0) for aftershock sequences
(1926 —1968).

the scattering of data is somewhat large, they are fitted well by a straight
line and the following formula was obtained (for 55 aftershock sequences) :

Dy = —0.69 4 1,980 (15)

which confirms the result of U tsu (1969) that if D, is large, b has also
a large value.
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For the region of Greece using the data of Papazachos et al
(1967) and Drakoepoulos (1968, 1971) for 25 aftershock sequences,
the relation between I, and b has the expression (fig. 25):

Dy, = — 0.46 4+ 1.55 b : 3 (16)

The relation (16) is in good concordance with the conc]usioh, which
can be obtained from the statistical model on the occurrence of aftershocks

by
4
28
164
241
214
1]

1

161

127
181
8
461
84

82

a1 B? 43 04 B85 46 47 08 43 i0 12 14 12 18
Fig. 25. — Greece — Relation D; ~ bgg (= b).

in the area of Greece, given by Drakopoulos (1971), and according
to which D, increases with increasing of b (for a given M,).

The relation between D;, M, and b. Taking into account the rela-
tions between difference, (D,), in magnitude of main shock and its largest
aftershock and M, and b, respectively, we considered the dependence
between these parameters under the form D, = ay 4 Bob 4 v, M,

Using the data on 86 aftershock sequences throughout the world'
the following relation was obtained :

Dy = 0.15 4 0.68 b + 0.05 M,, . : < (17)

I e 4 = - | P D~ -
Institutul Geologic al Romaniei
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which shows that D, depends on b but it is almost independent of M, as
we can also see in figure 26.

In figure 26 there are plotted values of D, against b for aftershock
sequences and the increasing of D, with the increasing of b appears as
concludent despite of scattering of the points on graph.

If in (17) we take b = 1.0 we obtain

D, = 0.83 + 0.05 M, (18}

28
25
241
221

4 P Fig. 26, — World — Rela-
o2 Ve tion D, ~ b and My, D, =
i - . | e = 0.15+0.68 b+ 0.051 M,.

o7
7] of7 /

41 4z 43 04 45 45 47 48 09 40 4 42 L3 14 15

which is in fair agreement with the relations (4), (11), (13) and (14)and
confirms the above results.

Thus, the results obtained here show that D, (and D,) is almost
independent of M, and increases with the increasing of b.

Some remarks. The above statistical analysis about of dependence
of the difference (D;) in magnitude between the main shock (3/,) and its
largest aftershock (M,) on M, and the slope (b, value) of the frequency

graph of aftershocks [N(M,;,) = f (M,,)] can be used and interpreted
for seismic regime (in the sense of Riznichenko, see below) of
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aftershocks (Bune, 1960), regional variations of D, (Mo gi, 1967),
features of aftershock sequences of intermediate (or deep) earthquakes,
{for example Purcaru, 1966), the problem of the ‘“parameter of afters-
hock seismic activity’”, the seismic regime of aftershocks, seismic risk
{(Galanopoulos, 1968) for aftershocks (Drakopoulos, 1971;
Papazachos, 1971) and others.

For the above last questions in literature some aspects of those,
for example, are considered :

a) the logarithm of the ratio (R) of the main shock energy (E,)
to the total energy (E,) of all the aftershocks in a sequence is a function
of D, (linear) and b,; and log r = log (E,/E,;) is almost equal with D,,
where F, is the energy of the largest aftershock (U t s u, 1961),

b) ﬁl is used actually as a meaure of ‘‘aftershock activity” (U ts u,
1961, 1969; Mo gi, 1967),

¢) the connection between the energy of the largest aftershock and
“aftershock risk’.

However, for these terms (concepts) as seismic activity, aftershock
activity, aftershock risk some explanations of their content are necessary
in the opinion of the present author.

First, on the concepts of ‘“‘seismicity” and ‘“‘seismic regime’’.

For the concept of ‘“‘seismicity” from historical point of view, in
literature, up to present a general definition of this term has not been
given (although in some papers different quantitative determinations are
given as “‘measures’ of seismicity — for a short review, see, for example
Riznichenko, 1960; Galanopoulos, 1968—).

Concerning to this aspect, the concept of ‘‘seismicity” as a more
general category in seismology, it can be defined (as Gaisky consi-
ders, 1973, personal communication) as the general phenomennon of
appearence of the totality of earthquakes of different sizes in space and
time, i.e. of the seismic field of earthquake events.

The concept ‘‘seismic regime® is defined as the totality of earth-
quakes of different magnitudes (or energies) considered in space and time,
i.e. the field of the earthquake events (the definition was given by R i z-
nichenko, 1958 which introduced this concept).

The notion ‘earthquake activity”’ or ‘‘seismic activity” (a,) as
a parameter of the seismic regime (an other is b from log N (M) = log
a,—b (M—M,), M, = the value of M giving the level a,)is defined as
the mean frequency (density) of earthquakes of a certain size (M,E)
per unit of space and time in earthquake field and is a quantitative
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measure of seismicity (Riznichenko, 1958, 1960). Also, in litera-
ture are considered other types of measures of seismicity (for example,
the ‘“once per year” earthquake M; Galanopoulos, 1958). In the
above sense this makes to have in mind that thereis a difference between
“seismicity’’ as a general process of occurrence of the totality of earth-
quakes (of course with their effects) in space and time and ‘‘seismic
activity” as parameter (quantitative characteristic) of the 5-dimensional
field of earthquakes which is the seismic regime.

But in most cases, in many papers the concept of ‘‘seismicity’”
is used as somewhat equivalent with the term of ‘seismic activity” or
instead of it, and this can create scme confusions and ambiguities. To
eliminate this possibility, the notion ‘seismicity level” or ‘“frequency
activity” of earthquakes instead of ‘‘seismic activity’’ appears much more
indicated and it reflects better the real sense of this parameter as a
measure of seismicity. Theiefore, heie, in the following the term
,irequency activity* will be used. Now the *‘seismic activity”’ and
“seismicity’’ can be practically used, as in literature, in almost the
same sense.

For aftershocks it naturally appears, by extension of the sense,
to call the “frequency activity’ of aftershocks as a parameter which is
a quantitative measure of aftershock activity. As pointed Gaisky,
1973 — personal communication — a quantitative measure of seismicity
is defined as the quantitative characteristic of seismic regime. In this
case, taking into account the above point a) it should result that D; can
be used as a rough parameter for the aftershock regime. Then .D,would
represent the frequency activity of aftershocks corresponding to the mag-
nitude M, of the largest aftershock for a certain M, of the aftershock
sequence. On the other hand, if the frequency activity 4,, = A (M,)
M,,) is defined as the mean number of aftershocks, coresponding to a
certain (fixed) magnitude M, which follow a main shock with a given
magnitude M, (per unit of space and time) then D, would mean that the
frequency activity A,, = A, (M, | M,). But, because (4): N(M,) =1
and as, according to this paper, (B): D, is almost independent of M,
it results a contradiction to the first above conclusion and therefore D,
cannot be a parametcr of aftershock regime. Also, even in the case when
a) and (4) are neglectcd, because of (B) we have reached the same con-
clusion.

Thus, according to the above significances for the different concepts
on aftershocks and the results obtained in this paper, D, cannot be used
as a quantitative measure of the aftershock activity.
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Some problems in connection with the testing of different hypotheses
must be revealed concerning the grouping of data in classes and the appli-
cation of the various criteria.

It has been observed that the testing of a null hypothesis leads to
the result that this is accepted for a certain test criterion and rejected
with the other.

In this case it appzars as indicated to use more criteria and to
take the decision in final.

Another difficulty is related to the choice of the number of classes
and minimum frequencies per class for the application of y2 test of good-
ness of fit. The author analysed the conditions given in literature (Bols -
hev, Smirnov, 1968; Hahn, Shapiro, 1967; Mann, Wald,
1942; Miller, Kahn, 1962; Rao, 1965; Snedecor, Coch-
ran, 1965; Ventzel, 1964; Williams, 1950, etc) and has obser-
ved many and various conditions in this question as follows (we put N =
= the sample size, m = the number of grouping classes, k =m — 3 =
= the number of degrees of freedom, d = the length of the class, f,;, =
= the minimum number of the observed frequencies in a class, e,,, =
= the minimum expected frequency in a class):

a) emin > 5
b) N > 200 — 300, fmin =5 — 10
¢) if N has not a great volue (N ~ 100 — 200) then

N
sn must satisfy the condition m > ?[this general rule may be in contra-

diction with a)].
d) The standard deviation s > 4 d (d = the length of the grouping
class) and m>20.
¢) For o = 0.05 the optimal number m = f (N) is :

N 200 400 600 800 1000 1500 2000

m16 20 24 27 30 35 39
and f,,. > 5. Also at significance level « = 0.05
and N >2000 the formula m = 1.87 (N—1)**can be used.
N N>50—60
m>5—8
9) N>50
>B

fmin
10 < m < 20
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k) In different cases some authors nse the formula

Xmaz — Xmin e

1 4 3.322 log;o N m

where d = the length of the class, V = the maximum amplitude of the
sample and m = 1 + 3.322logN. The following number m of classes is
recommended, depending on N :

N m

<10 : 3
10 —80 3—4
30 — 100 Leus -
100 — 500 §— G
500 — 3000 9 —13

> 3000 13 — 18
i) d>0.5 s
j) m = 6—24 and most often m = 12

From the above conditions, as a general rule, the following indica-
tions for the application of y2 — test must be taken into account :

N > 50 — 60
m=25—20
emtn > 5

d < (0.25 + 0.5)s.
CONCLUSIONS

In this paper the statistical analysis of M, M, and D,, on the basis
of extensive and more reliable data on aftershock sequences of Japan and
Greece (and in the world), is made and the following principal results have
been obtained :

a) The magnitude M, of the main shock of the aftershock sequence
follows the negative exponential distribution as the distribution of general
earthquakes and with the same parameter b, = b,,,;, as for the general
magnitude — frequency relation of earthquakes.

b) The distribution of the magnitude M, of the largest aftershock
does not follow a negative exponential distribution and M, and M,



47 INTERPRETATION OF BATH’S LAW AND AF1ERSHOCK STATISTICS 81

come from different populations as a reflection of the different conditions
in which the main shocks and aftershocks (largest aftershock) occur.

¢) A statistical analysis of M, is made and the nomal distribution
for M, is tested with some criteria. It resulted that M, follows a normal
distribution (excepting the case when M,>6.9 for Japan). This question
can remain open.

d) The magnitude difference D; between the main shock and the
the largest aftershock in an aftershock sequence does not confirme the
B ath’s Law; D, is not constant or linear dependent regardless M, but
randomly distributed with respect to M, and has values between 0—3.2.
Also, D, is not correlated to M, (for a significance level « = 0.05) having
a great scattering and it shows that there is a positive or a zero correla-
tion between D, and M,.

¢) The magnitude difference D, does not follow a negative exponential
distribution. This difference has such a nature that D, follows a normal
distribution although to of the present paper D, follows a normal distri-
bution for Japan (for M,>6 and M, >6.9) but not for Greece (M >5.6).D,
is expected to be normally distributed for a very great number of obser-
vations (or at limit).

f) The mean difference in magnitude D, as a function of M, oscillates
about D, o2 1.2 and is almost independent of M,. The testing correlation
dependence between D, and M, shown that there is a positive or rather
a zero correlation between these quantities. These conclusions have been
confirmed in the case of the correlation between D, and M, for afters-
hocks of Japan and Greece indicating that D, is not correlated to M,
and 1—71 = 1.16 However, for some definite intervals of variation of M,,
D, shows for a Japan tendency of decreasing with the increasing of M,
and a non-linear form of increasing in the case of aftershock of Greece.
However, in general 1—)1' appears to be independent of M (D, varies in a
band with the axis being constant as against M).

The following relations between D, and M, for M,>M, were ob-
tained : -

Japan — D, = 0.93 + 0.03 ¥,
Greece — D, = 0.84 + 0.06 M,
Japan and Greece — D, = 0.93 + 0.04 M,
g) The mean difference 1_)1 increases with the increasing of the dif-

ference d, between two cut-off values of M, and M,.

6 — c. 930
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k) 1_)1 decreases with the increasing of the single cut-off value M,
for both M, and M, (M,, M, > M, and in this case the distribution of
D, seems to be a negative exponential one with a mean value D; of the
order 0.5. In this case, the following relations for the aftershock sequences
were obtained :

Japan — Dy(M,, M, > M,) = 4.68—0.60 I,
Greece — D, (M,, M, > M,) = 1.98—0.22 M,

%) The difference D, increases with the increasing of the slope (b,
value) of the magnitude-frequency relation of aftershocks as follows:
Japan — D; = —0.69 + 1.98 b,

Greece — D; = —0.46 + 1.55 b,

j) A statistical relation between D,, M, and b,,, using the data for
86 aftershock sequences throughout the world, was established :

World — D, = 0.15 + 0.68 b, + 0.05 M,
wich for b,, =1 is:
World — D, = 0.83 + 0.05 M,

k) Some definitions of certain concepts or characteristics in seismo-
logy : seismicity, seismic activity, seismic regime, aftershock activity
ete. are considered and the term ‘‘frequency activity” instead of ‘‘seismic
activity’’ is introduced as much more corresponding for the characteri-
zation of the seismic or aftershock activity.

1) According to the analysis made in this paper D, cannot be a quan-
titative measure of the aftershock activity.
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SOME STOCHASTIC MODELS FOR EARTHQUAKE OCCURRENCE

0 BY
GEORGE PURCARU?

A SHORT REVIEW OF THE PROBLEM

In recent years the ideea that the occurrence of earthquakes can
by described by stochastic models holds a considerable potential value
and some investigators have successfully shown that suitable stochastic
models may suggest important conclusions about the nature of earth-
quakes and their prediction. The consideration of the stochastic processes
as suitable to the description of earthquake occurrence made the object
of some important papers of A ki (1956), Lomnitz (1966) and Vere-
Jones (1970) which studied this problem from many theoretical and
practical points of view.

Because, in these processes the earthquake events occur singly
(or in small clusters) in time, they ean be considered of type of stochastic
point processes introduced by Bartlett (1966) and are to be distin-
guished from the continuous stochastic processes in time (Vere- J o-
nes et. al, 1966).

< In the analysis of stochastic processes for earthquake occurence it

is convenable to divide the earthquake series into different categories
(Vere-Jones, 1970; Knopoff, 1971): sequences of main earth-
quakes occured in time considered as one — dimensional point processes,
the main sequences of origin times and magnitudes or energies considered
as bivariate stochastic processes, aftershock sequences and swarms.
Up to the present the most known process to survey the time occur-
rence of earthquakes is the Poisson process with respect to the first and
second order properties, and several techniques have been used to describe

1 40, Ana Ipitescu Boulevard. Bucharest, Romania.
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the intimate structure of earthquake occurrence. For earthquake sequences
from different seismic regions of the world it has been established that
the observational data can be both in good concordance or in strong con-
tradiction with the Poisson model.

For example, Ben-Menahem (1960), Gaisky et al (1960)
and Gaisky (1970) analysed the world catalogues of strong earth-
quakes and they concluded that the data (without aftershocks) are con-
sistent with the Poisson process. On the other hand Vere-Jones et
al. (1966), Isacks etal (1967), Akietal (1969);Shlien,Toksoz
(1970) have tested, also, their catalogues based upon the data from some
seismic regions against the Poisson process and in the most cases their
tests indicated that the simple Poisson process is inadequate to deseribe
the time occurrence of earthquakes in these regions.

The analysis of the observational data and results show that such
discrepancies are due to the use of earthquakes with different sizes (large
and moderate or small magnitudes) and/or the fact that the earthquake
process is more complex.

The principal cause of complexity is the observed phenomenon of
clustering (there is grouping in space, time and size) as a causative con-
nection of earthquakes, which make unsuitable the simple model of Poisson
process for earthquake occurrence.

Therefore other different types of stochastic models have been pro-
posed to describe more deeply the structure of earthquake occurrence
and which can be, thus, more reliable for earthquake prediction.

The most suitable type of processes for earthquake occurrence seems
to be, at present, the contagious processes, and different assumed models
made possible the explanation of many features (but not all) of earthquakes.
Thus, Kitagawa (1941) introduced the weakly contagious discrete
processes as a class of models which can be applied to the occurrence of
earthquakes (though up to the present, others developments of his theory
do not exist).

One of the best approximations of these prccesses are the trigger
models introduced and analysed by Vere-Jones et al. (1966) and
Vere-Jones (1970) and which take into account the clustering effect
by including of aftershocks. Shlien and Tokso z (1970) introduced
a generalized Poisson process to explain the earthquake occurrence of
earthquakes when the aftershocks are also included and their results
are in very good concordance with the observational data.

Clustering in space and time have been analysed, also (Franecis,
Porter, 1971 b) assuming a proportion of earthquakes to be random
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and the remainder to be clustering. Must be mentioned that Isacks
et al (1971), U tsu (1969) established the clustering of earthquakes —
multiplets — in space and time for deep earthquakes, and U t s u (1969)
showed that the occurrence of deep earthquakes in Japan is not repre-
sented by a stationary stochastic process in space and time.

Two models for earthquake occurrence which are connected with
the fault system have been introduced also by Knopoff (1971) and
Otsuka (1972).

For the aftershock occurrence some models are given be Utsu
(1962), Vere-Jones (1966) and U tsu (1970), the later establishing
that there is a noticeable tendency and for aftershocks to cluster in time
(short time intervals) although they can be practically considered as
mutually intependent shocks.

Finally, we shall conclude, from the analysis of the above results,
that important steps have been advanced in the direction of the description
of the earthquake occurrence by stochastic processes as the most real
representation of such event systems. Also, one can observe that the pro-
bability structure analysis of the earthquake processes have been made
from many points of view und under different conjectures.

But only in this way it is possible an approach to the problem of
earthquake prediction and seismic risk, for which there are less quanti-
tative results, in the field of semismology (Aki, 1954; Rikitake,
1969; Molchan et al.,, 1970, etc.).

In this paper we shall consider some stochastic models for earth-
quake occurrence and the formulas of the first order statistical properties
will be given under different sets of assumptions and by scme analogy
with Uhler, Bradley (1970).

THE MODELS AND PARAMETERS

Let be a seismic region R and a complete catalogue of earthquakes
for this region and a given level of the magnitude M or seismic energy w.

We suppose that the catalogue covers a time period T which has
been divided into many units of time of an arbitrary length.

It is naturally to consider as in many papers concerning the earth-
quake occurrence that the earthquakes occur independently in these
intervals of equal length. ‘ ‘

Also, we can assume that there is a positive probability that an
earthquake will occur in any time interval ¢ of finite length.

Furthermore, the probability of more than one event occurring in
time increment dt is O(dt), where O(dt)/dt — 0 as dt — 0, or in other words
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no more then one earthquake can occur if the interval t is made small
enough (Shlien et. al.,, 1970).

It follows, if these assumptions are satisfied, that the probability
of n earthquakes occurring in an arbitrary time interval f, P (N = n, 1),
is given by

P(N=n,t) = v il eseRt
" 1)
n=20,1,2...
i.e. the number N of earthquakes occurring in units of time interval may
be described by the Poisson stochastic process.

From (1) we see that if ¢ = 1 it reduces to the Poisson distribution
for which it is well-known that the mean and the variance are both equal
and the recurrence time is exponentially distributed. On the other hand,
if K = constant in time the process is stationary, but as we saw in the
precedent section, the peculiarities of earthquake observational data show,
at present, that the stationarity must be rejected, especially because of
the observed tendency for earthquakes to cluster in time.

Therefore we can assume that the parameter K is implausible to
be constant but a random variable which follows a certain probability
distribution.

Following Feller (1957) we consider that K follows a I' — dis-
tribution given by

B* a-1 —px
Ppr (K, o, = _—K .
r (K, 2, B) T e 2)

In this case the equation (1) takes the form :

—K(t+a) ¥ 3
y n! T(@) e dK 3

P(N = n, 1) = S

The above equation (3) describes a non-homogeneous Poisson pro-
cess, and after some calculations it can be written as follows (Uhler,
Bradley, 1970):

P(N =n,t) =

1 ﬁa # Sw P tE=l = g,
where u = K ({ 4+ B), or
P(N=n,i)=r(n+a) ( t )

n!T(@ (¢ + B
n!T@ \t+p ( )
g
+

(e
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If¢ = 1 in equation (4), it reduces to the negative binominal distribution :

P(N=n,a,q)=(“+:_1) "¢ (5)
n=20,1,2,...
1 B
where p= —— and ¢g=——=1—p, 6
148 148 W

It is known that the negative binomial distribution provides a
better fit to the observational data than other distributions (for example
Poisson distribution) when the time clustering phenomenon of earthqua-
kes is observed.

Now, according to Feller (1957) if a random variable X follows
a I' distribution and the conditional random variable ¥ | X is known as
Poisson distributed, then the random variable ¥ follows a negative bi-
nomial distributions. These results make plausible the above assumption
about the distribution of K. But, even if the observed clustering of earth-
quakes would suggest a negative binomial distribution the final choice
will be made after the testing of the assumed hypotheses with the available
data, by means of several tests for goodness of fit. Also, for the practical
applications some other discussions are necessary to be made in this pro-
blem. The other important hypothesis which must be considered is that
about the distribution of the size of individual earthquakes. We can assume
that the size of individual earthquakes from catalogue, the magnitude or
energy, can follow a certain probability distribution.

It M,, M,, ..., M, are the magnitudes of earthquakes in ¢ we shalle
denominaate M, (n) = M, 4+ M, 4+ ... + M, as the ‘“total” magnitude
per unit of time. Thus, we can determine the distribution of “total’’ mag-
nitude, M ,, per unit of time interval as a distribution of a sum of identi-
cally distributed independent variables which follow a given probability
distribution and for which the number in sum is generated by a Poisson
process. With these assumptions the following models can be obtained.

THE MODEL P-I

In this model we shall take the random variable magnitude as dis-
tributed according to negative exponentiai disiviibution which describes
the most general magnitude-frequency distribution of earthquakes,



90 G. PURCARU 6

If the variable N follows the negative binomial distribution (5) —
i.e. the clustering of events is assumed-with the parameters o and g,
and M a negative exponential distribution, with the parameter B, given by

P(M, B) = Be B ¥, (7)

then we can use the following formulas of the mean, E (M) and variance,
D?*(M,), for the distribution, P(M,), of random variable M, :

E (M,) = E (N) E{M) ®
and
D*M,) = E(N) DXM) + D¥N) [E(M)]* )]
Because in our case :
Ay =22 ¢ DRy 3‘% (10)
q

for the distribution of N, and

1
M) = —
E(M) e (11)
DHN) = = (12)
B2
for the variable M, it results that
E(M,) = X2
(My) B (13)
and
1
D¥M,) = -g; (—qz— - 1) ) 5 (14)

The formulas (13) and (14) can be easily use to determine the mean
and variance of the total magnitude, M, (seq) of the given earthquake
sequence which has been divided in, say, I unit time intervals.

Also, we see that the expected value and variance of total magni-
tude are functions of parameters of the negative exponential and negative
binomial distributions, when the time occurrence of earthquakes can be
represented by a Poisson process.
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When an earthquake sample is given, the above parameters are
easily estimated using the corresponding estimators (maximum likelihood
estimstors) for mean and variance. Thus, for ¥ and M the maximum like-
lihood estimators for the mean is the simple mean of the earthquake sample.
Finally, we can compare the observed total magnitude of the earthquake
sequence (which can be easily determined) with that calculated according
to the above assumed stochastic model, using the formulas (13) and (14).

Furthermore, we shall introduce other three models which can be
suitable for earthquake occurrrence in size and time and which can be
easily obtained by assuming of different probability distributions for ¥
and M.

THE MODEL P-II

This model corresponds to the cases when the time distribution of
earthquakes is Poisson and magnitude distribution is also negativelly
exponentially. Therefore, in this case, the number N of earthquakes
occurring in units of time is distributed as Poisson with parameter K
and M according to (7). Therefore, we have:

E(N)y=K,D*(N) =K (15)
and

1
BE

E(M)=%. DMy = = (16)

It results that the parameters of this model, the mean and varianec
of total magnitude per unit of time, will be:

E(M,) = —— 17)
and

DMy = — , 18)

THE MODEL P-III
In this model we shal assume that the grouping of earthquakes exists,
also, and therefore, N follows a negative binomial distribution (5) and

M is lognormally distributed, with parameters the mean log vy = log M,
and variance o}, according to the probability density :

_(logM — logy)?

loge 207, — (19)

P(M) = — . e
: Moyoe VzTL'
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The lognormal distribution of earthquake size it has been studied,
for example, by Purcaru and Zorilescu (1971, 1972) asa
suitable distribution of the magnitude of earthquakes with intermediate
(deep) foci.

Now, in this case E(N) and D? (N) are given by (10) and for the
variable M we have:

aﬁ
alogy + — o2
2

E(M)=e o8 (20)

2¢a logy + a2c 2 4
D¥M) = e e ( GO o= 1) ) (21)

1
a= .
(== 52}

It results that the mean and variance of M, will be given, respecti-
vely, by -

aloéy+ 2 2
ap z

E(Mg) = — log (22)
q .
and
2 42 22 p
Dz(Mo) = 2 e Hafinshn % @ oloo( et 0108 - ?) 3 (23)
q

THE MODEL P-IV

In this last model we shall consider that & is stochastic distributed
as Poisson with parameters given by (15) and M follows a lognormal dis-
tribution (19) with parameters given by relations (20) and (21).

Using the relations (8) and (9) we can determine the mean and va-
rinance of M, as in the preceding cases.

It results easily that:

é
alos~4+i-o2

E(My) =Ke s 'og (24)

and

2
D¥( My =K e2a (log S a°lolx) i (25)

FINAL REMARKS

As we shown in precedent section the above models have been con-
sidered in the case when it is hypothesized that the earthquake occurrence
in time can be represented by a Poisson process and the magnitude of
earthquakes follow certain types of magnitude distributions.

Thus we can estimate the total magnitude in any unit time interval
of an arbitrary length as a sum of randomly distributed variables where
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the number in the sum is generated by a Poisson process. In this paper
was used the magnitude as a size of an earthquake but can be used the
seismic energy w of the individual earthquakes also, and then, it is possible
to determine the total energy W, per units of time.

The clustering of earthquakes is assumed, here, to be reflected in
the negative binomial distribution but the choice of the adequate form of
distribution must made after the testing of the observational data of
earthquakes with different test statistics.

Also, it is better if the testing of the earthquake data is made for
some few units of time of different lengths and more tests of goodness of
fit are applied. On the other hand, although in this paper the confidence
interval estimates for E (M,) are not given, they must be determined,
also (this will make the object of an other paper, the problem being so-
mewhat not easily because of the joint action of some parameters).

Taking into account these observations we can suppose that for
an earthquake sample from a given region (catalogue) we have estimated,
using the formulas of the corresponding model, the mean of total magni-
tude, E(M,), per unit of time interval of a given length (or total energy
W,) and the variance D* M,) (more exactly the confidence interval or
region).

Then, we can compare the expected value and variance of the total,
magnitude, M (seq), of the all earthquakes (which have been divided in
say, ! unit time intervals of a given length) with the known total magni-
tude and variance of these earthqualkes and which can be easily calculated.
Thus, the comparison of results can indicate if the hypotheses made
in model assure or not his consistency with observational data.

Finally, it is to be observed that the model P-IV, for example,
can be a more suitable model for Vrancea intermediate earthquakes if
we take into consideration the reaults obtained by Purcaru andZ o ri-
lescu (1972) or the model P-IIT when the clustering in time of main-
sequence earthquakes may be plausible.

REFERENCES

Aki K. (1954) Quantitative prediction of ‘earthquake occurrence as stochastic phenomena.
J. Phys. Earth, 2, Tokyo.
— (1956) Some problems in statistical seismology. Zisin, 8, Tokyo.
— Hori M, Matumoto H. (1969) Microshocks observed at a lemporary array
station on the Kenai peninsula from May 19 to June 7, 1964, The Prince William Sound



94 G. PURCARU 10

Alaska, Earthquake of 1964 and Aftershocks, II, Parts B and C, Publication 10—3
(CGS), Washington.

Bartlett M. S. (1966) An introduction to stochastic processes. (2nd ed). Univ. Press.,
Cambridge.

Ben-Menahem A. (1960) Some consequences of earthquake statistics for the years 1819—
19535. Gerl. Beilr. Geophys., 69, Leipzig.

Feller W. (1957) An Introduction to probability theory and its aplications. I, John Wiley

and Sons, New-York,

Francis T. J.G.,, Porter I T. (1971), A statistical study of Mid-Atlantic ridge earth-

quakes. Geophys. J. Roy Asir. Soc., 24, London.

Gaisky V.N.,,Katok, A.P.(1960) Some problems concerning the study of seismic regime

on the example of the Pamir-Hindu Kush earthquake zone. Trudi ISSS, 7, Dushanbe.
— (1970) Statistical studies of seismic regime. Tr. Insl. Geol. Geophys., 88, Moscow.

Isacks, V.L,Sykes L.R,,0 liver, J.(1967) Spatial and temporal clustering of deep

and shallow earthquakes in the Fiji—Tonga— Kermadec region, B.S.S.A., 57, Berkeley.

Kitagawa T. (1941) The Weakly contagious discrete stochastic process, Mem. Fac. Sci.,

Kyushy Univ,, A2, Kyoto.
Knopoff L. (1971) A stochastic model for the occurrence of main-sequence earthquakes,
Rev. Geophys. and Space Phys., 9, Washington.

Lomnitz C . (1966) Statistical prediction of earthquakes. Rev. Geophys., 4, Washington.

MolchanG.N.,,Kellis-Borok V, I,Vilkovich, E.V.(1970) Seismicity and prin-

cipal seismie effects, Geophys. J. Roy. Aslir. Soc., 21, London.

Otsuka M. (1972) A chain — reaction — type source model as a tool to interpret the mag-

nitude — frequency relation of earthquakes. J. Phys. Earth, 20, Tokyo.

Purcaru G.,,Zorilescu D. (1971) A magnitude-frequency relation for the lognormal dis-

tribution of eartquake magnitude. PAGEOPH, 87, IV, Basel.

— Zorilescu D. (1972) Un Modéele stochastique des séismes de la region de Vrancea
— Les caracteristiques informationnelles des tremblementes de terre. PAGEOPH, 98,
VI, Basel.

Rikitake T.(1969) An approach to prediction of magnitude and occurrence time of earth-

quakes. Teclonophysics, 8, 2, Amsterdam.

Shlien S.,,T6ksoz M.N. (1970) A clustering model for earthquake occurrences B.S.S.A.,

" 60, Berkeley.

Uhler S.R.,, Bradley G.P. (1970) Stoctastic model for determining the economic pros-
pects petroleum exploration aver large regions. JASA, 65, 330, New-York.
Utsu T. (1962) On the nature of three Alaskan aftershock sequences of 1957 and 1958

B.S5.5.A., 52, Berkeley.

— (1969) Time and space distribution of deep earthquakes in Japan. J. Fac. Sci., Hokkaido
Univ., VII, 3, Hokkaido.

— (1970) Aftershock and earthquake statistics (II) J. Fae. Sei. Hokkaido Univ., VII, 4,
Hokkaido.

Vere-Jones D, (1966) A Markow 1nodel for aftershock occurrence, PAGEOPH, 64, Basel.
— (1970) Stochastic models for earthquake occurrence. J. Roy. Statisl. Soc., B, 32, London.
— Davies R, B. (1966) A statistical survey of earthquakes in the main seismic region

of New Zealand. Part. 2. Timne Series Analysis, N.Z.J. Geol. Geophys., 9, Welington,



THE PROBABLE PROJECTIVE SEISMICITY '
BY
WOLFGANG ULLMANN, RICHARD MAAZ?

Abstraet

For the analytical representation of the projective seismicity of an earthquake the
inaccuracy of the epicentral co-ordinates is taken into account by means cf a heuristical proba-
bility density' distribution of the epicentre. The product of that function with the projective
seismicity of the concerned quake is the integrand of surface integral which defines the
probable projective seismicity at any concerned point on the Earth’s surface for the considered
time period. The intersection of the projecticn of the focal region to the Earth’s surface with
a region belonging to that point, determined by the definition area of the probability den-
sity of the epicentre, represents the integration region. Practically, the integration renders
as very complicated. But in the case of a ﬁrobability function which does not depend on
the direction of the epicentre dislocation being defined at the whole Earth’s surface an expli-
cite analytical formula can be obtained, if the model of the focal region and the probability
fnnction are assumed in a mathematically simple manner.

For determination of seismicity the localisation of earthquakes is
necessary. The co-ordinates of a hypocentre, however, never can be
computed exactly. Therefore the principally inevitable inaccuracies of
the focal data should be expressed by means of suitable probability dis-
tributions of hypocentres. This holds also for the projective seismicity
of a single earthquake e at point Z’ of the Earth’s surface T* and in time
interval ©. It is represented by

$12,8] = 3“’35 9(2) dy
R|9| )

2 Communication Nr. 276, Central Earth Physics Institute.
2 Central Earth Physics Institute AdW der DDR, part Jena 39 Jena, Burgweg 11, GDR



96 W, ULLMANN, R. MAAZ 2

where E means the seismic energy of e, |$| the length of 9, Py a temporal
valuation of ¢ with property 0< P<(1, R the radius of the spherical earth,
¢ the intersection of the radius through Z' € T* and the focal region «
of the earthquake ¢, Z an arbitrary point of {, dy the linear element of
¢ at Z € ¢,and ¢(Z) the spatial distribution of E in the Earth’s interior.
Per definitionem of « the point function ¢(Z) equals zero then, and only
then, if Z lies outside of w. The expression for s'[Z’, 3] does not contain
explicitly the focal depth % of e, hence here the problem of the localisation
of the earthquake ¢ is reduced to the ascertainment of the epicentre Q’.

A simple strongly idealizing condition for o and ¢(Z) consists in
the fact that the surface of » is an upright circular cylinder with radius
a and altitude 1, whose axis passes through @’ and the hypocentre Q,
and that the distribution density of E can be represented by the product

AZ) = f1(=') F2(¥) (2)
where

IA

w-= 0, 0<% sdy =102 — 29, -—-% y;%-’ (3)

Obviously @ is simultaneously the centre of the cylinder. Then because of

"
5 f2(dy=1 @
c I

for the seismicity s'[Z’, 9] the expression

& 12, 8] = 3 252 1 () )

Ry |

is obtained. The mathematically most simple representation of fi(z')
which satisfies all physically plausible conditions is

r \2712
1) = _3_2[1— (" )] ©0<z <a) ®)
Ta

a

Because of the principally unavoidable uncertainties of the locali-
zation of the earthquake e it is not sure that the fixed point @’ € I'* re-
presents the epicentre of e. As the locus of the real epicentre, however,
certainly a point Q" of the region B (@')S I'* comes into question. The
probability that the real epicentre is situated in the surface -element df
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—_—

of B(Q’) at pint Q"' is expressed by W(Q'Q''} df where the vector function
—>

W(Q',Q"') defined in B(Q') describes the probability density of the posi-
tion of the epicentre of e, hence

—_—
holds. At the border of B(Q') the vector function W(Q’,Q’’) wvanishes.

The projection of the focal region on the Earth’s surface is denoted
by «'. The probable dislocation of the epicentre from @', to Q' effects
the virtual displacement of ' into the congruent region «’’CT*. It may

be assumed that o'’ is produced from o’ always by the translation indi-
——ts

cated by the vector Q'Q". In that way the arbitrary point Z’'€ o’ is

transformed into Z''e ', and it holds Z'Z'"" = Q'Q"’. For each point

—_—
Z'€w’ the set of possible translations Z'Z"’ yields a region B(Z') parallel
to and congruent with B(Q’). The union of these regions defines the
point set

e= U B2@) (8)
Z'ew

of all the points Z'* ¢ I'* coming into question.

The probability that the picture of Z' ¢ ' gets into the surface ele-
—_—
ment df"’ C T* at point Z”' € B(Z') C o is expressed by W(Z'Z"") df".
—_— —_—> —>
Because of Z'Z" = Q'Q" it holds W(Z'Z") = W(Q'Q""). Consequently for
the contribution ds'’[Z’’, 9] to the probable projective seismicity at the
—>
point Z"’ € ¢ and in the time interval ¥ the displacement Z’Z’’ helps to

the relation
C—
ds” [Z7,8] = §' [Z, 8] df' W(Z'Z"). (9)

Herefrom by integration (at first on the whole region ')

—_—
s 27, 9] = Ss’ 12, 91W (Z'Z") df’ (10)

w

7 — c. 930
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results. To each point Z'' €  a region B (Z”') C T* belongs, characterized

—_—
by ZEBZ) — WZ'Z) > 0.
With it
—
s7 (27,8 =\ s2Z,81WZZ")df (12)
o’ n%(zu)

holds. This relation is identical with the previous oneexactly if B(Z")=
=T* or B(Q') = T'*, respectively, comes true.
The vector equation

QZ =07 — Qg (13)
—_— —
obtained by means of Z'Z" = @'Q"’ helps to understand the geometry

of B(Z") c T'*. Because Q' and temporary also Z'’ are fixed points the
—_—
vector Q'Z’’ is constant. On the one hand, let all possible vectors — @'Q""
—_—
which @'’ e B(Q’) be carried to Z’’. Then Q'Z’ describes the set of these

points Z’ which define the region B(Z’’). On the other hand, the head of

—
the vector — @’Q” with @' as its origin and Q"' e B(Q') C T* lies in a
region B(Q'') C T'* which obviously results from B(Q’) by a half rotation
in the plane Earth’s surface T* about the fulecrum ¢’. Consequently
the region B(Z") follows from a virtual parallel displacement of B(Q")
in the plane T* which transfers @’ to the fixed point Z''.

The evaluation of the integral is nearly always very complicated,
but in general it can be carried out technically. The analytical problems
above all consist in the limitation of the region B(Z’’) and the structure
of the probability density W(Z'Z'’). In order to get a closed expression
for the probable projective seismicity s''[Z’',9] it must be assumed B(Q') =
= T'* and

— iy :

W(Z'Z") = w(p) With Z'Z" = . (14)
Besides let be ’

Q0Z" =z, XZ'QZ"=« . 15)

and represent 8’'[Z’, 9] as mentioned above, then because of

2 =224+ 22 —~22'2" cos « (16)
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the result

EP a s\ 27 2 .2
5"[2", 8] = —2ETY S =] 1= w (T 2T — 228" cos ) da da’
mRa® |81 ), a 0

a7

is obtained. Obviously the aspired aim can be attained only by use of
an extremely simple analytical expression for w(p). Therefore

w(p) = L with b = const (b > 0) (18)

m (0% + p%)?
is adopted. This function satisfies the normalization condition. The surface
over plane I'™ geometrically representing w(e) has the shape of a bell

with its absolute maximum w(0) = le- at point Z'' and the infinitely far
™

edge on T'*. The points in which the surface is curved parabolically form

b
il d2 e
a circle parallel to I'* with the radius —= , because it holds ¥ ( 1’5_)

b
V5— =0.
dp?

For seismological interpretation of the parameter b the notion of the
standard deviation o of a one-dimensional (direction invariant) distribu-
tion of the probable epicentre deviation @'Q” = ¢ is helpful. Such a dis-

tribution is defined by @ = C w(p) where the positive constant ¢ has
the dimension of a length and because of the normalization condition

submits to 4 . The variance o2 follows per definitionem from the equation

@ 2 © 2d b2 3 1
°2=S ot C ey do= 2 _1_11_.:_3(_,#). 19)
o T )y (+uP? 27 2 2

Regarding the relation B(E, 1) = g_zz%between the beta and the

gamma function B(§, u) and I(§), respectively, as well as the func-

1
tional equation I'(¥ + 1) = EI(£) and finally, the special value I‘(?)=
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2

= b b
= }/z the relation o2 =— is valid. It is remarkable that ¢ = =
8 /8

b
does not considerably differ from the radius V—g of the circle which is the

geometrical locus of all points of parabolic curvature of the bell shaped

surface representing the probability density.

With the substitution

B4 otz B4 — )

c= = +1>1
2 zl zll 2 zl zll
it holds
2 ( V : 4 5 ; . b2 21 de
w( ) x” 2’2 — 2 2’ x” cosa = =
o o i 4mx?xt ) o (c—cosa)?
e

2x2x'"2(c? — 1) 32

By means of

a4 b2 —a22=A, Y@+ ) ftVa—z"2+0b* = B

the representation of s’/[Z’’, %] can be transformed into

9QEbM Py B
S“[Z”, ‘9] = 2 ]x
nBa¥ 18 &
where
g Bf Nora e g
T B B b2+
L=A@A—4 2 - e N P
b2 + 772 B
A 2 g2 2
I e By S gy 2
A\ B b2 4 gz A+ B
AT+ 8 4 b2 g2

—b2 — 22 —

1 .
2 B b2 + 72,

(20)

(21)

(22)

(23)

(24)

(25)

(26)

@7
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These extensive calculations in consequence of the underlied mathema-
tically simple expressions of the functions fi(#’) and w(p) for analytical

—_—
representation of the seismicity and the probability density W(Q' @)
show, on the one hand, the difficulties in connection with the determina-
tion of s’'[Z"', 3] and justify, on the other hand, the choice of the function

concerned.
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SEISMICITY OF THE IBERIAN-MAGHREBIAN REGION

SEISMIC MAP OF THE AREA FROM PORTUGAL
TO AZORES ISLANDS

BY
ALFREDO S. MENDES, M. V, TREPA, VICTOR SOUSA MOREIRA 1

Abstract

Some considerations are presented on the seismicity of Portugal and Azores Islands,
based on epicentral charts and maximum isosseismal lines. These charts which refer to the North
Atlantic Ocean area between 7°W and 32°W meridians and 36°N and 42°N parallels for the
period 1901 — 1972, are being prepared at Servico Meteorolégico Nacional. Epicenters of ear-
thquakes of 5 to 8,2 magnitudes were determined in this region. In Portugal the regions of
Benavente and Evora show the greatest seismicity ; in the Azores, the western islands (S. Miguel)
are more seismic than the other islands of the archipel. The Flores and Corvo islands do not
show seismic activity in the period considered.

SEISMICITY OF PORTUGAL AND AZORES ISLANDS

Some considerations are presented on the seismicity of Portugal

and Azores islands based on epicentral maps and maximum isosseismal
lines (fig.1).
These maps were prepared for the North Atlantic Ocean area between
7°W and 32°W meridians and 36°N and 42°N parallels. Only epicentres of
earthquakes with magnitudes ranging 5 to 8.2 were considered in this
region. ’

The region described includes the Atlantic section of the alpine
seismic zone between Azores islands and the sea of Alboran (Sousa
Moreira, 1955). The number of epicenters localized is 174, for the
period 1901 —1972, 10 of them with magnitude greater than 7. We can

1 Servigo Meteoroldgico Nacional, R. Saraiva de Carvalho, 2. Lishoa 3, Portugal.
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see that the epicenters are distributed over the seismic belt with greater
concentration in the region of Azores islands (central and occidental
groups) and southwards of Portugal (Algarve).

In Portugal the regions of Benavente and Evora show the greatest
seismicity (M endes, 1971). The islands with greater frequency of
earthquakes are S. Miguel (17), Terceira (5) and Faial (7).

The maximum magnitude observed in Azores was 7.1 in Mai 1939
centered at 37.0°N 34.5°W, felt in Sta Maria (I = 8). The Flores and
Corvo islands do not show seismic activity in the period considered.

In the Atlantic ridge 17 epicenters are localized with magnitude 5 or

greater.

TABLE 1
Earthquake distribulion in the period 1901/1972 in Porlugal
(7°W — 11°)

f Magnitude Number Frequency (per year)
3,0—4,9 468 6,50
5,0—5,4 24 0,35
5,5—5,9 20 0,29

] 6,0—6,9 6 0,08
7,0 —8,2 3 0,04

TABLE 2

Earthquake disiribution in the period 1901/1972 in Portugal
(16°W — 31°W)

1

!

Magnitude l Number iFrequency (per year);
3,0—4,9 1152 ! 16,00
l 5,0—5,4 43 ! 0,61
5,56—5,9 7 0,10
6,0—6,9 ] 0,08
7,0-8,0 , 3 0,04

Nole: Until September 1972

Tables 1 and 2 show the distribution of the earthquakes ? observed in
Portugal (509) and Azores islands (1211) according to classes of magnitude
and their frequency.

2 until September 1972,

Institutul Geologic al Romaniei
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Figures 2 and 3 show the seismographic network of the region,
which has been improved by the efforts of the Ibero Maghrebian Wor-
king Group ® of the ESC. The open circles indicate projected stations
(short period components). The circles cut correspond to the @ new
stations for 1973.

RELATIONSHIP BETWEEN FOCAL MECHANISM OF THE EARTHQUAKES
WITH EPICENTERS LOCATED ON THE AZORES-GIBRALTAR
TECTONIC ZONE AND THE RESULTS OF DEEP SEISMIC
SOUNDING EXPERIMENTS CARRIED OUT IN PORTUGAL

To complete the seismological Portuguese program in the region,
it was established a large program of deep seismic sounding executed
after July 1970, which is important to define the depth of the discontinui-
ties and the crustal thickness. A paper with the results was presented
in the Science II (ESC, Bragov). Similar works are in consideration to
1974—175.

In the Atlantic Ocean, in 37.5°N and 18.5°W (25th Novembre 1941)
and in 36.1°N and 10.6°W (28th February 1969), two earthquakes of 8.2
and 8.0 magnitude were observed, wich gave intensities V—VI and
VII-VIII in the Portuguese coast. Small magnitude tsunamis caused
by these two earthquakes were observed in the area (Sousa Moreira,
1972).

However, since the occupation of the islands in the XV century
several earthquakes of great intensity, have been observed. So in the
Flores island we can observe two earthquakes of IX and X intensity,
in Graciosa, two earthquakes of IX and X —XI intensity, in S. Jorge
two earthquakes of X and XI intensity, in Terceira four earthquakes
between IX—X and XI intensity, in S. Miguelfive earthquakes between
IX and X—XI and Pico one of IX intensity.

The maximum double amplitude of the waves was 54cm at Leixges
for the earthquake of 25 Nov 1941 and 82cm at Cascais and Lages for
the earthquake of 28 Feb 1969 (Sousa Moreira, 1968, 1971).

The epicenters of these earthquakes are located on the Azores-Gibraltar
tectonic zone. Recent studies (Udias, Lopez-Arroyo, 1972)
show that the focal mechanism of the earthquakes situated in the part of
that zone closer to the Iberian peninsula belongs to typell.For the earth-
quakes of this zone which permitted the execution of focal mechanism

3Trépa M. V,, Munuera J, Ben Sari D. Seismic Ibero-Maghrebian
Catalogue (in preparation).
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determination all results obtained indicate that the direction of the T-axis
is about NS. This result is in agreement with the direction of the move-
meént of the Eurasian plate from north towards south and the movement
of the African plate which has more or less the opposite direction. On
the other hand, a plausible explanation for some results obtained from
deep seismic sounding experiments carried out in Portugaltis that the
Iberian peninsula block is being underthrust under the African plate as
2 result of the mouvements of the Eurasian and African plates in oppo-
site directions. This fact has been probably the -cause of the earthquakes
which have had their epicenters situated along the Azores-Gibraltar
tectonic zone.
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SEISMICITY OF THE CARPATHIAN-BALKAN REGION

{L’ACTIVITE SEISMIQUE SUR LE TERRITOIRE
'DE LA ROUMANIE DURANT LA PERIODE 1956—1970
PAR

CORNELIUS RADU*

INTRODUCTION

Dans les derniéres années, de nombreuses recherches concernant
la séismicité ont été effectuées en Roumanie, en particulier dans le cadre
de la séismologie paraséismique et des programmes de collaboration
internationale.

Dans ce travail on présent une partie de ces recherches & partir des
données d’observation de 1a période de 1956 & 1970. Les problémes analy-
8és concernent :

@) La distribution dans l’espace et dans le temps des séismes de
magnitude M>4,0;

b) La distribution dans ’espace et dans le temps des microchocs ef
ultramicrochocs enregistrés & la station de Vrincioaia ;

¢) La direction du mouvement tectonique dans la région de Vrances ;

d) La distribution dans 1’espace et dans le temps de 1’énergie séis-
mique libérée. Les graphiques de Benioff.

e) La loi de fréquence et ses particularités pour les sésismes inter-
médiaires de Vrancea.

Les résultats obtenus contribuent & préciser la séismicité de la
Roumanie.

1 Institut de Géophysique Appliquée. Section de Séismologie, 5 Rue Cutitul de Argint.
Bucarest 28, Roumanie.
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5 L'ACTIVITE SEISMIQUE SUR LE TERRITOIRE DE LA ROUMANIE (1956 —1970) 113

Données d’observations. Résultats

Pour 1’étude de l’activité séismique sur le territoire de la Roumanie
dans la période de 1956 —1972, on a utilisé les informations contenues
dans les travaux de synthese (Radu, 1965; Radu, 1972; Rad u,*>3),
préparés par D’auteur.

On a choisi la période de 1956 a 1970 parce qu’elle contient des.
données d’observation homogénes et suffisantes pour obtenir des conclu-
sions définitives.

En méme temps nous preparons le chapitre sur la séismicité de la.
Roumanie aprés 1955 dans le cadre d’une étude systématique de la séis-
micité de 'Europe (Kadrnik, 1968; Karnik, 1970).

Les données d’observation utilisées sont présentées dans les ta-
bleaux 1 et 2.

Le tableau 1 contient des informations sur les séismes de magnitude:
M >4,0 et le tableau 2 sur les séismes de magnitude M <4,0. Les valeurs.
adoptées sont le résultat d’une analyse critique de toutes les informations
publiées 4, Nous ne présenterons pas ici cette analyse, mais nous rappelerons.
que la magnitude M pour les séismes intermédiaires de Vrancea est une:
magnitude équivalente & Mgy, c’est-a-dire elle est de type M55 etnon.
de type My, ainsi que nous I’avions supposé anterieurement.

Les données d’observation homogénes et uniformes distribuées dans.
D’espace et dans le ternps ont conduit & 1’étude de quelques problémes.
dont nous présenterons, dans ce qui suit, les résultats.

Distribution des séismes de magnitude M > 4,0, Pour avoir une:
image sur la distribution des séismes dans l’espace, nous avons établi
la carte présentée dans la figure 1 qui contient la distribution des épi-
centres des séismes de magnitude M >4,0.

Les cercles indiquent la position des épicentres et les chiffres asso-
ciés la fréquence d’apparition.

On met en évidence les zones épicentrales de Vrancea, Cimpia.
Roméané, Cimpulung, Oltenia, Banat et Bucovina.

2 Radu C. Le catalogue des tremblements de terre produits sur le territoire de la
Roumanie dans la période 1901 —1970. 1970. Manuscrit, Bucarest.

3 Radu C. Contributions 4 la modernisation du réseau séismique de la Roumanie.
1971. Rapport IGA, théme 38, chap. 6, Manuscrit, Bucarest.

4 Op. cit,, p. 2.

5 Radu C. Determination of the magnitude for the intermediate earthquakes fromx
Vrancea region. 1971. Communication présentée au stage UNESCO, Beograd.

8 — * 930




114 C. RADU 6

TABLEAU 2
. H Région 2 3 h A Obser-
Ho Date hms épiceﬁtrale Py Ag ’ km I i I vations
1]1956 X 1} 23:24 |Banat 45,4 | 21,2 n [V-VI | 3,8 !
211957 V 8/ 15:40 |Crisana 47,7 | 22,3 2,5
3 VII 1] 06:11 Iy 47,4 | 22,5 2,7
| 4 IX 22| 14:40 » 47,2 | 23,2 2,8
y 5 IX 22| 14:44 |Banat 45,7 | 21,1 n (V-VI | 3,8
6 XI 5| 01:42 [Maramures 47,9 | 24,3 2,7
7 XII 26; 13:53 Crisana 46,4 | 22,5 3,0
8/1961 IV 6] 00:45 |Transilvania | 46,6 | 23,3 n v 3,5
911963 II 21| 15:31 |Banat 45,7 1 21,3 n AY 3,5
1011965 I 18] 23:33 [Maramures 47,9 | 23,0 n 7—8
11 V 11} 18:59 e 47,9 | 23,3 n 7
12 V 11] 22:46 " 48,0 | 23,3 n 8,5
113 IX 13| 20:50 0 48,0 | 23,1 n 7—-8
1 14{1966 X 3| 10:15 |Transilvania | 46,9 | 25,8 n
| 15/1967 V 26 21:37 |Moldova 46,4 | 27,0 30 8,5
116 VII 29{ 13:35 {Maramures 47,9 { 23,5 n Y 9
17 IX 28 15:21 o0 47,9 | 22,9 n (>1V 9

La plus intense activité séismique est observée dans la région de
‘Vrancea, ol se sont produits 82 séismes. La distribution des foyers (fig. 2)
.de cette région met en evidence deux zones séismiques :

1) La zone des séismes intermédiaires (60<<h<{163 km) orientée
N 35° E est lide & la courbure brusque des Carpathes.

2) La zone des séismes normaux (h<<60 km) située & 1’Est de la
premiére et qui comprend les doyers connus de Rimnicu Sérat, Focgani,
Tecuci et Pechea.

Cette division nefte en deux zones est valable seulement pour les
séismes forts (M >3,0) parce qu’en réalité des séismes normaux se pro-
-duisent aussi dans 1’interieur de la zone des séismes intermédiaires (voir
plus loin).

Pour avoir une image sur la tectonique de profondeur on a exécuté
une section verticale perpendiculaire sur la zone épicentrale de Vrancea
(fig. 3).

La section AA’, orientée N 55° W passe par le point qui précise la
région de Vrancea (¢ = 45°7N; A = 26,°6 E) et par le voisinage des
localités Covasna et Dumitregti.

La projection des foyers dans le plan vertical conduit aux remarques
‘suivantes :

a) Les foyers des séismes intermédiaires se trouvent dans une
couche d’épaisseur d’environ 50 km et inclinée vers les Carpathes d’un
angle de 67°;
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Fig. 2. — Distribution des épicentres et des profondeurs des foyers des séismes de M>4 0

qui se sont produits dans la région de Vrancea de 1956 4 1970 :
1, chocs Intermédiaires: 2. choes normaux,
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b) L’inclinaison d’environ 70° du plan de chariage dans la région
de Vrancea est différente de celle caractéristique aux ares alpins — e =50°;
¢) La structure en arc jusqu'a 160 km de profondeur n’exclue pas
la possibilité d’apparition des séismes aux profondeurs plus grandes;

Fig. 3. — Section verticale
— perpendiculaire sur la
zone épicentrale de
Vrancea :

M - discontinuité de Mohorovi-

L4 B
%c; 1, foyers des chocs intermé-

diaires ; 2,/oyers des chocs normausx ;
3, Zone des foyers.
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d) Les foyers des séismes normaux se trouvent dans une couche
d’épaisseur d’environ 30 km et inclinée vers les Carpathes avec un angle

de 53°.

.

.
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Ces résultats confirment nos recherches antérieures concernant
la liaison entre la séismicité de la région de Vrancea et les fractures ma-
jors de profondeur (Petrescu,. Radu, 1960).

La distribution des profondeurs des foyers présentée dans la fi-
gure 3 ainsi que dans la figure suivante (fig. 4) montre trois ma-
Xima qui correspondent aux profondeurs de 30 —40 km, 90— 100 et
130 — 140 km, et qui sont probablement liés & la base de la couche

v

ﬁ_A’_j—l—rT— { 4lfm).

0w a0 N W M &0 W& S0 W M IR H G R

Fig. 4. — Distribution des profondeurs des foyers des séismes de M>>4,0 qui se
sont produits dans la région de Vrancea de 1956 a 1970.

granitique, la limite supérieure de 1'asténosphére et I’axe du canal
asténosphérique. Le deuxiéme maximum est aussi confirmé en utilisant

les séismes faibles.

La concentration des foyers des séismes vrancéens a la profondeur
de h = 130 km, contredit 1’idée d'une activité séismique minime dans
I’asténosphére.

Pour les séismes plus forts on a établi des cartes macroséismiques.
Un groupe de 17 séismes a été étudié : Vrancea — 7 ; Cimpia Romansd — 2,
Cimpulung — 2, Oltenia — 1, Banat — 4 et Transilvania — 1.

L’analyse des cartes macroséismiques pour les séismes intermédi-
aires de Vrancea montre que les isoséistes sont allongées — dans la direc-
tion N 30°E, fait qui met en évidence un fort amortissement de 1’intensité
des ondes séismiques dans la direction perpendiculaire & la courbure des
Carpathes. Nous remarquons aussi que l’intensité maximum ne s’observe
pas dans I’épicentre, mais & environ 50 km vers I’Est, dans la zone de la
ville de Focgani.
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120 C. RADU 12

Les cartes macroséismiques des séismes de Banat et de Cimpulung
ne mettent pas en évidence certaines anomalies, fait qui s’explique par
la petite profondeur du foyer et aussi par la structure géologique peu
compliquée.

Les études macroséismiques n’apportent pas de nouveaux éléments

capables & modifier la carte des intensités maxima observées, élaborée
par nous antérieurement.

Distribution des séismes de magnitude M<4,0. Pour compléter
I’image sur la séismicité sur le territoire de la Roumanie on a élaboré aussi
la carte des épicentres des séismes de magnitude M < 4,0 (fig. 5).

On met ainsi en évidence de nouveaux épicentres en Maramures
(Halmeu, Negresti, Turulung, Tirsolt et Valea Viseului), Crisana (Carei,
Cristigor, Jibou, T#snad), Transilvania (Bicazul Ardelean, Voslobeni)
et Moldeva (Ric#ciuni), qui jusqu’a présent étaient connus seulement
d’aprés les renseignements macroséismiques. Cette confirmation montre
la nécessité de considérer toutes les informations macroséismiques pour
1’élaboration des cartes de zones séismiques.

S séismipue ok Veinciosia
e \Comg | & | & | fp |G| Vinax |Coutd
: VEGK | 7 | 40| a5 |44 |20|oam0 | ¢
VEGIK HS. [ 12 | G5 |4+ |20 ] ises0] 2

0 e

N

Fig. 6.—Courbe de réponse
des séismographes de la
station séismique de Vrin-
cioaia :
1. VEGIKz; 2, VEGIE §.

"

0>

\ 71)

w = 19° wt

L’analyse des séismogrammes des stations roumaines montre 1’exis-
tence des séismes locaux dans le voisinage des localités de Bacdu,
Cimpulung, Deva, Focgani, Yagi et Vrincioaia, mais qui n’out pas été

Institutul Geol
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s\

localisés & cause de leur trés faible intensité. Le probléme des micro-
chocs enregistrés & la station de Vrincioaia sera analysé en détail dans
le chapitre suivant.

La distribution annuelle des séismes qui se sont produits en Roumanie
est présentée dans al figure 6.

On remarque que l'activité séismique la plus intense correspond &
la région de Vrancea.

Distribution dans D’espace des séismes vraneéens sur la hase de la
station de Vrincioaia. L’installation de l’appareillage de haute sensibilité
4 la station séismique de Vrincioaia (1967 mail — comp. Z et 1969 mai
21 — comp. NS8) a permis la poursuite de l'activité séismique de cette
zone ,,dans 1’épicentre’’ méme. L’idée de considérer la station de Vrin-
cioaia ,,dans I’épicentre’’ a été présentée pour la premiere fois par Radu
(1970), quand 1’auteur analyse quelques aspects de la classification mag-
nitudinale des séismes intermédiaires vrancéens.

Le fait de considérer la station de Vrincioaia ,,dans 1’épicentre’
c’est-3-dire l'acceptation de la distance A = 0 pour toutes les différences
S —P conduit & la profondeur maximum du foyer h,,,, profondeur qui en
réalité, est égale & la distance hypocentrale ». La valeur h,,, déterminée
4 partir de la différence §—P s’écarte de la profondeur & réelle d’une
quantité S8k = f(A). L’analyse de la fonction S8—P = f(A, h) montre
qu’une variation 3A = 0°,5 conduit & 37 = —13 km, mais qu’une varia-
tion 3 A = 0°3—distance & laquelle se produit la plupart des séismes —
conduit & 8 = 5 km. En admettant que » = h,,,,, nous ferions donc une
erreur positive d’environ 5 km (R adu, 1970)°.

Nous rappelons que les valeurs h,,, des séismes vrancéens ont été
déterminées pour la premiére fois 4 1’occasion de 1’élaboration des Bulletins
séismiques provisoires pour la période 1967—1969, opération dirigée
et contrélée par l’auteur.

La profondeur du foyer h obtenue par différentes méthodes ne doit
pas dépasser la profondeur h,,,, déterminée & partir de la différence §—P
enregistrée & la station de Vrincioiaia. Nous remarquons que les valeurs
de la profondeurs % déterminées par USCGS et ISC sont tres voisines de
hmas'» Tait qui confirme la stireté des déterminations faites par ces centres
séismologiques. '

8 Les considérations sont valables pour & >> 100 km, quand 8A est minimum.
? Radu C. Determination of the depth for Romanian intermediate earthquakes.
1971. Communication presentée au stage UNESCO, Beograd.
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Pour analyser la distribution dans 1’espace des séismes de Vrancea
— en se basant sur les données de la station de Vrincioaia — nous avons
choisi la période 1967 mai 1—1971 avril 30, période dans laquelle la station
a été équipée avec I’appareillage de haute sensibilité. La courbe de réponse
des appareils est donnée dans la figure 7.
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Fig. 7. — Distribution annuelle des séismes qui se sont produits
en Roumanie de 1956 & 1970 :

1, séismes avec I'épicentre dans la région de Vrances.

Par la distribution dans l’espace nous entendons la distribution
N = fi(8§—P) ou l’équivalente de celle-ci N = fy(h;q.)°. L’analyse des
données d’observations montre que dans les 4 années la station séismique
de Vrincioaia a enregistré un nombre 515 séismes de Roumanie dony 403
de Vrancea. La différence §—P a été lue seulement pour 330 séismes
vrancéens, c’est-a-dire pour 829, du nombre total.

8 Op. cil., p. 3.
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La distribution N = f;(§—P) ou N = fy(h,,,) pour les 330 séismes
est présentée dans la figure 8.

Nous avons considéré que les séismes pour lesquels S—P = 18,0 &
appartiennent & la zone séismique de Vrancea, tandis que ceux dont la
différence S—P>18,0 s et qui sont en trés petit nombre, appartiennent
a4 d’autres régions de la Roumanie.
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Fig. 8. — Distribution dans l'espace N = f; (S— P) ou N = f, (hmax) des séismes

avec ’épicentre dans la région de Vrancea et enregistrés & la station de Vrincioaia

avec un appareillage de haute sensibilité du5.1.1967 au 30.IV.1971 (UN = 859
du nombre total des séismes enregistrés).
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Parce que 1’homogénéité des données d’observation utilisées a
une grande importance sur la certitude des résultats, nous ferons quel-
ques observations concernant celles que nous avons utilisées :

a) un intervalle de temps bien défini (1-er mai 1967 au 30 avril
1971) a été analysé, quand la station séismique de Vrincioaia a enre-
gistré avec l'amplification V =1,2—2,5.10*;

b) dans la premiére moitié¢ de l’intervalle seule la composante ver-
ticale Z a fonctionné, ce qui a conduit parfois aux erreurs dans 1’identi-
fication de ’londe S et donc de la différence S—P;

¢) la double augmentation de 1’amplification de la composante
Z dnas la deuxiéme moitié de 1’intervalle a conduit & 1'identification plus
sire de l’onde P et probablement & l'identification d’un nombre plus
grand de séismes ;

d) V’appareillage a fonctionné parfois avec de petites déficiences
dues & des condition s concretes de travail ;

e) Pactivité de la station a été interrompue parfois par des inter-
valles de temps plus ou moins longs, mais qui n’ont pas dénaturé le com-
portement général de l'activité séismique.

Il résulte done que les données d’observation analysées ne sont pas
suffisamment homogeénes mais 1'effet de ces hétérogéneités se réduit
considérablement parce qu’il se distribue uniformément sur un intervalle
de temps bien défini. L’étude du probléme énoncé en haut & partir des
données d’observation beaucoup plus homogénes (par exemple en 1971)
conduira probablement aux résultats quantitatifs un peu différents mais
restent les mémes au point de vue qualitatifs.

A la différence S—P = 18,0 s et dans I’hypothése A = 0 corres-
pond h,,, = 176 km, profondeur maximum des séismes de Vrancea.
Cette valeur doit étre diminuée d’environ 5—10 km si nous pensons qu’en
réalité la station séismique de Vrincioaia se trouve dans la partie NE de
la zone épicentrale de Vrancea.

La distribution N =f, (S—P) ou N =f, (hne) des séismes de
Vrancea (S—P < 18,0 s) met en évidence trois zones d’activité séis-
miques maximum °:

M, @ 54 < Bpge € 76 km; hpgy = 65 km
My ¢ 95 < fpgy <106 km; g, = 100 km

M, : 127 < hBpop <135 km ; Fippee = 130 km

9 0p., cits, p 3t
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La zone M, située a la profondeur k,,, = 65 km, correspond & la
discontinuité de Mohorovic¢ié, pour laquelle les recherches récentes indi-
quent, dans la région de Vrancea, la profondeur 4, = 55 km (Enescu
et al., 1972).

La zone M, située a profondeur #,, = 100 km correspond i Ila
limite supérieure de 1’asténosphére, limite qui a été fixée par d’autres
recherches & la profondeur h, = 90 km (Petrescu et al, 19761) et
hy =100 km (Shebalin, 1958).

La zone M, située & la profondeur &,,, = 130 ki correspond &
P’axe du canal asténosphérique et représente dans le méme temps le plan.
de la densité maximum des foyers des séismes intermédiaires de Vrancea.

Nous remarquons le caractére prononcé des maxima M, et M,
qui représentent 129, et respectivement 159%, du nombre total des séis-
mes de Vrancea; le maximum M, représente seulement 7%, du nombre
total et 47 %, du nombre correspondant au maximum M,. Nous considérons
M, et M, comme des maxima principaux, mais M, comme un maximum
secondaire °. Nous admettrons comme maxima représentatifs seulement.
les maxima principaux.

En ce qui concerne les séismes qui n’appartiennent pas & la région
de Vrancea, ’analyse des données d’observation montre que:

a) dans la période indiquée un nombre de 7 séismes avec S—P >18,0 s
a été enregistré;

b) les séismes enregistrés a la station de Vrincioaia avec §—P =
= 18,5 s ou §—P = 20,0 s (voir par exemple I’année 1968) appartiennent
4 la zone séismique de Campulung. L’analyse des microchocs de cette
région fera 1’objet d’une étude spéciale.

Les résultats obtenus par nous concernant la distribution N =
= f(8 — P) difféerent de ceux présentés dans un travail *, ot 'on affirme
que les sésismes sont concentrés en 3 zones situées aux profondeurs de
15, 65—75 et 125—135 km. Dans un autre travail 12, les zones de concen-
tration maxima de foyers sont indiquées aux profondeurs de 50—70,
95—105 et 125—135 km. Ces affirmations étant en contradiction avee

10 Nous appelons ,,principal” le maximum qui dépasse le voisinage d’un minimum de
259 et ,,secondaire’” le maximum qui dépasse le voisinage d’un maximum de 25 %.

1 Josif T., Iosif Sieglinde. L’€tude des caractéristique dynamiques des.
tremblements de terre vrancéens. Données sur le manteau supérieur. 1971. Rapport IGA, théme:
39, chap. 2, manuscrit, Bucarest.

12 Josif T, Iosif Sieglinde. La classification magnitudinale des microchocs.
vrancéens. Données sur le manteau supérieur. 1970. Rapport IGA, thé¢me 31, chap. 5, manus--
crit, Bucarest.
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le graphique de la fonction N = f(§—P) qui indique des maxima aux
profondeurs de 12—18, 62—82 et 139—143 km, nous avons de nouveau
analysé les données d’observation utilisées en travail cité plus haut **,
et les résultats obtenus indiquent que les zones d’activité maximum se
trouvent aux profondeurs de 5—15, 54—86 et 117—146 km. Les valeurs
obtenues confirment les maxima principaux M, et M, signalés par nous
plus haut et mettent en évidence un maximum secondaire & la profondeur
de 5—15 km.

La distribution N = fiy(8—P) ou N = fy(h,.,) & aussi été analysée
dans un travail**, 4 partir de séismes enregistrés 4 la station de Vrincioaia
en 1971. On a mis en évidence les maxima principaux (176 observations ;

Ag_p = 1,0 )
M; : 54 <h< 86 km; By = 70 km

M, : 117 < h< 135 km; fypg, = 126 km

qui confirment nos recherches antérieures.

L’augmentation de 1’amplification & la station séismique de Vrin-
cioaia a conduit & la croissance du nombre de séismes locaux, croissance
qui est due, en premier lieu, & 1’activité tectonique dans ’intérieur et a
1a base de l'écorce terrestre. L’activité séismique de la base de 1’écorce
terrestre est probablement liée au procés d’arrangement qui ont lien au
contact avec le manteau supérieur. Le grand nombre de séismes de la base
de ’écorce terrestre prouve une activité tectonique intense maix beaucoup,
plus faible que celle qui se produit dans le manteau supérieur (au point
de vue de la magnitude maximum observée). )

La diagramme présenté dans la figure 8 montre que ’activité séis-
motectonique dans la région de Vrancea est beaucoup plus complexe
que ’on ne supposait et que ,,le jeu sur la verticale’’ des foyers(Petre s c u,
R adu, 1960) se confirme & présent.

Loi de fréquence de N={(M) pour les séismes intermédiaires de
Vrancea. La classification magnitudinale et énergétique des séismes

13 Op. cil., p. 11.
4 Radu C, Zimarcd Ioana. L’activité séismique sur le territoire de la Rou-
manie en 1971, 1972 Rapport IGA, thé¢me 16, chap. 3, manuscrit, Bucarest.
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intermédiaires de Vrancea a permis 1’étude de la loi de fréquence en uti-
lisant les formules :

log N =a— bM 1)

et
log N=a—yK )

(K = log E, exprimée en J)
Le caleul du coefficient b a été fait en différentes hypothéses (tab. 3)

et on observe que les valeurs obtenues sont une fonction d’intervalle
AM de la magnitude et de la méthode utilisée.

TABLEAU 3

Période IN a; b, a, | by AM 8M | y |Observations

19561970 68 | 4,19 | 0,89 | 5,18/ 1,06) 4,0 K< M < 5,5] 40,2 0,59
58 | 3,20 | 0,66 | 4,57| 0,99 4,1 < M K5,5| 40,2 0,44

39K M<4,3 1956 —1965
i 9| ofgl = = 40,2/ 0,49
4,4 < M <5,5 1956 —1970
1941—1970 | 186 | 3,85 | 0,76 4,0< M<6,0| £0,2[ 0,51
160 | 5,17 | 1,06 4,1< M<6,0| £0,2 0,71
39 M < 4,3 1941—1965
214 | 3,62 | 0,72 +0,2| 0,48
44K M58 1941 —1970

Note: XN, Nombre total de chocs de M > Mo; a,, b, Méthode des moindres carrés; a,, b,,
Méthode des moindres carrés (cumulative); vy, Indirect.

Le calcul du coefficient y a été fait indirectement, c’est-a-dire par
I'intermédiaire de la relation magnitude-énergie :

logE =11,8 +1,5 M 3)

En tenant compte des recherches antérieures complexes sur le réime
séismique de la région de Vrancea (R a du, 1965) nous adopterons pour
la loi la fréquence des séismes intermédiaires de cette région les équations
suivantes :

log N = 3,62 — 0,72 M @
3,9 < M <5,8; ¢ = 30 ans)

et "
log N = 5,73 — 0,48 K (5)

(K =11-13; { = 30 ans)
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L’introduction dans le calcul des séismes de M <<3,9 (K <11) con-
-duit & ’idée de I’existence d’un régime séismique différent dans le domine
des magnitudes trés petites. Probablement la loi de fréquence présente
quelques segments de l'inclinaison de croissance dans le domaine des
petites magnitudes ou elle est soumise a une autre distribution. Mais ce
qui est claire, c’est que le nombre de séismes enregistrés est beaucoup
plus petit que le nombre calculé théoriquement d’aprés la loi de Guten-
berg et Richter.

La modernisation du réseau séismique de al Roumanie avait comme
but principal ’enregistrement des séismes trés faibles du type ,,micro-
.choes” et ,ultramicrochochs” . I’étude des séismes trés faibles présente
un grand intérét parce qu’elle permet d’obtenir des indications précieuses
sur ’apparition de séismes trés forts. A la base de cette relation il y a la
loi de fréquence N = f(M) qu’on suppose étre la méme dans le domaine
des faibles et forts séismes. Les recherches concernant les séismes faibles
de la région de Vrancea ont montré que la loi de fréquence N = f(IM) est
différente pour K <10 (Radu, 1965; Radu, Toby4a & 1968). Cette
-observation s’était bassé sur le fait que I’angrandissement d’amplification
des stations séismiques situées dans la zone épicentrale n’a pas conduit
4 une croissance du nombre de séismes (Radu, Toby4as§ 1968).
Cette anomalie s’est signalée pour la premiére fois en littérature dans le
cas de séismes intermédiaires ; des situations analogues ayant été seules
-observées pour les séismes normaux et profonds. Pour vérifier cette,,dé-
viation’’ de la loi de fréquence nous avons recommandé 1’agrandissement
-de I’amplification de 1—2 ordres (R a du, T o b y4 & 1968). Dans le cas
-d’un appareillage avec V = 1.10 % et en admettant la relation (4) comme
loi de fréquence pour les séismes intermédiaires de Vrancea, il en résulte
la possibilité d’enregistrer des séismes de classe K = 5( M~0) qui ont
une fréquence théorique de 4 4 5 par jour.

Aprés la recommandation d’agrandir 1’amplification des appareils,
nous avons installé & la station séismique de Vrincioaia des séismographes
-de haute sensibilité. Ainsi le 1-er mai 1957 a été installé un séismographe
vertical du type VEGIK & amplification V = 1,2.10 % Plus tard, le
21 mai 1969, Pamplification de la composante Z s’éléve 4 V = 2,5.10 ¢
et on installe aussi une composante horizontale NS 4 amplification V =
=1,2.10* (Radu)?’®.

B QOp. cit., p. 3
8 Op. cit., p. 3.
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L’agrandissement de 1’amplification & la station de Vrincioaia de
V=504V =2,5.10 * a cnonduit & la croissance considérable du nombre
de séismes locaux trés faibles (figs. 6, 8). La distribution dans l’espace de
ces séismes a été analysée dans le paragraphe précédent ; la distribution
dans le temps le sera ci-dessous.

La question qui se pose est de savoir si 1’anomalie signalée anté-
rieurement (Radu, 1965; Radu, Toby45, 1968) se mentlonne ou
non. La réponse est afﬁrmatwe

Nous admettrons que les séismes enregsistrés & la station de Vrin-
cioaia avec §— P >10,0 s (ko >95 km) ont le foyer dans I’asténosphére
mais que ceux de §—P >8,0 s (k.. >T76 km) sont sous la limite Moho-
Tovidié.

Pour vérifier 1’anomalie signalée nous considérons donc seulement
les séismes intermédiaires, c’est-i-dire les séismes avec S—P >8,0 s.

TL’amplification V = 1,2.10 % ou V = 2,5.10* permet déja 1’enre-
gistrement des séismes de classe K = 5 (M ~0) et stirement ceux de classe
K =6 (M~1) dont la fréquence théorique est de 575/an ou 1—2/jour
(c’est-a-dire seulement des séismes intermédiaires et seulement ceux de
classe K = 6!).

L’analyse des données d’observation qui sont concentrées dans
le diagramme de la figure 8 conduit aux observations suivantes :

a) le nombre moyen de séismes vrancéens (intermédiaires et nor-
maux) enregistré 4 la station de Vrincioaia est d’environ 100 par an;

b) les 330 séismes enregistrés & la station de Vrincioaia avec la diffé-
rence S—P<18,0 s (k. < 176 km), 115 ont le foyer dans la croute
terrestre (8—P<8,0 s) et 215 sous la limite de Mohorovi¢i¢ (S—P>
8,0 s). Il résulte donc une fréquence moyenne de 54 séismes intermé-
diaires par an;

¢) en admettant que les 73 séismes (189,) — pour lesquels n’a
pas été mesurée la différence S—P ont la méme distribution que les
330 (829%,), il résulte que la fréquence moyenne observée est de 67 séismes
intermédiaires par an, c’est-a-dire 5 séismes par mois (un chiffre plus
éloigné de la fréquence théorique).

Il résulte donc que le nombre observé de séismes intermédiaires
de Vrancea est beaucoup plus petit que le nombre calculé. La fréquence
théorique n’est pas atteinte méme dans le cas ol nous considérons aussi
les séismes avec 6,0<S—P < 8,0 s comme des séismes intermédiaires.

Cette observation confirme un point de vue qualitatif 1’hypothése
émise par Raduet Toby4§ (1968) qui soutient que la loi de fré-

9;— c. 930
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quence pour les séismes intermédiaires de Vrancea constitue une anomalie
en comparaison avee la loi générale de Gutenberg et Richter. Les confir-
mations qualitatives et quantitatives ont également été précisées en se
basant sur la fréquence des magnitudes et des amplitudes ,8.

L’agrandissement ultérieur de la sensibilité des appareils fournira
de nouvelles informations concernant 1’apparition de microchocs et de
ultramicrochoes. L’étude de ce probléme sera facilitée par le fonctionne-
ment de la station séismique de Cheia. Les mesures expérimentales effec-
tuées par ’auteur en 1969 18, indiquent des conditions optima pour 1’élu-
cidation ,,des mystéres’” de la région séismique de Vrancea.

Mécanisme au foyer

Durant la période de 1956 & 1970 le mécanisme au foyer pour un
ensemble de 33 séismes réportés dans différentes régions de la Roumanie
a été étudié, & savoir:

Vrancea : 6—h=mn;26 —h =41,

Cimpia Roménd: 1—h =n;1 — h =1,

Cimpulung : 1—h = n,

Bucovina : 1—h = n.

Nous n’analyserons pas dans ce travail les résultats obtenus sur la
cinématique, dynamique et le type de faille parce que ceux-ci ont déja
été étudiés dans différents travaux (Iosif, Radu, 1962;Constan-
tinescu, Enescu, 1962;Constantinescu, Enescu,l963;
Radu, Purcaru, 1964; Radu, 1965; Petrescu et al, 1965;
Radu, 1967; Radu, 1970; Constantinescu et al, 1971;
Radu, 1971; Radu, 1972; Radu, Jianu, 1972; Radu?®®),
mais nous présenterons les résultats des recherches sur la dlrectlon du
mouvement tectonique dans la région de Vrancea 2.

La détermination de la direction du mouvement tectonique corres-
pondant & une série de séismes, consiste dans 1’établissement d’un plan
qui est paralléle 4 toutes les axes nulles (les axes B) des séismes en cause ;
la normale sur ce plan représente la direction du mouvement-tectonique
(Scheidegger, 1958).

17 Op. cit., p. 14.

1 Radu C. L’enregistrement avec I'appareillage de haute sensibilité des tremble-
ments de terre de Vrancea. 1972. Manuscrit, Bucarest.

1 Radu C. Tectonic stress and tectonic motion direction in the Vrancea area, 1972.
Manuscrit, Bucarest.

20 Op. cil.,, p. 19.
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Pour la détermination de cette direction on a utilisé la méthode
proposée par Fara et Scheidegger (1963), qui se réduit au calcul
des valeurs propres et des vecteurs propres d’une matrice.

Les calculs ont été faits dans deux cas:

1) pour les séismes intermédiaires et normaux,
2) pour les séismes intermédiaires (A>60 km).

Les systémes de valeurs obtenues :
a) @ = S89°, 3W; ¢ = 52°, 6; & = 0,245 (6)
b) @ = S89°, 2W; ¢ = 53°, 6; ¢ = 0,256 Q)

conduisent aux observations suivantes :

a) la direction du mouvement tectonique dans la région de Vrancea
est orientée W—E en formant avec ’horizon un angle d’environ 54°;

b) la direction du mouvement tectonique dans la région de Vrancea
est en bonne concordance avec les recherches de Ritsema (1971),
qui affirme que 1'orogénése alpine est causée par des processus de blocs,
plaques ou mouvements en arc orientés approximativement dans la direc-
tion W—E.

¢) le champ des tensions tectoniques a changé aprés ’activité séis-
mique de 1’année 1940, quand s’est produit le séisme le plus fort (M =
= T7,4).

Nos résultats sur la direction du mouvement tectonique dans la
région de Vrancea sont différents de ceux obtenus par Scheidegger
(1964) :

@ =N 51°W; ¢ = 75° (8

La différence entre les systémes de valeurs (6), (7) et (8) s’explique
par le petit nombre d’observations utiliséspar Scheidegger (1964),
ainsi que par l'interprétation physique, erronée, d’établir une correspon-
dance entre la direction du mouvement tectonique et la direction des
tensions P ou 7.

Distribution de Pénergie séismique

Pour avoir une mesure objective de I'activité séismique on a étudié
la variation de 1’énergie séismique dans I’espace et dans le temps.
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Carte de I’énergie séismique E. La figure 9 présente la variation
de D’énergie séismique libérée dans les foyers des séismes roumains durant
la période de 1956 & 1970 (tab. 1).

L’energie F a été calculée 4 1’aide de la formule (3).

Sur la carte, les nombres représentent le logarithme de la somme de
l’energie Y, F, libérée dans la surface élémentaire ds = 0,°1 long o1 lat.
pendant une année. Les courbes joignent les points d’égale valeur du
logarithme.

L’analyse de la carte conduit aux observations suivantes :

a) les courbes d’égale énergie s’étirent dans la direction N 30°E,
direction qui correspond & la zone épicentrale de Vrancea et aux ruptures
dans les foyers des forts séismes;

b) & lintérieur des courbes d’égale énergie il y a des ilots de ,,maxi-
mum’’ situés transversalement & la zone épicentrale et qui probablement
précisent un systéme auxiliaire de fractures, caractéristique des séismes
relativement faibles :

¢) le processus de libération de 1’énergie séismique dans les foyers
des séismes normaux de Vrancea n’est pas conditionné par celui des séis-
mes intermédiaires ;

d) la plus intense activité séismique est observée dans la région
de Vrancea et elle est due aux séismes intermédiaires ;

e) Dactivité séismique dans les zones de Cimpia Roméani, Cimpulung
et Banat a le méme niveau.

Courbe de libération de la déformation élastique E'* Pour 1’évalua-
tion de 1’état du régime séismique des différentes régions séismiques de
la Roumanie on a étudié la variation des déformations élastiques en fone-
tion du temps dans lintervalle 1956 —1970, & partir des séismes de mag-
nitudes M > 4,0 (tab. 1). On a utilisé les diagrammes de variation annuelle
(fig. 10, 11) et les graphiques de Benioff (fig. 12).

L’analyse de la figure 12 montre que les processus séismiques les
plus intenses ont lieu dans la région de Vrancea et qu’ils sont le résultat
de l'activité séismique dans le manteau supérieur. On n’observe pas de
liaison entre les processus de libération des déformations élastiques dans
I’écorce terrestre et dans le manteau.

Le minimum de l’activité séismique appartient aux années 1956 et
1957, mais le maximum aux années 1958, 1959 et 1966, aprés lesquelles
on observe une période de ,,calme séismique’ relatif.



200

150 [

00

ZE%xi0-orgte

1956 1957 1858 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1968 197
Fig. 11. — Déformation élastique E1/2 libérée annuel-
lement par les séismes de M > 4,0 qui se sont pro-
duits dans la région de Vrancea de 1956 a 1970 :
1, choes intermédiaires.

[

Fig. 10. — Déformation élastiqgue E1/2libérée par
les séismes de M >4,0 qui se sont produits en diffé-
rentes zones de Roumanie de 1956 a 1970 :

o

Zone séismipue

5.0

10.0¢

5.81

1, Banat: 2, Tirgu-Jiu: 3, Petroseni; 4, Clmpulung; &, Cimpia
Roménd; 6, Vrancea; 7, Bucovina; a, chocs intermédiaires.

IE % epgte

lgpE 590075k

Fig. 12, — Courbes de

la déformation élasti-

que ¥ E1/2 construites

sur la base de séismes

de M > 4,0 qui se sont

produits en différentes

zones de Roumanie de
1956 & 1970 :

::-(%) 1, Vrancea (h = i); 2, Vrancea

(h=r m): 3, Cimpia Romani

T (h = i+ n); 4, Clmpulung;

i I = ————==7) Z(ons) 5. Benat; 6, Oltenia; 7. Bu-
19565 57 58 59 1960 61 62 63 66 65 66 61 68 69 AW covina,

|
Mo &5 30 35




¢'e€W  IAZYT 061 % 1061
19w 1IAZ°T 0061 ¥ 108
L9Z 0 L IIIAZYL 0081 % 1LP1

10L61 B [LFT 9P eadueIp 9p uoifya vl suep sjmpoxd quos 9s [nb saareippurrajug

SOWISIYS $)I0] AP ISE] B[ INS INIISUD 4/ 57 X anb1ISE]9 UOHIEULIOIPP B[ 2P 3qIn0) — "¢ “F1g e
=
o 4]
L PO _SEETY . 7 any #y oy o s oy m
1 ©
(a
©
[
05—
0o
o
(®)
st oL §% g9 §T a)
| bR W
G
017 S—
=
-
=
o'
=
v
oo
g /ad
A B2 Y50l i
o il HO916%= 5 0y .
P
il L
. d
]
iz
P ¥
gyl mr 7o

»y



136 C. RADU 28

Pour évaleur le caractére général de libération de 1’énergie dans la
région de Vrancea on a construit le graphique de Benioff (fig. 13) pour la
période 1471 4 1970 & partir des forts séismes (M min = 5.5).2

L’énergie ¥ a été calculée avec la formule (3) ou la magnitude M
est déterminée 4 partir d’informations instrumentales ou macroséismiques.
Dans ce dernier cas on a utilisé les formules 22 :

M =0,66 I, + 1,23 (h=n) 9)
M = 0,56 I, + 2,18 (h = 1) (10)

L’analyse de ce graphique conduit aux observations suivantes :

a) Dactivité séismique dans la région de Vrancea connait 3 périodes
de manifestation (les branches ab, be, ed);

b) Vapparition apréa 1’année 1950 d’une intervalle du ,,calme séis-
mique”’,

¢) la croissance probable de l'activité séismique aux environs de
1990 indique la possibilité d’apparition d’un séisme tres fort, comparable
a celui-14 du 10 novembre 1940.

En utilisant la relation (3) on a déterminé la somme de 1’énergie
SE,; erg et la somme des déformations élastiques TEj* erg'? pour le
foyer intermédiaire de Vrancea en différents intervalles de temps (tab. 4).

‘En adoptant pour la surface des épicentres la valeur s = 2350 km?
(Radu, 1965); il en résulte pour la séismicité spécifique S et pour le
flux séismique F les valeurs présentées dans le tableau 4.

TABLEAU 4
Nom-
; 2E;10%2 | ZEL2,101 S.1018 F.107
oy 9L elrg ergt’?  lerg.km—2.an~% erg.llzkm—z.an-llslz;‘:mcéz % o
1| 14711600 7,63 5,77 2,47 1,89 5 >6,7| VIII
2 | 1601—1700 3,54 3,77 1,51 1,60 4 >6,7) VIII
3 | 1701—1800 2,13 2,06 0,91 0,88 2 >6,7; VIII
4 | 1801—-1900 5,56 5,06 2,37 2,15 8 >6,1| VII
5 | 1901—-1970 10,25 8,20 0,62 1,17 27 >5,5| VI
6 | 1471—1900 18,76 16,66 1,85 1,65
7 | 1471—-1970 29,01 24,86 1,24 1,41
SE; E; 12
.\'ole:S=——t'; e ’t ; log By = 11,8 + 1,5 M
s. 5

2L Radu C. Le catalogue des forts tremblements de terre produits sur le territoire
de la Roumanie dans la période antérieure de I’annéee 1900. 1971. Manuscrit, Bucarest.

2 Radu C. Relation magnitude-intensity for the earthquake in Roumania. 1972.
Rapport IGA, Bucarest.
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Les valeurs obtenues indiquent la séismicité élevée de la région de
Vrancea dans le cadre du continent européen (Karnik, 1969; Kar-
n ik, 1970).

CONCLUSIONS

L’étude de ’activité séismique sur le territoire de la Roumanie durant
la période de 1956 & 1970 a permis de préciser certains problémes concer-
nant la séimicité de la Roumanie :

1) Distribution des foyers des séismes dans la région de Vrancea et
la liaison avec la tectonique de profondeur.

2) Distribution de I’énergie séismique et de déformations élastiques
comme une mesure quantitative de la séismicité.

3) Distribution des microchocs et ultramicrochoes vrancéens enre-
gistrés & la station séismique de Vrincioaia.

4) I’anomalie de la loi de fréquence pour:les faibles séismes inter-
médiaires de la région de Vrancea.
5) Direction du mouvement tectonique dans la région de Vrancea.

Les nouvelles données obtenues, complétées avec d’autres infor-
mation géologiques, tectoniques et géophysiques (séismiques, -gravimé-
triques et magnétiques) contribueront & 1’étude complexe de la séismicité
de la Roumanie.
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RELATION MAGNITUDE-INTENSITY FOR THE EARTHQUAKES
A IN ROMANIA

BY
CORNELIUS RADU?

INTRODUCTION

The study of the seismicity of Romania’s territory has required the
uniform magnitudinal classification of all the earthquakes recorded so
far. Such a classification led to the study of the relation between the mag-
nitude M and the maximum intensity I,. The relation M = f(I,) helps
in determining the magnitude of the earthquakes for which there is no
instrumental information, as in the case of the earthquakes occurred
before 1900.

The studied have shown that all the relations magnitude — inten-
sity may be expressed by a formula of the type (Gutenberg, Rich-
ter, 1956) :

M=aly,+ blogh+ ¢ 1)
or
M=al,+¢ 2)

where a, b, ¢ (or ¢’) are constants.

A detailed analysis of the relation M = f(I,, k) for different seismic
zones of Europe was made by K4 rn ik (1968).

The aim of this paper is to present the results of our researches on
the relation M = f(I,, k) for the main seismic regions of Romania :
Vrancea, Cimpulung, Oltenia, Banat and Maramures.

1 Institute for Applied Geophysics, Department of Seismology and Seismomelry. 5,
Cutitul de Argint st. Bucharest 28, Romania.
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OBSERVATIONAL DATA. RESULTS

In order to study the relation M = f(I,, h) we have used the infor-
mation comprised in RCU 2, work drawn up for the UNESCO Programme
for the study of the seismicity of the Balkan region.

The analysis of the observational data has led to their classification
into three groups, which define three relations magnitude-intensity :

1) the intermediate erathquakes in the Vrancea region,

2) the normal earthquakes in the Vrancea, Cimpulung and Oltenia
regions,

3) the normal earthquakes in the Banat anda Maramures regions.

We shall proceed to the separate analysis of each group of earth-
quakes, paying special attention to the intermediate earthquakes in the
Vrancea region.

RELATION M=f (Io, h) FOR THE INTERMEDIATE EARTHQUAKES
IN VRANCEA REGION

The magnitudinal classification of the intermediate earthquakes in
the Vrancea region — with a view to estimating the energetic level of
the focus — led to the establishment of a relation of type (2) a long time
ago (Iosif, Radu, 1961; Radu, 1964).

Thus in 1961 (Losif, Radu, 1961) the formula

M = 0.51 I, + 2.55 (3)
was obtained on the basis of 26 earthquakes (4.8 < M < 7.4, 4.5 < I,
<9.5, 100<h <165 km) occurred between 1908 —1955.

In 1964, (R ad u, 1964) a new light was throw upon the relation
M = f(I,, k) and, using the observational data of 39 earthquakes (4.5 <
SMLT4y 4.0<T,<9.5, 100 7 < 200 km) occurred between 1908 —
1963, the formula

M = 0.50 I, + 2.54 @)
was obtained, which practically coincides with the previous one.

The study of the relation M = f(I,, k) is now made on the basis of
revised and completed observational data. The modifications refer mainly
to the maximum intensity I, and to the depth ~ of the focus and they
represent the result of the critical analysis of the observational data used
(Radu)? The information refers to 52 earthquakes (4.5<M<7T 4,
4.0<1,<9.0, 656<h<163 km) occurred between 1908—1969 (tab. 1).

2 RCU — Romanian Catalogue UNESCO, work drawn up by the author, within the
framework of the UNESCO Programme for the study of the seismicity of the Balkan region.

® Radu C. Catalogue of the Romanian earthquakes occurred during the period 1901 —
1970 (in course of publishing).
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TABLE 1
Origin time ° ° h I

Nr. Date R oom | W ]y M MSK — 64

1 2 3 4 5 | 8 7 8

1 1908 X 6 | 21 39 | 455 | 265 | 150 6.75p VII—VIII

2| 1912 Vo5 | 18 o1 | 457 272 | 80 6.00p VII

3 | 1914 VIII31 | 18 23 | 459 | 26.3 | ‘100 5.25; VovI
4| 1919 1vi8 | 06 20 | 457! 268 | 100 5.257 VI

5 | 1928 XI23 | 04 23 | 457 | 26.6 | 150 5.25; V_vI

6 | 1920 V20 | 12 17 | 458 | 265 | 100 5.25; VI

7 XI 1 | 06 57 | 459 | 26,5 | 160 5.75p VI—VII

8 | 1934 11 2 | 10 59 | 452 | 262 | 150 5.25p VI

9 1129 | 20 06 | 45.8 | 26,5 | 90 6.250 VII
10 | 1935 VII13 | 00 04 | 453 | 26.6 | 140 5.25p VI
11 1938 VII13 | 20 15 | 459 | 267 | 120 5.250 VI
12 | 1939 IX 5 | 06 02 | 459 | 267 | 115 5.25p VI
13 | 1940 VI24 | 09 57 | 459 | 266 | 115 5.50p VoVI
14 X22 | 06 37 | 458 | 26.4 | 1922 6.50p VII
15 XI 8 | 12 01 | 455 | 26.2 | 145 5.50p VI
16 X110 | 01 39 | 458 | 267 | 133 7.40p IX
17 X111 | 06 34 | 46.0 | 26.8 | 150 5.50p VI
18 X119 | 20 27 | 46.0 | 265! 150 5.255 VI
19 X123 | 14 50 | 45.8 | 26.8 | 150 5.25, V_vI
20 | 1943 IV 28 | 19 46 | 458 | 271 | 66 50 e VI
21 1945 11112 | 20 52 | 456 | 26.4 | 125 5.505 VI
29 IX 7 | 15 48 | 459 | 26.5| 175 6.50p VII-VIII
23 XII 9 | 06 09 | 45.7 | 26.8 | 80 6.00p VII

24 | 1946 XI 3 | 18 46 | 45.6 | 26.3 | 140 5.50p VI
25 | 1048 11112 | 21 06 | 459 | 26.7 | 150 5.255 v
26 IV24 | 12 30 | 459 | 26.7 | 150 4805 V_v
27 | 1948 Iv20 | 00 33 | 459 | 267 | 150 5.005 v~V
28 V20 | 04 49 | 458 | 26,5 | 140 5.75p VI-VII
20 | 1949 X126 | 03 36 | 45.7 | 26.7 | 135 955 V—vI
30 | 1950 116 | 04 25 | 456 | 26.3 | 120 5.305 V~VI
31 VI20 | 01 18 | 45.9 | 26.5| 160 5.50p VI
32 | 1951 TII118 | 11 32 | 458 | 26.6 | 150 4,905, Vv
33 | 1952 VIII 3 | 16 36 | 45.6 | 26,5 | 150 5.205 v
34 | 1953 V17 | 02 34 | 454 | 263 | 150 5.005 v
35 | 1954 IV 13 | 10 06 | 457 | 26.8 | 120 4,905 v
36 | 1955 V1 | 21 22 | 455 | 26.3 | 135 5.355 v
37 | 1958 VI25 | 07 22 | 45.7 | 26.8 | 150 4505 v
38 | 1959 IV 29 | 01 35 | 456 | 26.5 | 150 4655 Vov
39 VI26 | 13 44 | 457 | 265 | 135 4,905 v
10 VIII 19 | 15 32 | 459 | 26.8 | 150 5.10p v
1 1960 126 | 20 27 | 458 | 262 | 140 5.255 V-vI
42 X13 | 02 21 | 457 | 264 | 160 5.50p VI
43 | 1962 XI 9 ¢ 02 14 | 458 | 26.7 | 130 4705 VeV
44 | 1963 I14 | 18 32 | 457 26.6 | 133 5.405 VI
45 | 1965 110 | 02 52 | 458 | 26.6 | 128 Sl VI
46 Vil | 22 35 | 458 | 26.9| o4 4745 v
47 | 1966 118 | 20 20 | 459 | 26.8 | 96 470y v
48 X 2 | 11 21 | 45.7 | 2655 | 140 (5.51)y VI*
49 X15 | 06 50 | 457 | 26.3 | 120 5.085 v
50 XII14 | 14 50 | 45.7 | 26.4 | 158 4.90p v
51 1968 I 6 | 10 23 | 458 | 26.6 | 163 477y v
52 | 1969 115 | 08 46 | 456 | 264, 135 4735 v

Note: P = Pasadena; B = Bucuresti; L = Lvov; V = Vrincioaia

Institutul Geol
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The adopted dimensions of the focus — ¢, A, 2, 8 and I, — represent
the most probable values and they correspond to those pointed out in the
Romanian Catalogue UNESCO (RCU).

The magnitude M was determined at Psasadena (P), Bucharest
(B) (Radu*; Radu, 1965), Lvob (L) and Vrincioaia (V) , and refers
in all cases to M 5. The existance of the four magnitude groups — M, ,;,
Mypey M1y and M, — does not influence the homogeneity of the data,
as they are practically the same (Radu, 1972).

In most cases, the maximum intensity I,, expressed in the scale
MSK—64, was taken from the revised macroseismic maps (R adu)®.
We specify that the maximum intensity I, for the earthquakes with the
focus in the astenosphere (A>90 km) does not represent I,,, in the epi-
centre, but in the epicentral area. The intensity I,,,., will usually be noticed
in the neighbourhood of the Focsani and differs from the intensity in the
epicentre (instrumentaly determined) with -+ 1 degree. This situation
can be best noticed in the case of the earthquake on November 10" 1940.

. The above mentioned anomaly can be explained by local condi-
tions and especially by the deep tectonics and the mechanism of the
energy release in the focus.

The observational data are fairly homogeneous from the point of
view of the parameters M, I,and h: AM = +0.1; A, = +0.5 and Ah =
= 4 10 km. The distribution of the values in the intervals 3M or 3H
has different weights, situation determined by the occurrence of the
intermediate earthquakes of the Vrancea region itself — the most events
occur at the depth & = 130 km and for M >5 1/2 the process takes place
*by leps” (Radu) ®.

On the basis of the observational data analysed above and using
the least squares method, the following formulae of type (1) and (2) have
been obtained :

M = 0.58 I, + 0.67 log h + 0.64 5)
and

M = 0.56 I, + 2.18 (6)

which are valid for 4.5< M <7.4, 4.0<1,<9 and 65<A<163 km.

4 Op. cit.,, p. 3.

3 Idem.

6§ Radu C. Contributions to the modernization of the Romanian seismic network.
1971. Report 1.G.A., theme 38, 6, Bucarest.
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The graphic representation of the equation (6) is shown infigure 1.

If we replace h = 130 km in the relation (5), we shall get the follo-
wing formula :

M = 0.58 I, + 2.08 (7

0.0

Fig. 1. — Relation between M and I

for the intermediate earthquakes in

the Vrancea region (M = 0.56J0 +
+ 2.18).

L
1 L 1 1 Il L '] 2 L 1 1 1
T v v v W W R X X X

which in fact leads to the same values of magnitude as those given by
the formula (6).

The formula (5) differs from the formulae :

2
M= T Ip+ 12logh — 1.1 (h < 150 km) ®)
and
M = 0.33 I, + 3.33 ca (h = 83—150 km) 9)

suggested by K 4rnik (1968) for Europe, as well as from the formula :
M = 0.67 I, + 2.3log h — 3.6 (h=10) . (10)

suggested by Shebalin (1958) for the Carpathians.
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The distribution of the values of the function M = f(I,, k) calculated
on the basis of different formulae is presented in table 2 and figure 2.
The analysis of table 2 leads to the following remarks :

TABLE 2
Magnitude M calculated according to the equation
10 9 (10) (3 4) (6)
degree
h= 83— h=100—|h = 100— |h = 65—
h =70 km{h=100km|h=130km|h=160km
150 km 165 km | 200 km 160 km
I 3.7 1.3 137 2.0 2.2 31 3.0 2.7
II 4.0 1.9 2.3 2.6 2.8 3.6 3.5 3.3
111 4.3 2.6 3.0 3.3° 3.5 4.1 4.0 3.9
v 4.7 3.3 3.7 4.0 4.2 4.6 4.5 4.4
v 5.0 4.0 4.4 4.7 4.9 5.1 5.0 5.0
VI 5.3 4.6 5.0 5.3 2.5 5.6 5.5 5.5
VII 5.6 5.3 5.7 6.0 6.2 - 6.1 6.0 6.1
VIII 6.0 6.0 6.4 6.7 6.9 6.6 6.5 6.7
IX 6.3 6.6 7.0 7.3 7.5 71 7.0 7.2
X 6.7 7.3 7.7 8.0 8.2 7.6 7.5 7.8
XI 7.0 8.0 8.4 8.7 8.9 8.1 8.0 8.3
XIX 7.3 8.6 9.0 9.3 9.5 8.6 8.5 8.9

Note : Formula (9) is given without the deep correction 3Mh = 4 0.92

Fig. 2. — Relation between M

and I, for the intermediate eart-

hquakes on the basis of different
formulae.

L

o L s L 1 2 "

oW Voo e x X XM

@) the increase of depth with Ah = 90 km leads to a forrection of
magnitude AM = 0.9 units (formula 10) and AM = 0.3 units (formula 5),
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b) the value of magnitude M corresponding to the intensity I, =
= 12 degrees differs from one function to another (M ,,. = 9.5 — for-
mula 10 for » = 160 km),

¢) the values of function (6) for I,>5 get close to those of function

(10) for h = 130 km (depth corresponding to the maximum density of
the foci),

d). the variation of intensity with AI = 41 degree leads to a varia-
tion of magnitude AM = 4+ 0.6 units (formula 6) and AM = + 0.7
units (formula 10),

¢) the value of the coefficient ¢ = 0.58 in the relation (5) is close
to that indicated by Karnik (1968).

Taking into consideration the high quality of the observational
data used by us, we consider that formulae (5) and (6)arereflecting the
best behaviour of the seismic intensity field in the case of the intermediate
earthquakes of the Vrancea region.

If in the relation

logE =118 + 1.5 M (11)

we replace the value of M expressed by the formulae (5)and (6), we get
the relations :

log E = 0.87 I, + 1.01 log h + 12.76 (12)
and
log E = 0.84 I, + 15.07 (13)

which make it possible to calculate the seismic energy when the maximum
seismic intensity I, and the depth % of the focus are known.

RELATION M = f(Io,h) FOR THE NORMAL EARTHQUAKES FROM ROMANIA

The analysis of the observational data comprised in the Romanian
Catalogue UNESCO (RCU) and in the ‘““Seismicity of the European Area’’
(Karnik, 1968), shows that these may be divided into two groups —
table 3 and table 4 — which, as a matter of fact, define two relations
magnitude — intensity.

a) Relation M = f(I,, h) for the earthquakes occurred in the Vrancea,
Cimpulung and Oltenia regions. Using the information concerning the
seven earthquakes (tab. 3) occurred within the period 1916 —1919, we
have obtained the relation :

M = 0.66 I, -+ 1.23 (14)
which is valid for 4.5 <M <6.5 and 5<I,<8 (fig. 3a).

10 — c. 930
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TABLE 3
: Origin
= o h Epicentral
Nr. Dat t

T ate h 1mt:n Py )\N km | MLE I Region
1 1916 I 26 07 38 45.5 | 24.6 n 6.5 |VIII |Fégiras
2 1952 VI 3 05 53 45.4 | 27.0 1 20 (45D | V Vrancea
3 1956 IV 18 12 52 4..1 | 274 20 (4.5 v =
4 1959 V 31 12 15 457 | 27.2 [ 3» |5.2 VI »
5 1962 VII 26 22 34 453 | 235 | n 4.5 v Petrogani
6 1963 V 4 16 48 45.2 | 23.1 n 4.6 A\'% Tirgu-Jiu
7 1969 IV 12 20 38 45.3 | 25.1 10 |5.2 VI |Cimpulung

Fig. 3. — Relation between M and I,
for the normal earthquakes in different
regions of Romania :

a) Vrancea, Cimpulung and Oltenia (Mo = 0.66 Jo+
+ 1.23). b) Banat and Maramures
(Mo = 0.60 Ip + 0.50).

Z

S A A A
The formula (14) leads to values very close to those calculated
using the relation :

M =2[3 I, + 1.0 (h =18 km +) (15)

suggested by Gutenberg and Richter (1956) for California.

b) Relation M = f(I,, k) for the earthquakes occurred in the Mara-
mures and Banat regions. On the basis of the information concerning the
nine earthquakes occurred within the period 1915—1916 (tab. 4), we have
obtained the relation :

M = 0.6 I, + 0.50
which is valid for 3.8 M <5.0 and 5.5<I,<7.5 (fig. 3b).

We notice that the formula (16) is very close to that suggested by
Csomor and Kiss for Hungary :

M = 0.6 I, + 0.30 (17
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TABLE 4
iyt ° o 'R Epicentral
Nr. Date 2 time Py AE l I5 MLy L, %egion
m |

il 1915 X 9121 30| 454 | 21.1 n 4.5(1) VII - |Banat
2 X 19 (08 30| 454 | 211 n 4.8(5) VII iy
3] 1926 VIII10 | 01 10 | 48.0 | 23,7 | n 4.0(1) VI Maramures
41 1936 IX 6| 04 49 | 457 21.1 n 4.8(16) VII Banat
5| 1938 VII 8 | 06 32| 46.1 | 21.1 n 4.3(6) VI-VII "
6| 1956 X 1123 24| 454 | 212 n 3.8 V-VI 5
71 1957 IX 22 | 14 44 | 45.7 | 21.1 n 3.8 v—-vl !
8| 1959 V. 27 (20 38 45.7 | 21.2 4.5 | 5.0(2) (VII—-VIII ' 3
91 1960 X 22 |19 17| 45.9 | 21.2 | 25 4.2(2) VI L

and practically it leads to the same values for M , as those given by the
formula :

M = 0.53 I, + 0.96 (I, = V—IX) (18}

suggested by Karnik (1968) for the region 21d — Carpathians.

The variety of the relations M = f(I,, ) shows their strong regional
chraracter, which can be explained by the influence of the geological and
tectonical conditions upon the intensity of the seismic waves.

Concerning the value of the coefficient a from the equation (1), we
notice that it is included within the interval [0.5+0.8] mentioned by
Karnik (1968).

It is worth mentioning that for the Vrancea seismic zone a decrea-

sing of the coefficient a with an increasing of the depth & of the focus is
noticed (a, = 0.66 and a; = 0.58).

CONCLUSIONS

On the basis of a revised and completed observational material,
the relation M = f(I,, ») for the intermediate and normal earthquakes
in Romania was studied.

The equations (5), (6), (14) and (16) will allow the magnitudinal and
energetic classification of the Romanian earthquakes for which there is
no instrumental information, problem raised:especially by the earthquakes
occurred before 1900. The variety of the relations M = f(I,, k) shows their
strong regional character.
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FOCAL MECHANISM AND EARTHQUAKE
PREDICTION :

FOCAL MECHANISM OF EARTHQUAKES IN THE NORTH AE-
GEAN SEA, 1965—1968 AND RELATED PROBLEMS

BY
NICK DELIBASIS, JOHN DRAKOPOULOS?*

Abstract

In the study of the focal mechanism of five strong earthquakes occurred in Northern
Aecgean Sea between March 1965 and April 1968, data of first motion of P and PKP waves
have been used. The polarization of the transverse waves shows that all the earthquakes in
question were of the II type. The almost horizontal position of the kinematical axesC
and A in all fault plane solutions may account for the circular shape of the isoseismals.
Strong evidence is presented that in the area considered two large fault zone running NW-—SE
and NE—SW were active. Seismological and geological data point out that the motion on
the NW—SE running fault zone is left lateral and down throw on the north east side: the
motion on the other zone, running in NE—SW direction is right lateral and down throw
on the north side.

INTRODUCTION

It is well known that the focal mechanism of an earthquake must
be connected in some fashion with the tectonic stress field that is prevalent
in the vicinity of the hypocenter.

In determining the fault plane solution of an earthquake we usually
find the direction of strike and the plunge of the following fives axes which
intersect each other at the focus of the earthquake. P axis or axis mini-
mum compression, T axis or direction of maximum tension, B axis or

1 National Observatory of Athens, Thission. Athens, Greece.
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null axis which is the direction of the intermediate stress component,
axis A4 which is normal to the fault plane and C axis which is on the fault
plane and along which the slip takes place. '
The plane which is normal to the slip direction C and on which axis
A lies is called auxiliary plane. The axes P, T, A, C lie on a plane normal
to the axis B. This plane is called plane of action. The axes P and T bisect
the two successive right angles between A and C. This means that the

angles between any two successive P, T, A and C axes are 45°, The axis
B is the intersection of the fault plane and auxiliary plane. Stations near
to the nodal planes contribute less to the solution than do the stations
farther away, in harmony with the amplitude decrease towards the nodal
planes.’

In the present study data of first motion of P and PKP waves
have been used. Focal mechanism studies were also made using the polari-
zation angle of § to determine, if possible, whether the force system of the
earthquake corresponded to a type I (single couple) or a type II (double
couple) system. The direction of faulting is uniquely determined if the
8 — wave polarization data indicates a type I force system.

It is well known that by the use of records of first motions of P
waves of an earthquake we can determine the directions of all five axes
but we cannot distinguish between A and C axes of between fault plane
and auxiliary plane. This is the major difficulty in determining the orien-
tation of seismic faults by this method. In order to remove this ambi-
guity, except of the use of morphological and geological criteria as well
as the shape of the corresponding zone delineated by the epicenter dis-
tribution which has been applied here, there are two other methods. These
procedures are the technique of the polarization angle of 8§ waves (St a u-
der, 1962) and the surface wave method (A ki, 1964). Even by the
application of these methods several problems arize.

A focal mechanism solution cannot always be determined with
certainty. This depends on the number of observational data and on
the distribution of these data of the focal sphere. This distribution is
markedly better for deep earthquakes than it is for shallow ones, because
of the general increase of wave velocity towards deeper levels in crust
and upper mantle.
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GEOLOGICAL, GEOPHYSICAL AND SEISMOLOGICAL CONSIDERATION OF
NORTHERN AEGEAN SEA

The Northern Aegean Sea belongs geologically to the zone of Serbo-
macedonian massif (Ridge) and to the complex Geosyncline of Vardar
In the islands of Northern Aegean Sea there are Post-Tectonic Deposits
and also Neogen and Quaternary Volecanic Rocks. In small geological
units different subsoil conditions exist. Probably there are in the area of
Northern Aegean Sea many pre-Pleistocene Normal Faults and also Pleis-
tocene Normal Faults.

The Aegean region contains volcanoes which were active in historic
times and several solfarata fields. Volcanic centers are located most abun-
dantly in the Northeastern corner of the Aegean plate and across a chain
of centers stretching from Korinth to the Bodrum peninsula of South-
western Turkey.

According to Fleisher (1964) the gravitational anomalies in
the Aegean Sea indicate that the contemporary morphology of this region
probably developed as a result of an upheaval of the Aegean Sea floor.
The maximum positive anomaly in Aegean is of the order of + 120 mgal.

Magnetic anomalies occur in the Aegean Sea and the most intense
magnetic anomalies occur in the Northern Aegean (Vogt, Higgs,
1969). Probably, these magnetic anomalies are caused by magnetized rocks
that have been intruded by volcanism.

The Aegean region is the most seismic province in Europe. The
seismic activity in Northern Aegean Sea has been increased duringthe
last decade. According to studies of Galanopoulos (1965) the
delineation of the earthquake foci indicates that the Northern Anatolian
dextral shear fault system continues through the Trikeri — canal fault
into Gulf of Patras and the shear fault zone of Cephalonia—Zante. So
the Northern Aegean Sea is in the extension of Northern Anatolian fault.

The plate tectonics of the Mediterranean Sea have been studied
tentatively by some investigators(McKenzie, 1970) and Aegean
region considered to be a plate moving south west and overthrusting
the Mediterranean Sea floor, producing extension and strike slip on its
Northern boundary where a relatively deep through exists, which is
associated with large magnetic anomalies. The fault plane solutions
suggest that this through has been produced by extension of the crust
associated with large basic intrusions. Therefore from the point of view
of plate tectonics this feature is a ridge but very different from most
oceanic ridges McKenzie, 1970). It is remarkable to see that the
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present seismicity in the Northern Aegean doesnot follow this through.
tough the faulting is of the type which could produce it. The motion
between the Aegean and the Eurasian plate is shown by fault plane solu-
tions. These solutions vary between strike slip and normal faulting. They
therefore permit the fault plane to be distinguished from the auxilia1y
plane, and hence determine the ship vectors.

According to Ritsema (1969) the dextral motions in Northern
Turkey, together with the sinistral motions in the Balkan could explain
the origin of the Aegean aic. The overall picture stresses in the area of
Greece suggests that material drifts into the southern basin of the Aegean
sea from the ENE and NW. In general, ‘“the present day stressfield as
reflected by the mechanism of European earthquakes seems to have an
about West—East or WN'W —ESE direction”. The plate tectonic motions
in the area of Greece are very complex. There are good reasons to believe
that there is a change in the direction of plate underthrusting in the
‘Xeros Graben’ and the Hellenic Trough”. The Aegean plate overthrusts
the Eurasian plate in the Xeros Graben (in North Aegean Sea) and the
African plate in the Hellenic Trough (south of Crete).

ANALYSIS OF DATA

From the seismicity studies (Galanopoulos, 1963) it is seen
that nearly 35 earthquakes of magnitude larger than 4.5 have been occur-
red in Northern Aegean sea during the period 1800—1964. On the other
hand according to studies of Galanopoulos (1965) the delineation
of the earthquake foci indicates that the Northern Anatolian dextral
shear fault system continues through the Trikeri — canal fault into Gulf
of Patras and the shear fault zone of Cephalonia—Zante. The extention
of the Northern Anatolian fault system, into Greece is supported by the
migration of earthquake foci along this direction.

Between March 1965 and April 1968, five strong earthquakes occurred
in Northern Aegean Sea. It is remarkable that during the period 1965 —
1968 the seismic activity in Northern Aegean sea was extremely larger
than the usal background in the same area. This circumstance and the
complexity of the area makes the more interesting a detailed focal mecha-

nism study for the 5 large recent shocks.

Investigation of the focal mechanism of earthquakes of Greece
was made by several authors and it is possible to find a good deal of this
material in the papers of Ritsema (1969), Shirokova (1967),
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Papazachos, Delibasis (1969),Constantinescou et al
(1966). Wieckens, Hodson 1967), Delibasis? etc.

The first motions of P were obtained by the International Seismo-
logical Summary (ISS), the Bureau Centrale Internationale de Seismo-
logie (BCIS) and from completed questionnaires obtained by some sta-
tions. The fault plane solutions of these five earthquakes were obtained
by the use of a program of Wickens in a Control data 3300 computer.

In some of the cases two solutions were independently obtained.
One by using data from LP and SP seismograms (mixed) and another
by using selected data exclusively from long-period seismograms of the
W.W. standard stations. So in the second case the data were fairly homo-
geneous and only clear first arrivals of P and well — developed S8 waves
were used. Noisy records and dubious signals were not considered. First
motions of the P phase are certainly more reliable on the long-period
records. Many examples from readings illustrate that in a number of
istances the quality of first-motion data is considerably better on the
long - period seismograms. For earthquakes of magnitude near 6 the
response of the long-period instruments is such that the recorded signals
approximate thase from a point source. The reliability of the long-period
network is such that readings from stations with polarity reversals are
clearly indicated.

In a tabular form (tab. 1) information concerning the epicenter
locations, the origin times, the number of observations used as well as
information related to the geometry, the kinematics and the dynamics
of faulting are listed.

A detailed analysis of focal mechanism solutions for the three main
shocks is presented in relation with the corresponding isoseismal map.
When in the focus we have a double couple mechanism, the maximum
radiation of the transverse waves must be along the axis 4 and C and the
maximum radiation of P waves along the axis P and 7. Taking into con-
sideration that after some distance the macroseismic effect is due to the
transverse waves, we may compare the radiation pattern at the foci to
the shape of the isoseismal map.

Alonnesos earthquake of Marech 9, 1965

It was a shallow earthquake with magnitude 6.3 and it was felt
over an area of about 270 000 sq kms. The epicenter calculated by BCIS

® Delibasis N. Focal mechanism of intermediate focal depth earthquakes
io the area of Greece and their intensity distribution. 1968. Thesis Univ. of Athens,
105pp. (in Greek).
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is 39.3° N, 23,8° E. An aftershock sequence followed the main shock. From
the main shock two persons killed. According to official reports 173 houses
collapsed, 259 were damaged beyond repair and 1857 were cracked. The
rather extensive property damage is attributed principally to poor construc-
tion in the region. However the location of some of the villages on allu-
vium was a contributing factor in some istances. From the macroseismic
map of this shock which is presented in figure 1 it is concluded that the
shape is of a rather elliptical type. The largest axis is a direction NE-SW
and its length is 730 km. The smallest axis NW-SE is about 410 km. The
spreanding of macroseismic effect is higher to the East direction.
Regarding the focal mechanism solution results are listed in the
tabular form (tab. 1). We found two independed solutions one using P
onset data only from LP seismograms (fig. 2) and another by using all
the available data (8P and LP). The solutions are in good agreement. As
usual the circles denote compressions and the triangles dilatations. Incon-
sisted data are also indicated by different symbols. From the two nodal
planes a (N134° E, 88° dip) and b (N44°W, 88° dip), we shall present later
evidence that the nodal plane (a) is the fault plane. The plane of action is
N166°E, 2 dip and the kinematical axes are nearly horizontal. The kind
of this faulting is normal and sinistral. The polarization angles of the trans-
verse waves indicate that the earthquake originated from the action of
double couple. Also the radiation of the transverse waves is made in the
shape of four lobes in agreement with the shape of the isoseismal map.
Papazachos and Delibasis (1969) using a smaller number
of data calculated for this shock a rather different focal mechanism solution.

Skyros earthquake of March 4%, 1967

It was a shock with 6.8 magnitude which occured two years later
from the above mentioned earthquake and its epicenter was 70 km eastern
from the previous one. BCIS calculated the epicenter as shallow at 39.2° N,
24.6° B and the Seismological Institute in the Observatory of Athens
calculated the epicenter at 39.1° N, 24.6° E with a depth of about 60 km.
The shock was felt over an area of approximately 550,000 square kms.
Macroseismic magnitude 6.7 and the macroseismic focal depth ca. 75 km.
From the distribution of the epicenters it is seen that these epicenters
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Fig. 1. — Isoseismal map of the Alonnesos earthquake of March 9, 1965.

ALONNESOS

1985, March 95 39.3'N 23.8°E

H117:537:34; Ms8-D

Fig. 2. — Focal mechanism solution of the Alonnesos earthquake of Marcfl 9, 1965
(a) using LP data; (b) using mixed data (LP and SP).



9 FOCAL MECHANISM OF EARTHQUAKES IN THE NORTH AEGEAN SEA

157

are aligned along a direction NW-SE. The shape of isoseismal map (fig. 3)
is of the cyclic type. There is not any obvious secondary radiation effect.
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the Skyros earthquake of March 4; 1967,
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In figure 4 is presented the focal mechanism solution of the shock.
Both independently determined solutions (LP data and mixed LP and
SP data) have been drawn on the same figure just for comparison and
there is rather good agreement. From the two nodal planes a (N129° E,
52° dip) and b (N88°> W, 45°dip), we believe that the plane (a) is the
fault plane since the aftershocks are aligned along the strike of this plane.

SKYROS ISLAND

1967, March 4; 39.2°N 24.6°E
H:17388:09; h160sm M:6.8

Fig. 4. — Focal mechanism solution of
the Skyros earthquake of March 4, 1967.
Nodal lines determined by using LP data
and mixed (LP and SP) data have been
Z°E  drawn on this figure for comparison :
1, LP Data; 2, LP and SP Data.

The plane of action is N24°E, 70°dip and the kinematical axes 4 and ¢
are dipped 39° and 47° correspondingly. The kind of the faulting is normal
and sinistral. The polarization angles of the transverse waves indicate that
this earthquake is also originated from the action of double couple so
the radiation of the transverse waves is made in the shape of four lobes.
In this case anyway the comparison between radiation pattern and iso-
seismal map is difficult due to the fact that 4 and C axes are not hori-
zontal.

St. Eustratios earthquake of February 19, 1968

At 22 hours 45 minutes G.M.T. on February 19, 1968 a large earth-
quake occurred in the North Aegean Sea. B.C.I.8. calculated the epicenter
at 39.4° N, 25.0° E and depth 45 km approximately. The seismological
{nstitute of the National Observatory of Athens calculated as epicenter
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39.5° N, 24.9° E. This desastrous earthquake centered in the cap Tripiti
at the southern end of St. Eustratios Island. Casualties 20 dead, 18 heavily
and 21 slightly injured.

According to official reports 175 houses collapsed 397 were dama-
ged beyond repair and 1951 were cracked. A report (Papageorga-
kis et al., 1968) has already been published describing the damage sus-
tained by buildings in St Eustratios area and the restoration work required
by some of these structures. It is not our intent to elaborate further on
the damage to specific buildings. The rather extensive property damage
is attributed principally to poor construction in the region. However
the location of some of the villages on alluvium was a contributing factor
in some instances.

The rocky-islet Daskalio close to the eastern coast of St. Eustratios
has been shattered. Earth-shumping in the region of St. Nickolaos of
the western coast of the island St. Eustratios set up a small tsunami
observed in the southeastern side of Lemmos island. In the harbour of
Myrina the tsunami build up to 1.20 m in height.

Maximum intensity of IX degree was assigned to the most strongly
affected area of St. Fustratios. Applying the empirical equation that
holds for the area of Greece.

a, = 0.26 — 0.1 I + 0.01 I? (1)

where a, the earthquake acceleration in units of gravity and I the highest
intensity on Mercalli-Sieberg scale, we may conclude that the maximum
acceleration in the area was about 0.17 g. )

The shock was felt eastward as far as Ankara and Northwards
as far as Sofia. To the west the shock reached the western coast of the
Greek peninsula and to the south in the Northern Cyclades till Amorgos
island. Area of perceptibility approximately 1,200,000 square kilometers,
average radius of V degree isoseismal about 240 km. Macroseismic magni-
tude 7.4. Macroseismic focal depth c¢a.8 km. The outer isoseismal is of
cyclic type.

Following the main shock there were more than 2.800 aftershocks
recorded in PRK station with their magnitudes M; between 2.1 and 5.3
(Drakopoulos, Economides, 1972). This earthquake was
not preceded by significant foreshock activity. Only one foreshock on
magnitude M; = 3.2 was recorded about 1 minute prior to the oeceurrence
of the main shock.
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We found two independed solutions one using P onset data only
from LP seismographs and another by using all the available data (fig. 5).
The difference in the calculated fault planes was 29° but finally we adopted
the solution found by LP data although the score is smaller (tab. 1). It
is clear that the result having the highest score is not always the best
one and it is possible to find two or more independent positions with the

ST. EUSTRATIOS ISL.
1968, February 19; 39.4°N 249
Hs22:43.42; Ms7a

Fig. 5. — Focal mechanism solution of the St. Eustratios earthquake of Febr. 19, 1968
(2) using LP data; (b) using mixed data (LP and SP).

same or nearly the same score. The reason for this adoption was also pre-
viously mentioned. From the two nodal planes a (N40°E, 85° dip) and b
(N50°W, 89°dip) the nodal plane a was adopted as plane of fault, since the
epicenters of aftershocks are aligned along the strike of this plane. The
plane of action is N33°E, 4°dip and the direction of kinematical axes
A4 and C are N130°E, 5°dip and N40°E, 1 dip correspondingly. The kind
of faulting is normal and dextral. The polarization angles of the transverse
waves indicate also that the shock originted from the action of double
couple. So the radiation of the transverse waves is made in the shape of
four lobes along to the axes A and C. Consequently it must be expected
that the isoseismal map is of cyclic type. This is true as it is obvious from
the figures 6.

A strong aftershock (M = 5.7, 39.3°N, 25.0°E) occurred about 24
minutes after the St. Eustratios earthquake of February 19, 1968, but
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due to the continuous activity it was difficult to obtain focal mechanism
solution for this aftershock.

Other large aftershocks with magnitude 5.5 and 5.8 occurred on
March 10 (39.1° N, 24.2°E) and on April 24 (39.3°N, 24.9°E) correspondingly
and for these shocks we ohtained reliable focal mechanism solutions. Con-
clusions for the focal mechanism of these large aftershocks as for the three
main shocks are listed in the table 1.
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Fig. 6. — Isoseismal map of the St. Eustratios earthquake of February 19, 1968.

DISCUSSION

In each of the five shocks for which focal mechanism solution were
obtained, it is common that one nodal plane strikes approximately North-

1 — ¢, 930
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east and the other strikes Northwest (fig. 7). Analysis of the polarization
angles of § waves for the three main shocks showed that the mechanism
are of the double couple type. But it is well known that even with this
method we cannot determine uniquely the fault plane, when a douple
couple of forces acts at the focus. So § waves here, do not furnish criteria
for choosing which of the two nodal planes is the fault plane. In each of
these five cases, the choise is between a predominance of sinistral motion

23°

23° 24 25° 26°

Mainshock  Aftershock

a @ O
) @ o)
o @ O
Q- 40 100 km d)*_ 4 el

Fig. 7. — Distribution of epicenters and active faults in the Northern Aegean Sea:
a, 1965, March 9; b, 1967, March 4 : ¢, 1968, February 19; d, Fault.

on a steeply dipping plane that strikes approximately Northwest (Shocks
of March 9, 1965, March 4, 1967 and March 10, 1968) or a predominance
of dextral motion on a steeply dipping plane that strikes Northeast (Shocks
of Febr. 19, 1968 and April 24, 1968). Although a unique choice of the fault
plane cannot be adopted from the first motion data or from an analysis
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of 8 waves, the Northwest — striking plane of the three above firstly-
mentioned shocks and the Northeast-striking plane of the two other
shocks of 1968, seem to be favoured as fault planes on account of the
following reasons :

a) Aftershock epicenters in all cases are aligned along the strike
of one of the nodal planes that was adopted as nodal plane a.

b) It is probable that the epicenter of each earthquake is located
on a prominent fracture zone ; The strike of one of the two nodal planes
that is the adopted plane a concides nearly with the strike of the fracture
zone.

¢) The obtained solutions are supported from the morphology of
the area.

Therefore we can say that there is plenty evidence that in the area
considered two large fault zone running NW-SE and NE-SW were active.
Seismological and Geological data, point out that the motion on the NW-
SE running fault zone is left lateral and down throw on the north east
side ; the motion on the other zone, running in NE-SW direction is right
lateral and down throw on the north side. There are good reasons to believe
that the second zone is an extension of the Northern Anatolian shear
fault zone, which has been previously supported by Galanopoulos
(1965, 1967). However the orientation and kind of faulting and the dis-
tribution of epicentres indicates as more probable that the Anatolian fault
system is rather branched in Northern Aegean Sea.

May be there are two predominant fracture zones in agreement with
the space distribution of aftershocks. One between St. Eustratios and
Lemnos with a direction ENE and another between Skyros and Alonessos
in NW direction. In all cases one was responsible and the fault plane aligned
along one of these directions.

We believe from the distribution of eplcenters that after the large
aftershock of March 10, 1968 the fracture zone of Northern Sporades
was also become very active, as it is obvious from the two main distribu-
tions of epicenters (fig. 8). In conclusion one can support that in the Nort-
hern Sporades there is a large conjugate fault system with two main
branches (one NNW-SSE sinistral, horizontal motion and the second ENE-
WSW dextral, horizontal motion).

The whole picture gives the impression of a bending conjugate
system. The places of maximum bending i.e., the places where the stress
changes direction abruptly and the areas around these places are from
the most active centers in the area of Greece. The same observation is
valid for Ionian Islands and the region close to Rhodes.
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An attempt was made to compare the predominance of compressions
or dilatations for the three main shocks. It was observed that only in the
case of the shock of March 4, 1967 dilatations are predominant. The focal
depth of this shock was approximately 60 km. This is in agreement with
a conclusion by Delibasis 3 that in intermediate earthquakes in the

Fig. 8. — Distribution of epicenters
of aftershocks for St. Eustratios earth-
quake and excitation of a new
fracture zone.

area of Greece with depth h >80 compressions are predominant, while
for shocks with depth 50< h< 80 dilatations are more common.

‘When long-period records were available it was possible to tell from
the P wave relative to that of other phases whether the station was in the
vicinity of one of the two nodal planes. The focal mechanism figure reveals
that these arrivals very often are a good qualitatively indication.

These solutions are consistent with a general southwestward move-

ment of the Aegean subplate relative to Eurasia and Africa.
The solutions might be considered reliable and well determined, since

they meet fairly well the requirements set up by Stevens and Hod-
g s o n (1968). In all solutions the number of the observations was between
30 and 150 and the score was more than 80 (tab. 1).

3 Op. cit,, p. 2.
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ORIENTATION OF THE KINEMATICAL AND STRESS AXES A4, B, C, PAND T

The plunge of the null or B axis has a general significance that derives
from Anderson’s (1951) theory of faulting: strike-slip faulting is
associated with predominantly vertical B axes and dip-slip faulting is
associated with predominantly horizontal B axis. From the solutions of
the five shocks the B axis of the three (1965, 1968 Feb. 19, 1968 April 24)
which belong to the linear sections of the conjugate fault are vertical and
we observe strike-slip. For the two other shocks which are in the bending
of the fanlts the B axes are 19° and 40° dipping, we observe dip-slip.

Other useful results of the present study are that the P and T axes
or the axes of maximum compression and maximum tension as the kine-
matical axes 4 and C of the earthquakes of 1965 and 1968 act horizontally
in the Northern Aegean region. On the contrary in the earthquake of
1967 with focal depth 60 km, the P axis is dipping 70° (almost vertical)
and the axes 4 and C are dipped 45° approximately. In the area under
investigation, the P have smaller angle with B and so the direction of
stress component is compression. '

COMMENTS ON THE INTENSITIES DISTRIBUTION

The polarization angles of the transverse waves indicate in all exa-
mined cases that the earthquakes originated from the action of double
couple. In that case the radiation pattern of the transverse waves is along
A and C and of the longitudinal P waves is along P and 7. So it was
expected, the shape of isoseismal map to be of a cyclic type. The almost
horizontal position of the kinematical axes ¢ and 4 in the fault plane
solutions may account for the approximately circular shape of the iso-
seismals.

The main characteristic of the isoseismal maps is that the earth-
quakes are not felt to the south part beneath the Aegean arc. This is
obvious in all isoseismal maps of Greece especially to earthquakes of
intermediate focal depth. From the present study it wasfound that such
an unsymmetrical pattern cannot be attributed to the unsymmetrical
radiation pattern at the foci. There are also reasons for which such dis-
tribution of the intensities cannot be attributed to ground conditions at
the places of observation. So we believe, that the existence of a highly
absorptive region in the upper mantle beneath the inner part of the arc
explains very well the observed distribution of intensities. This region
coincides with the aseismic region determined by the distribution of the
foci of the intermediate earthquakes. Therefore we may say generally
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that the pattern of intensities depends firstly by the radiation from the
foci and secondly by the structure of the area.

CONCLUSIONS AND SYNOPSIS

Plenty evidence was presented in this study that in the area con-
sidered, two large fault zone running NW—SE and NE—SW were active.
Seismological and geological data point that the motion on the NW—SE
running fault zone is left lateral and throw on the north east side; the
motion on the other zone running in NE—SW direction is right lateral
and down throw on the north side. There are good reasons to believe that
the second zone is an extension of the Northern Anatolian shear fault
zone as was supported previously by Galanopoulos (1965). Ho-
wever the orientation and kind of faulting and the distribution of epicenters
indicates that maybe the Anatolian fault system is rather branched in
Northern Aegean Sea.

The whole picture gives the impression of a bending conjugate
system. The places of maximum bending i.e. the places where the stress
changes direction abruptly and the areas around these places are from the
most active centers in the area of Greece. This is valid also for Tonian Sea
and the region close to Rhodes.

Focal mechanism solutions obtained from long period P—waves
data were found to be almost similar with solutions determined from
mixed reliable data (long and short period seismograms).

The solutions presented here are consistent with a general south-
westward movement of the Aegean subplate relative to Eurasia and
Africa.

The polarization of the transverse waves shows that all the earth-
quakes in the present study were of II type. The almost horizontal position
of the kinematical axes ¢ and A in nearly all fault plane solutions may
account for the circular shape of the isoseismals.

The main characteristic of the isoseismal maps is that the earth-
quakes are not felt to the south part beneath the Aegean arc. It wasalso
found in the present study that such an unsymmetrical pattern cannot
be attributed to the unsymmetrical radiation pattern at the foci. Since
such distribution of the intensities cannot be attributed to the ground con-
ditions at the places of observations, we believe that the existence of a
highly absorptive region in the upper mantle beneath the inner part of
the arc explains very well the observed pattern of intensities.
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ON THE MECHANISM OF SOME EARTHQUAKES IN THE AREA OF
WESTERN GREECE AND THE STRESS PRODUCING THEM

BY
JOHN DRAKOPOULOS, NICK DELIBASIS?

Abstraet

Fault plane solutions of eight shallow earthquakes which occurred in the continental
Western Greece between 1965 and 1968 have been studied. An attempt was also made to
revise or to racalculate the focal mechanism of 17 earthquakes wich occurred in Ionian Islands
between 1953 and 1968. All these solutions have been determined by using a new program
of Wichens in a control data 3300 computer. An attempt was also made to comp — are the
present results with other studies from the same area in order to increase the density of
existing solutions in certain geotectonic regions. So we obtained an overall general picture
of focal mechanism results of regional trends and their variations from region to region. The
calculated focal mechanism solutions were correlated to the distribution pattern of the macro-
seismic effects and to the geological structure of the seismic regions under investigation.

INTRODUCTION

A fault plane solution is given by two orthogonal planes, one of
which is the actual fault plane and the other the auxiliary plane which is
normal to the displacement direction. It is often convenient in focal mecha-
nism studies to introduce the five axes A, B, C, P and 7. The 4 axis is
normal to the fault plane; the C axis is along the motion direction in
the fault plane (normal to the auxiliary plane) ; the B or null axis is normal
to the motion direction in the fault plane ; the P axis is the axis of maxi-
mum compression and the 7 axis is the axis of maximum tension. The
system A4, B, C as well as the system P, B, T are orthogonal systems and
the two systems are rotated by an angle of (J-) 45° around B with regard
to each other.

1 National Observatory of Athens, Thission. Athens, Greece.
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In this paper some results concerning the mechanical conditions of
earthquakes occurred in the Western part of Greece are presented based
on seismic data. So this study will serve to fill up a gap in the investiga-
tion of foeal mechanism of European earthquakes. Well determined focal
mechanism based on reliable first motions of P and PKP waves from
long and short period seismograms are correlated with the geological and
Physiographic feature of the region. All these solutions have been deter-
mined by using a program of Wieckens in a control data 3300 computer.
Wickens has developed this computer program. As mentioned in the
original program the first motion observations of P waves are referred to
the focal sphere and orthogonal planes take up a succession of trial posi-
tions and a score is calculated for each one. In calculating the score, the
theoretical radiation patterns are taken into account. Then the computer
selects the ten best of these for up-dating. The positions of the null vector
and of the nodal planes, and the score of solution are calculated by a
separate program and these results together with the identification num-
bers of consistent and inconsistent stations are given as a final print-out
for the solution of each shock.

In some of the cases two solutions were independently obtained.
One by using data from LP and SP seismograms (mixed) and another
by using selected data exclusively from long-period seismograms of the
W.W. standard stations. So in the second case the data were fairly homo-
geneous and only clear first arrivals of P and well-developed § waves
were used. In cases where disagreement between the two solutions is
obvious, we adopted the solution obtained by LP data although the num-
ber of data is less. It is clear that the result having the highest score is
not always the best one and it is possible, to find two or more independent
positions with the same or nearly the same score.

Stations near to the nodal planes contribute less to the solution
than do the stations farther away, in harmony with the amplitude de-
crease towards the nodal planes.

The P wave data are often combined with the direction and the
polarization of the S-wave onsets. The direction in which the rays left
the focus may then be obtained from the angular distance between the
source and receiver and the hypocentral depth. Since the path of each
ray depends on the velocity structure of the Earth, the calculated angle
between the ray and the horizontal is affected by any ancertainties in
the velocity structure, or alternatively in the focal depth. This problem
principally affects solutions for shallow earthquakes, because velocity
gradients are large in the crust (M c¢.Kenzie, 1970). It is convenient
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to imagine a sphere centered on and surrounding the focus on which the
first-motion directions are plotted and then to project the lower hemisphere
into a herizontal plane using either a stereographic or an equal area pro-
jection. '

GEOLOGICAL AND TECTONIC FRAME OF WESTERN GREECE

Western Greece belongs geologically to the engeosyncline zone of
Olonos-Pindus, to the outer zone of Gavrovo-Tripolitza, and to the Io-
nian zone ; the Ionian zone extends west of the zone of Gavrovo.

The primary base of the mountain ranges of Greece (Hellenides)
congists of a primary volcanic arc known as eugeoanticline ridge. Before
the Alpine orogenesis the primary arc was an arc of volcanic islands. The
weathering of the volcanic arc produced a column of sediments of the
upper Cretaceous age up to vhe end of Eocene ; the sediments were depo-
sited in the inner eugeosyncline furrow of the Hellenic Alpine geosyncline,
and formed the zone of Olonos-Pindus.

The zone of Olonos-Pindus, known also as zone of Pindus, begins
from the northern Pindus within the Greece and runs SSE through the
Peloponnese. The sediments of the zone, mostly of abyssal phase, overth-
rust as a whole the neighbouring zone of Gavrovo-Tripolitza.

The zone of Gavrovo-Tripolitza consists of Mesozoic sediments of
neritic phase deposited in the miogeoanticline ridge; the ridge extends
through the entire Hellenic Peninsula. The zone of Gavrovo consists
mainly of limestones of Cretaceous age up to the middle Eocene, overlain
by flysch of upper Eocene and Oligocene. A thin layer of bauxite of middle
Eocene outerops in the outer margin of the zone.

The Ionian zone is a secondary sedimentary arc. The Ionian zone,
known also as Adriatic-Ionian zone, begins from Tirana, in Albania, and
extends along the western Greece down to the northwestern Peloponnese.
From the second part of the middle Jurassic up to the middle Eocene the
zone formed a miogeosyncline furrow that was filled by flysch of upper
Eocene age up to the lower Miocene. The flysch is now overlain by mo-
lasse, posttectonic formation of middle Miocene.

The Alpine Orogenesis started in the zone of Olonos—Pindus in

the upper Eocene, in the zone of Gavrovo-Tripolitza in the Oligocene,
and in the Ionian zone in the lower Miocene.

In the second period of orogenesis, i.e. during the Alpine orogenic
cycle, the inner zones armed with the subpelagonian ophiolitic ram shat-
tered the near-by furrow of Pindus and forced it westwards ; the sediments
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thrown out of the furrow were carried westwards and thrusted over the
neighbouring ridge of Gavrovo. Thus the front of the inner zones, i.e.the
subpelagonian zone and the zone of Parnass overthrust the eugeosyncline
furrow, and the plastic sediments of the furrow overthrust the miogeoan-
ticline ridge of Gavrovo; westwards of the zone of Gavrovo the beds are
authochthon.

At the end of Miocene, i.e. after the main Alpine orogeny, a new
period of vertical and horizontal movements started on a conjugate fault
system in two prevailing directions : NNW-SSE and WSW-ENE. Due to
the above movements the mountain ranges of Greece, and especially
the margins of the frontal folds of the Alpine arc were dislocated and
a series of islands, peninsulas, horsts, rift valleys, basins and trenches
were formed, as for example the Ambrakikos Gulf, and fault basin of
the lake Trichonis.

The vertical and horizontal dislocation of Hellenides started at
the end of upper Miocene developed in the Pliocene and continued in
the Quaternary.

Folding is also of Miocene age, with intensity diminishing from
east to west. In the Pindus nappes, tight asymmetric folds are characte-
ristic ; the siliceous rocks are correspondingly shattered. In the Gavrovo
are broad, asymmetric folds of NNW axis with limbs dipping up to 20
degrees. Small-scale folding is also observed in outerops. The Ionian zone
has no folding, but rather, a gentle ENE dip.

An interpretation of the structural evolution of VWestern Greoce,
based on plate tectonic notions (Dewey, Bird, 1970), envisions
the African continental plate being consumed in the Ionian trench system,
parallel to and west of the Mesozoic — Tertiary Aegean trench. As such,
the present is a process continuous with the subduction of the Cretaceous
to Miocene. It is dominated by NE—SW directed compression.

ANALYSIS OF DATA

Fault plane solutions of eight shallow earthquakes which occurred
in the region of Western Greece between 1965 and 1968 have been studied.
An attempt was also made to analyse the focal mechanism of 17 earthquakes
which occurred in Tonian Islands between 1953 and 1968. In the last
case we revised, recalculated or adopted the existing focal mechanism
solutions for the Ionian Island earthquakes. The first motions of P or
PKP were obtained by the International Seismological Summary (ISS),
the Bureau Centrale Internationale de Seismologie (BCIS) and from

il L Institutul Geologic al Romaniei
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completed questionnaires obtained by some stations. Well determined
focal mechanism based on reliable first motion of P and PKP waves
from seismograms have to be correlated with the geological and physio-
graphic feature of the region.

Three focal mechanism studies were also made using the polari-
zation angle of § to determine, if possible, whether the force system
of the earthquake corresponded to a type I (single couple) or a type II
{double couple) system as discussed by Honda (1957). The direction of
faulting is uniquely determined if the S-wave polarization data indicates
a type II force system, but the directions of greatest and least stress can
be specified. With only three exceptions for which there are sufficient
available shear waves data and the polarization angles indicate that the
model IT is predominant in all the other cases it was impossible to deter-
mine the type of the model. As it is known, the model IT or double couple
which finally we adopted here does not define which of the two nodal
planes of P correspond to the fault plane. The only way of removing this
ambiguity here was a) through the orientation of the nodal planes with
the tectonic feature of the region b) if the epicenters of aftershocks are
aligned along the strike of one nodal plane.

In order to avoid misleading results we took into consideration
only solutions when the number of observations was higher than 30 and
the score of a certain solution was at a rather good level. The mechanisms
for earthquakes with smaller number of data presented here were adopted
by comparison with well-determined solutions from other shocks of the
same area. If the density of solutions has been sufficiently high in certain
geotectonic regions, it is obvious that one can obtain an ove-
rall general picture of focal mechanism results or of regional trends
and their variations from region to region.

The depths of the foci cannot be determined with accuracy but it is
supposed that they lie between 5 and 35 km with one exception. The
inaccuracy in the determination of depth and in the knowledge of the
crustal structure malkes it impossible to determine with accuracy the
incidence angle at the focus for ray arriving at near stations and therefore
introduce errors in the projection of the data on the focal sphere. It seems
that for shallow focus earthquakes the possibility for reaching a reliable

solution using P wave data only, is extremely restricted.

Most of the previously studied earthquakes in Western Greece are
of the transcurrent fault type and show sinistral fault motions along
roughly NW-8E striking fault planes (Ritsema, 1969).



174 J. DRAKOPOULOS, N. DELIBASIS 6

FOCAL MECHANISM OF EARTHQUAKES OCCURRED IN CONTINENTAL
WESTERN GREECE AND DISCUSSION

In this chapter some results concerning the mechanical conditions
of eight earthquakes occurred between 1965 and 1968 in the continental
Western Greece are presented based on seismic data.

In a tabular form (tab. 1) information concerning the epicenter
locations, the origin times, the number of observations used, the scores
as well as information related to the geometry, the kinematics and the
dynamics of faulting are listed.

In order to draw some general conclusions regarding the mecha-
nism solutions of this area, we took into consideration some results of
other investigators from the same area. In order to avoid misleading
results we compared only solutions of the present study with other
reliable results when the number of observations was higher than 30 and
the score of a certain solution was at a rather good level. It is clear that
a solution based on a hundred compression (C) and dilatation (D) data
distributed evenly over the focal sphere should be given more weight
than another one based on only say twenty data, even if the percentage
of inconsistent data in the latter case is smaller than in the first.

In most cases, normal faults are associated with tension and reverse
faults with compression but there are few exceptions from this general
rule. This can be explained is we take into account the fact that the
dip-slip component of the motion is very small and the acting stress is
not entirely horizontal. In most instances the tensile stress axis were
subhorizontally oriented. Compressive stress axes did not have any clearly
expressed primary orientation.

In the figure 1 the focal mechanism is presented in stereographic
projection. They are projections of the lower hemisphere into a hori-
zontal plane with the compressional quandrants shown as black regions.

The strike direction of faults is in general parallel to the local direc-
tion of the seismic zone and the direction of the local trend of the geologic
feature (fig. 2). The major problem was to distinguish between the two
nodal planes. To determine the orientation of faults, geological and mor-
phological criteria as well as the shape of the corresponding zone deli-
neated by the epicenters distribution of the aftershock sequence were used.

In the shock of Epidavros (code number 8 from table 1) we adopted
normal dip-slip, dextral. Direction of the horizontal stress is tension in
agreement with other results from different shock of the area.



. \\\I’.\I‘l\l‘l\l‘

sorAepldg
[ensms enxaq mew.mw.«ﬂw@.wm
2 b= - dus-diq dgs-dia 6 : 17 -
d"I—d’'S| L9—¥L| €5 (e | 1 |9¢g | €9 lott | 89 |z9 rewioN| €5 | L0g| €9 |F9T reutoN| g (b2 | L€ |LTT | €€ [8°G 14 b:nm_“mw%m 2
enxag [BIISIUIS HoE T8 ‘No9'6€
5 ’ 23 - 0:60-L0
d1— = dgs-oying dys-eqmns €
m.mtm.m wmlmm 8€ [80€ | 9% (€91 | 8T | | =g |9g aszaaoyy| o1 |0z | ¥ |9 as1oAayy| OF |6 | ¥ [WIT | ST [¥'9 T KB ‘L961 | L
L% 80T | LT 208 | LS ({19 | 19 (60T €g |6€E | 89 (0T g |10T | LE |V9 b
renxaq [eIIsuIg Ho¥"02 "No¥' TV
T 9v— dus-diq dys-dia 26:ge:L0| |=—
d"T) 97 —L8| 81 (361 | 0% |s6T | 29 0L | 19 |60T reutzong| 09 |$2€ | 89 [OT rewtoN | 22 |TOT | O€ [€¢ | 6T [1'9 0g "AON ‘L96T | 9 | .=
BIURq| -999910 C
[BeISIUIg enxaq 202 ‘No6'68
T diig- difS-oy11y 28T :80: %1
d = 1s-as S-S 81 : 80
T—d'S| 6L—79| g¢¢ (118 | 8% ({¢6 | 0% |90T | ¢S |z¥ asmaAray| 41 |28 | OF |SL aszoAay| 0 |POT | €L [@FT | T (L°S 6 199d ‘L961 | S
BUNO}ES
[easuIs , [eIxaQq Hol 12 ‘No6'8E
= dns-d dys-dia 8'¥Z - 6€ : 0
d — ns-dra t I
T—d'S| 28—9L| 81 |6%¢ | 09 |vo1 | €2 |ove |zo |see asIoAN| €9 L1 | OL |19 astoAay| 02T |LGT | LT |LOT | G (0°9 6% "0 ‘9961 | ¥
BISEURLY
[ensmurs fenxaq Hol 1T ‘NoI'6E
ol drs-dr dijs-di Sv:10:20
d — ns-dra qs-ara .
T—d'S|ogT1—8L| 12 |39z | 7 lese | 6 |26 | 09 [sz1 reuon 2¢ 80z | 28 |21T [ewuon| 8€ | zgc| € [v@ | 91 |re | ¢ 1@ed ‘9961 ©
JOURIJIP
d1—d's| s9—1L Sﬂwm ..
‘uonu[og
Jwes Iyg, sijodofeSa
[edsiuls rerxaqg Hol TG ‘NoG'LE
: - dis-oqns| dys-o¥ns 6°95:20: ¥l )
A1) ¥€—98) 45 'v2 | L |pLr | € [89% | €T p9L rewsoN| 4T (L8 | £9 (88T [ewaoN| 47 412 | €L [9% | ST |6°G T 1dos ‘9961 | T | =
T — _ uonnos
d"1—d'S| 64—2cL owes YL stiodo[eSdIN |
[eaxa(q [e1SIUIS Ho0'TT ‘NoL'LE | A~
sea . dis-diq dns-dig 9'yG:¢r-€0| |
d7If ¥€—LL| T lysT | 2T |sbe | 89 [c91 | 88 |81 reuuoN| €2 | L91! 2T 8L reuiioN| 89 €76 | £9 | ¥L | ¥€ g9 | & mdV ‘9961 | T
] L
A :
g SlE|2|F|215]8|¢8 vle|lglg v|lzlole|ylz
z . E ¢ 'E | = il S | i 2 E|lgiT |23 |m -
S L3$qQ = = = gz = Su = = Jut S S e | ® UuoI1Bo0 [
& - 3 R | A & nne a 5 nweg | @ | & el & = gy v
2 2109 1o 1o - g | ouny wduQ
= € SIXY | L SIXV | J SIXV pur3f v SIXY puixf 5 SXV ® aed
uordE jo aueld q aueld e aukld
pold 10ysS = d 'S
popiagl Bubg = 4“1 SUOLNIOS FUD]J J[IID] PUD 293905) UI[SIA\ DJUIUNUO] Ul PILINIICQ yauym sayonbyranif Jo 1st1

1 4714Vl



176 J. DRAKOPOULOS, N. DELIBASIS

19* 20° 21° 22° 23° 24° 25°

N |
1967, Nov.
+@P
41°
°
N
40° H
®P
39°

] (\\ 1968, July ¢ {?
| 1965 S &%/2 ii:
37 7 %3 ///?/'%)lh : s

"'///////

19" 20° 21° 22° 23° 24"

Fig. 1. — Focal mechanism solutions for shocks occurred in continental Western Greece
(1965—1968). Compressional quadrants are shown as black regions.
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From field studies of the two earthquakes near Megalopolis (A m -
braseys, 1967), it revealed that the shocksof this area occurred on
the two faults that contain the subsiding Megalopolis block. The shock
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Fig. 2. — Adopted strike direction of faults for shocks occurred in continental

‘Western Greece (1965-—-1968).

of 1965 (code number 1) occurred on the west edge of the block and it
was followed in 1966 by a smaller shock (code number 2), which occurred
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on the east edge of the graben. This latter earthquake seems to have been
much smallower than the preceding shock and if we judge from its
macro-seismic effects it must have been superficial, perhaps not deeper
than 10 km. So in central Peloponnesus for one shock we adopted Normal,
dip-slip, sinistral (code number 1) and for the other normal strike-slip
dextral. It is difficult to say if the direction of the horizontal stress is
compression or tension.

It seems to be interesting to discuss the focal mechanism of the
Kremasta earthquake (code number 3). This main shock with the fore
and aftershock activity is related to the water loading of the artifieial
lake at the Dam of the Kremasta. Two faults have been traced 11 km
upstream of the Dam where the main shock and its few large foreshocks
are located. One of these trends is NW-SE and the other NE-SW. Faulting
for this shock is normal and dextral. The dip component of motions
slightly greater that the strike component. The block on which the lake
is situated has moved down. In a previous solution determined by a
group of Greek seismologists (Comninakis et al., 1967) the faulting
was accepted to be reverse and sinistral associated with a near-vertical
thrust fault. However in this solution also, the lakeblock is downthrown.
For the shock of Katouna (code number 4) which is doubtful if really
it is a late aftershock of this sequence, the adopted faulting was reverse,
dip-slip and dextral. The fault plane solution given here for the shock
of Katouna, the almost linear arrangement of aftershocks and other geo-
morphological data strongly imply that this earthquake was a result of
right-lateral movement along steeply-dipping fault. So in the case of
Katouna earthquake we adopted reverse, dip-slip and dextral. The pre-
dominant stress component is not obvious but maybe is tension.

For the Epirus earthquake (code number 7), it was found reverse,
strike slip and sinistral with tension as predominant stress component.

Since the nodal planes in the solution of the Albania earthquake
{code number 6) are nearly vertical, lateral faulting is inferred. It is not
clear which nodal plane represents the fault, and there exists no obvious
relationship between the orientation of either nodal plane and local tec-
tonic elements. The distribution of aftershocks also is such that the decision
is difficult. It seems more logical to accept as fault plane normal, dip-slip
and sinistral. ‘

On the contrary in the case of the shock in Greece — Albania border
(code number 5) we adopted reverse, strike-slip and dextral. In both
previous cases the predominant stress-component is tension. For this area



11 ON THE MECHANISM OF EARTHQUAKES IN WESTERN GREECE 179

in a previous investigation carried out by Papazachos and Deli-
basis (1969) and by using 6 focal mechanism solutions determined
more or less with a limited number of observations, the predominant
stress component was found to be compression.

Many aftershocks from the investigated main shocks had too small
magnitude to be recorded at sufficient number of stations to study the
first motion radiation pattern in detail. Nevertherless it is possible to
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draw some inferences regarding the focal mechanism of the main shock
and its relationship with usual aftershocks and the second order after-
shocks. In the figure 3 you can see the sense of first motion (where measu-
rable) at eight stations of Greece during the aftershock period of Epi-
davros earthquake. It may be noted that the sense of first motion remains
rather unchanged throughout the sequence except after 98 days (indi-
cated by arrows). This suggests that the focal mechanism of shocks in
this sequence is related to that of the main shock. However the second
order aftershocks which are obvious in this sequence, have a focal mecha-
nism which is different from that of the main shock (Drakopoulos,
Srivastava, 1970). It must be emphasized that the previous con-
clusion is not valid for all earthquake sequences in Greece and the analysis
of smaller earthquakes does not support the view of a homogeneous

mechanism for all earthquakes in the region.
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FOCAL MECHANISM OF EARTHQUAKES OCCURRED IN IONIAN
SEA AND DISCUSSION

It is known that the Cephallonia fracture zone includes one of the
two constant centers of high seismic aetivity noted in Greece (Gala -
nopoulos, 1963). The displacement of Cephallonia manifests itself
outstandingly by a sharp eastward bend of the Ionian fault trench
between Zakynthos and OCephallonia (Galanopoulos, 1967).

In some valuable studies different focal-mechanism solutions of
Tonian Island earthquakes have been made graphically or by the use of
computer in different methods and quality of data by several authors
{Shirokova, 1962; Wickens, Hodgson, 1967; Ritsema,
1969; Papazachos, Delibasis, 1969). Also in this region
the tectonic motion direction and the best fitting directions of maximum
‘pressure and maximum tension were calculated by the method of eigen-
-value introduced by Scheidegger (1964) in a study carried out
by Papazachos and Delibasis (1969) using some plane solu-
‘tions whieh were undertaken by different authors applying different
methods. A study of the same earthquake by different investigators often
‘results in solutions that are very much divergent. It is clear that these
«differences are mainly determined by the basic set of data used but the
human factor in the interpretation of the data can also be traced. Certain
investigators are more inclined to find transcurrent-fault motions, whereas
.others are dip-slip prone. These circumstances make more interesting there-
vision adoption or recalculation of the focalmechanism solutions for earth-
-quakes occurred in and near to Ionian Islands between 1953 and 1969.

The major problem was to distinguish between the two nodal planes.
As it is known the model II or double couple which finally we adopted
here does not define which of the two nodal planes of P correspond to
the fault plane. The way of removing this ambiquity here is not appli-
cable due to the lack of necessary material (exact locations of aftershocks
ete.). Anyway the strike direction of faults is in general parallel to the
Jocal direction of the seismic zone and the direction of the local trend
of the geologic feature. :

In the table 2 information concerning the epicenter locations, the
origin times, the number of observations used, the scores as well as infor-
mation related to the geometry, the kinematics and the dynamics of
‘faulting are listed.
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In the figure 4 the focal mechanism solution of the shock (code
number 17) occurred in 1968 is presented. We found two independed
solutions one using P onset data from LP seismograms and another
one by using mixed data (LP and SP). As usual the circles denote com-
pressions and the triangles dilatations. Inconsistent data arealso indi-
cated by different symbols. The data of LP seismograms were fairly
homogeneous and only clear first arrivals of P were used. The difference
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Fig. 4. — Fault plane solulion for the sheck with code number 17: a) determined by
LP data; b) determined by mixed (LP and SP) data.

was approximately 30° in a-plane and 3° in b-plane but finally we believe
that the solution found by LP data is more probable, although the number
of data is less and the score almost the same. It is clear that the result
having the highest score is not always the best one and it is possible to
find two or more independent positions with the same or nearly the
same score.

We believe that the solution for this shock (code number 17) is
the best from the solutions in this area because the quality of recent
data is always better and because we used LP data. From 25 LP and 68
mixed observations for this shock 17 and 56 correspondingly are ¢' and
this indicates that we have thrust faulting and an upward movement
predominates. This is strongly supported by the fact that in all cases of
aftershocks of the previously mentioned shock it was observed in the
near station of VLS, C.
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184 J. DRAKOPOULOS, N. DELIBASIS 16

By careful examination of the focal mechanism solutions of shocks
in and very near to Cephallonia, we may observe that all are reverse
and only in the case of the earthquake with code number (7) in the table
we have normal. Since this is only one case, we examined very carefully
the focal mechanism solution and also we obtained the solution by
graphical method. So it was clear that for this shock we have normal
(tab. 2).

There is a general tendency in all solutions that one of the two
nodal planes which finally was adopted as plane a to have an orientation
to ENE direction while the plane b is oriented NNW. In some of the
cases the plane a was found to be dextral and in other cases sinistral.
This was the only critetion for dividing the Cephallonian earthquakes
in two groups. There is no any systematic chronological order between
the two groups and there is no any geographical separation between the
epicenters of the two groups.

In the first group (a-plane dextral) we can say that for the two
shocks (1,4) the number of observations is large (tab. 2) and the adopted
solutions seem to be good. In the shocks with code numbers 9, 10 the
number of observations is rather small, 27 and 20, correspondingly but
we consider both solutions as rather good because their planes and the
kind of faulting are in some agreement with the previous ones. In the
figure 5a the focal mechanism solutions for the shocks of a-group are
presented in stereographic projection.

The earthquakes with code numbers 2, 3, 5, 6, 8, 17, belong to the
second group e-plane sinistral, (solutions in stereographic projection are
presented in fig. 5b). As it was mentioned previously from the two solu-
tions of the shock (17), the b-plane is more constant and the inconsistent
data are very mnear to the b-nodal plane from LP data. It is probable,
that the b-planes in the earthquakes of the second group are the faults
while in the first group the a-planes were adopted as fault-planes.

It is very probably to have two main faults in Cephallonia as it is
concluded from some remarks in a personal communication by prof.
A. Galanopoulos. “I am pretty sure that the first shocks of
August 9 and August 11, 1953 occurred along a SSE-NNW fault (Léngs-
brush) separating the islands of Cephalonia and Ithaka. There are some
indications that the Islands of Cephallonia, i.e. the southwestern block,
was moved upwards. On the other hand, a geological consideration urges
me to believe, that the main earthquake of August 12, 1953 occurred
éJlong an ENE-WSW fault (Querbruch) separating the islands of Cepha-
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1953, Aug.® 1953, Aug. 1
H=07:41:08; 383N 208°F H=03:32:22; 38.3'N 20.8E
M:6.5 M:6.8

1953, Aug 12 1953, Aug12
H=09:23:52; 383"'N 208 H=06:08:01; 383N 208E
Ms72 M:=55

1953, Aug.13 1953, Aug.12
H=03:22:06; 383N 208'E H=12:05:21; 38.0°N 210E
M=55 M36.2

1963,0ct.21 1953, Aug.12
H=18:39:52; 383N 20.8'E Ha13:39:20; 380'N 210°E

|

|

l M=56
Meos | ]

|

|

|

N217
1953, Aug.12 1966, Mar: 28
H=16:08:30; 38.0°N 210’E H:07:40:02; 36N 20.8°E
Ma 5.5 M=6.1

Fig. 5. — Focal mechanism solutions for Cephallonian earth-
quakes : A) earthquakes with o — plane dextral; B) earthquakes
with a — plane sinistral.
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llonia and Zante, and that the southeastern block was moved WSW.
Both faults are submarine”.

The dipping in the first group for a-planes which were adopted as
faults is to the SE and the b-planes are dipping to the SW. In the shocks
of the second group and in the recent earthquake of 1968 the b-planes
that have been adopted as faults are dipping to the SW.

N

Fig. 6. — Motivating force in Cephallonia is WN—ES pressure.

Under ordinary theories of faulting the motivating force would be
WNXN-ES pressure as shown in figure 6.

It must be mentioned here that the earthquake with code number 16
was not included in any of the two groups because its epicenter is rather
to the west.
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In conclusion we can say that in Cephallonia may be we have a
conjugate system of faulting.

In the case of Zante earthquakes with code numbers 11, 12, 13, 14,
15 we have reverse (solutions in fig. 7). The nodal planes have a tendency -
to directed the plane a to the E—W and the plane b to the N—S as in
the case of Cephallonia. The intermediate focal depth earthquake of

N213
)
1959, Dec. 1
H=12:38:49; 37.3°N 20.2°E
Ms5 32

1958, Aug.27 W ﬁ -
Fig. 7. — Focal mechanism solutions for Ha1516:34:37.4°N 20.7E «
Ms65
earthquakes occurred on and near Zante. N214

s
1962, Apr. 10
H=21:3713; 37.6°N 20.{E
Me63

1959, Nov. 15 | 1962, Apr. 11
He17:08:41; 37.8'N20 5°€ H#10:47:31; 37 5°N 20.2°2
ns100; M»70 Ma57

1959 is in the same epicenter with the shallow one of 1958 but the planes a
of these earthquakes have an opposite movement.

RADIATION PATTERN AND ISOSEISMAL MAPS

It has been suggested (Delibasis)? that the elongation of the
isoseismal maps of the intermediate earthquakes in Greece may be
ascribed at least partly to the space direction of the kinematical axes ¢
and A.

When § wave data were sufficient the polarization angles of the
transverse waves indicated that the corresponding eartquakes were
originated from the action of double couple. In such a case the radiation

®Delibasis N. Focal mechanism of intermediate focal depth earthquakes in the
area of Greece and their intensity distribution. 1968. Thesis Univ. of Athens, 105 pp. (in Greek).
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pattern of the transverse waves in four lobes is along 4 and C and of
the longitudinal P waves is along P and 7. Taking into consideration
that after some distance the macroseismic effect is due to the transverse
waves, we may compare the radiation pattern at the foci to the shape
of the isoseismal map in cases where the axes 4 and C are almost hori-
zontal. Consequently it must be expected that the isoseismal maps are

F2d

o

(B,
3
N,

2

b
A
LW

pa*

KREMASTA e 0

168, February 8; 04°N 2U°L

Ma02:01:483; Ne18km, Ms3.8 0/ %

Intonsities on Msrcalll scale . AN

i - o
® Epiconter . &

A e T

Denigned by O. Levedars z r

ar 22’

Fig. 8. — Isoseismal map for the shock of Kremasta.
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of cyclic type. By careful examination of all isoseismal maps we observed
that some are of cyclic type with rare secondary radiation effects.

Only two isoseismal maps are presented in figures 8 and 9 for the
earthquakes of Kremasta and of Megalopolis in 1966. In the case of
Kremasta the cyclic type is obvious. There is also a secondary maximum
to the direction of NE but this has no any relation to the orientation of
A and C axes that is to the unsymmetrical radiation of § waves.

20 21 ' 23 24 20’
X J
Trikelo
.
e Kar'dll o y,.“\
i ]
. Jr__\ \ !
= AN
e Ag'lmcn e — -\ !
= LT et
e’
e
37
V7
MEGALOPOLIS
1988, Septemd. 1, I29N. 221%
He14:22.389, A 1345hm, Ms8 O
Intenaits On Mercoli scole
s
@ Eprcenter
l ] 20 a0 80 amy
T ——t——
? Designed by P . Stamoy .‘*
‘ 23 2y 24 28

Fig. 9. — Isoseismal map for the shock of Megalopolis (1966).
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In the case of the shock occurred in Megalopolis (Sept. 1, 1966),
the intensity was maximum along a line trending north-west-southeast
and passing a few kilometers northeast of Megalopolis. To the east of
this line the intensity was found to fall off very rapidly, perhaps because
the area east of that line had suffered very little damage from the previous
earthquakes and man-made constructions were almost intact (Ambra -
seys, 1967). To the southwest of Megalopolis the intensity decreased
less rapidly and it showed isolated pockets of high intensity at distances
of up to 30 km from the epicenter. The comparison between radiation
pattern and isoseismal map is difficult in this case due to the fact that
A and C axes are not horizontal.

CONCLUSIONS AND SYNOPSIS

In the study of the focal mechanism of some strong earthquakes
occurred in Western Greece data of first motion of P and PKP waves
have been used. All these solutions have been determined by using a
program of Wieckens in a control data 3300 computer. With only three
exceptions for which there are sufficient available shear waves data and
the polarization angles indicate that the model IT (double couple) is pre-
dominant, in all the other cases it was impossible to determine the type
of the model. The double couple model which finally was adopted here
does not define which of the two nodal planes of P correspond to the
fault plane. We removed this ambiguity through the comparison of the
nodal planes with regional morphological and geological features as well
with the shape of the corresponding zone delineated by the epicenter
distribution.

In some cases focal mechanism solutions obtained from long period
P-waves data were found to be almost similar with solutions determined
from mixed reliable data (LP and 8P Seismograms).

In most cases normal faults are associated with tension and reverse
faults with compression but there are exceptions from this general rule.

Careful examination of the focal mechanism solutions of 12 shocks
in and very near to Cephallonia revealed that all are reverse with one
exception. In all these solutions from Cephallonian earthquakes, one
nodal plane which was adopted as plane a has an orientation to ENE
direction while the other one b-plane is oriented NNW. These results
are in good agreement with a recent detailed tectonic investigation. In
Cephallonia it is very probable to have a conjugate fault system consisting
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of two main faults. The shocks in Ionian Islands were produced by
compression.

Emphasis was given to the focal mechanism of Kremasta earthquake
because this main shock with the fore and aftershock activity is related
to the water loading of the artificial lake at the Dam of Kremasta. It is
interesting to note that the dip-slip components of the motion are such
that the lake is situated on the downthrown block.

We tried to draw some inferences regarding the focal mechanism
of main shock and its relationship with the mechanism of aftershocks.
Although in some cases the sense of first motion remained rather unchanged
and this suggests that the mechanisms of the main shock and aftershocks
are similar, this is not a general rule as it was concluded from some other
results of the present study.

An attempt was also made to correlate in some cases the focal
mechanism solution to the distribution pattern of the macroseismic effects
when the kinematical axes 4 and C were determined almost horizontal
and under the assumption of double couple model. Taking into account
that after some distance the macroseismic effect is due to the transverse
waves, we concluded that the fault plane solutions may account for the
approximately circular shape of the isoseismals.

Acknowledgements

The authors are very grateful to prof. A. G. Galanopoulos,
University of Athens, for encouragement and his valuable advice in
carrying out the investigations presented in this paper.

REFERENCES

Ambraseys N. (1967) The earthquakes of 1965—66 in the Peloponnesus, Greece; A field
report. Bul. Seism. Soc. Am., 57, Berkeley.

Comnikakis P, Drakopoulos J., Moumoulidis G, Papazachos B
(1967) Foreshock and aftershock sequences of the Kremasta earthquake and their relation
to the Waterloading of the Kremasta artificial lake. Ann. di Geof., 21, Roma.

Dewey J, Bird J.(1970) Mountain belts and the new global tectonic. Jour. Geoph. Res.
75, Richmond.

Drakopoulos J,Srivastava H. (1970) Investigations of the aftershocks of July 4,
1968 earthquake in Epidavros. Ann. di Geof., 23, Roma.



192 J. DRAKOPOULOS, N. DELIBASIS 24

Galanopoulos A.(1963) On the mapping of the seismic activity in Greece. Ann. di Geof.,

16, Roma
— (1967) The seismotectonic regime in Greece. Ann. di Geof., 20, Roma.

Honda H. (1957) The Mechanism of the Earthquakes. Sci. Rep. Tohoku Univ., ser. 5§ Geoph.,
9, Japan.

McKenzie D. (1970) The relation between fault plane solutions for earthquakes and the
directions of the principal stresses. Bull. Seism. Soc. Am., 59, Berkeley.

Papazachos B, Delibasis N. (1969) Tectonic stress field and seismic faulting in the
area of Greece. Teclonophysics, 7, Amsterdam.

Ritsema A.(1969) Seismotectonic implications of a review of European earthquake mecha-
nism. Geol. Rundsch., 59, Stuttgart.

Scheidegger A. (1964) The tectonic stress and tectonic motion direction in Europe and
Western Asia as calculated from earthquake fault plane solutions. Bull. Seism. Soc.
Am., 54, Berkeley.

Shirokova E. (1967) General features in the orientation of principal stress in earthquake
foci in the Mediterranean— Asian seismic belt. Izvestia, 1, Moscow.

Wickens A, Hodgs on J. (1967) Computer re-evaluation of earthquake mechanism
solutions. Publ. Dom. Obs. Ottawa, 103, Otawa, Canada.



ANALYSIS OF THE SIGNS OF FIRST IMPULSES IN THE CASE
OF A THREEDIMENSIONAL STATION NETWORK

B

SOFIA DROSTE, ROMAN TEISSEYRE1!

Abstraet

Modern trends in local problems of seismicity privilege establishing seismographs
in the boreholes or inside the mincs or deep tunnels. From the point of view of local shallow
seismic activity such a station system forms a threedimensional network.

Analysis of signs of the P-waves fromn a nearby focus provides large possibilities such
as determination of an approximative position and depth interval and an appropriate fault
plane solution.

Thesc advantages of a threedimensional nctwork becomne effective when a system of
coordinate planes drawn from each station is cutting a seismic region into relatively small
parallelipiped blocks.

The examples based on the data from the Upper-Silesia are presented ; the computer
program is here adviced.

Space analysis of signs of P-waves can be effectively executed
introducing the definitions of domains as separated by the coordinate
planes z; = 0, y; = 0, 2; = 0 related to a station §;. Domains ¢ — 2; > 0
and #—&,< 0 are maiked by a symbol «, its value being 1 for  — 2,>0
and 0 for ¥ — 2; < 0. Domains y — y; > 0 and ¥y — y; < 0 are similarly
denoted by symbol B, and for 2 — 2, > 0 and 2 — 2; < 0 a symbol v, is
reserved. Product of domains is defined by symbols («;8;) or (o;B:v:)-
Domains determined by the coordinate planes drawn from the » seismo-
logical stations are given by the product :

(oty By ™) (o B2 00) 05 B Ya) - - - (tn B Yn) @
The product (1) with the given values of o, B;, v; determines in the unique

1 Imstitute of Geophysics, Polish Academy of Science, 3, Pasteur St., Warszawa, Poland,

18 — ¢. 930

jal
0
-
.
2k}
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way the corresponding domain. The number M of all possible values of
produets (1) is given by the formula ;

M =2 M=8"k=23) (2)

where : k is a number of dimensions. Due to the spatial relations between
the positions of all stations S;(«;, ¥,, 2;) some values of (1) can define an
empty domain in the given configuration of stations.

The number of really existing domains N is given by the formula :

N=@m+1Dk , N=(@n+1)3 (k=3) (3)

where : & is a number of dimensions. It is easy now to verify whether a
given product (1) is empty or corresponds to an existing domain in the
considering configuration of stations. We introduce three indexes for a
station §; according to its place in the increasing sequence of the values
x;, y; and z;: k, I, m. The indexes k are running according to sequence
O 8 TR (TS, Ty < o IV o oaneneons similarly indexes [ and m are defined
by the position of station §; in relation to other stations put in order of
sequence y; and z;. Each station is thus characterized by a set of three
number k, I, m : S;(k, [, m). For the case z; = z; and 7 < j the indexZk
is prescribed to the station S; and index k-1 to the station S;.

We can proove now the following rule: when indexes of two sta-
tions §; and §; are & and k41 then the corresponding values of symbols
«; and «; fulfil the inequality

oy < oy “4)

That is for «; = 1 symbol «; can be 0 or 1; for «; = 0 symbol «; can be
only 0. The domain for which holds «; > «; does not exist. Similar rule
is extended to the indexes and I, m related to the sequences y; and z,.

We assume now that the observational data collected at each station
provide us with the set of signs of first impulses of P waves. Sign 4 re-
placed now by the symbol 1 and sign — by 0 can be now arranged in a
similar way as product (1). That is for each station 8§, direction of P
wave impuls is given by a symbol [«; B; v;]. The set of these symbols
forms observational data for a given earthquake. Let us consider a simple
example given on figure 1. Earthquake focus E is placed in the domain
(11) in relation to station §. The mechanism of this earthquake is charac-
terized by implosion — the first signs of. P waves recorded at station 8
are given by symbol [« P] with value [11]. Reversly this value [11]
directly determines the domain (11) of earthquake position providing
that the mechanism is of an implosion type. In general symbol [11] of P
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wave signs can reffer either to focus E in the domain (11) — implosion,
or to focus E’ in the domain (00) of an explosion type. We can finally
express this by the another procedure. To a symbol [« B] for P wave
we prescribe the operator (4 ); operator 4 does not change the value
of « and § while operator — change value 0 to 1 and reversely value 1
to 0. Thus symbol (—) [11] = (— 1 — 1) equals to (00). The meaning

3
\ E
./
et \

Fig. 1. — Example of two possible types of .
mechanism — one station. AR X
\ S
~ N

of these two symbols is however different : (—) [11] denotes the observed
P wave signs and the mechanism of explosion type, while symbol (00)

denotes position of the corresponding focus.
This simple example shows the possibility of generalization. Symbol

[ B val [ B2 Yol « -+ [%aBrYal ()

presents the set of P wave signs. Symbols
(+) [oaPrra] logBovs] - oo [otnBrval = (6)
= (1B1Y1) (@%aB2Ya) - -+ (nBnvn) (6a)

determine the domain of a focus assuming its mechanism as implosion.
Symbols

(=) [Biv1] (=) [eaBaYal o oo (=) [@aBrYn]l = @
=>(_“1"BI—Y1] (““2“62"‘Y2) 0bo (—an—ﬁn_Yn) (73)

are understood as explosion and the domain in which the explosion takes
place is given by the product (7a) in which the operators (—) have changes
all values of «, 8, y. The general mechanism of a focus is now defined as
gource emitting compression waves and dilatation ones in different direc-
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tions. At given station we record from focus an effect of imploson or
explosion.

This general mechanism can be presented by the symbols

(£) TouByvil (£) [oaBavel - - o () [0aBpYa] = (8)
Dol tv) (Lot Bytyy) - (Fond By Ys) (8a)
e

Fig. 2. — Example of two possible
/ ! types of mechanism — two stations.

X

T \(«xz Bz)

The sequence of the operators (4-) before each symbol [«;B; ;]
determines the type of possible mechanism. The value of symbol (8) aftey
operators (4) have changed the appropriate values «, 8;, v; (8a) define
the domain of the corresponding focus.

We shall return to twodimensional example with to station § and T
(fig. 2). At the station § the P-wave is characterized by a symbol [« §,] =
= [11]; at the station T the P-wave is recorded as [«pB,] = [10].
Symbol (—) [&; B;1](—)[«; B,] defines explosion and focus & in the corres-
ponding domain (00)(01) — Figure 2 symbol [« $;](—) [«, B,] defines
a focus with nodal plane running between station § and T and the value
of this symbol (& B,) (— oy — By ) = (11) (01) defines the domain in
which the corresponding focus E’ is placed.

Operator (—) between the following stations in (8) means thus that
between these stations a nodal plane is assuned.

Now we shall define the procedure how to determine the possible
types of mechanism and possible domains in which foeus can be found.
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First we take into consideration different types of mechanism
presented by all possibilities given by the operators (4) and expressed
by general form (8). For each case of mechanism we shall find the value
of corresponding symbol of domain (8a). According to the procedure
summarized by the inequality (4) we shall now verify whether the symbol
of domain corresponds to a really existing region in our configuration.
Possible solutions are given by set of the existing domains in which focus
could be placed with an appropriate mechanism determined by the se-
quence of (-4) operators. Certain geometrical limitations for types of
possible mechanisms are not considered in this paper.

As the example we will consider three stations for which z, = =, =
= @4, Y, = Yy = Y5 a0d 2, < 2, < 2, (vertical station system). The obser-
vational data gives for P-wave sequence of symbols

[ oy By o) [oeg Be val Loy By v5) = [111] [000] [110]

Mechanism () [111] () [000] (+) [110] corresponds to the domain
(111) (000) (110) which does not exist — compare formula (4). Explosion :
(—) [111] (=) [000] (—) [110] = (000) (111) (001) is not possible because
oy > oy and B, > B,. Similarly we can proved that all other types of
mechanism are not possible exept two following :

(—) [111] (£)[000](£)[110] = (000) (000) (110)
(=) [111](-+) [000](—) [110] =) (000) (000) (001)

For the first and second case a nodal plane runs between station
S, and 8, while the corresponding focus positions are between §, and 8§,
for first and below 8, for the second case.

The problem discussed in this paper presents special interest when
using computer program.
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LABORATORY INVESTIGATION
OF PROCESS OF CRACK PREPARATION

BY
OLGA SHAMINA??

Laboratory investigations of crack preparation and forerunners of
fracture connect with the problem of earthquakes prediction because
tectonic earthquakes are the result of fracture of rock masses under the
action of accumulated elastic stresses.

According to modern ideas focal region develop into various stages :
increasing of elastic stresses, appearance of local fractures, development
of these fractures at first slowly, then quickly and at last avalanch-type
stage whan number and dimensions of fractures increase to the extent
that interaction and connection of fractures begins.

Connection of some fractures leads to formation of one or several
main fractures and relief of tension of smaller fractures. As a result of
this process deformations concentrate to the plane (or narrow zone) and
the earthquake starts.

To predict the moment of the earthquake start it is necessary to
have an information about mentioned stages. As one from methods for
needed information to obtain sounding of focal zone by seismic waves
may be used (Fedotov et al, 1970; Myachkin et al, 1972).
But interpretation of observed wave pattern is very difficult and not
gimple. Therefore it is usefull to investigate the process of crack prepa-
ration in laboratory and establish a connection between of stages of this
process and change of characteristics of elastic waves propagating through
the region of future crack.

In this report the first results of such investigation by means ultra-
sonic waves are presented.

1 Institute of Physics of the Earth, Academy of Sciences of the USSR, Moscow, USSR.
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We used the samples of artificial material having been made in the
form of a plate or a prism with dimension 100 x 100 x 10 +— 40 mm.
The samples were under one-axial pressure. The small thin slit in the
centre of a sample was used as concentrator of stresses which predetermined
the place of possible cracks. Whether it will be the tensile crack or the

pr—

Fig. 1. — Examples of tensile cracks in samples

d b of hiposulphite (a) and alabaster (b) and shear

cracks in samples of paraffin under slow loading
(¢) and rapid loading (d).

shear one it depends on properties of material. In figure 1 some examples
of tensile and shear cracks in the destroyed samples are shown. In figure 2

a b

G, + G,

Fig. 2. — a — theoretical isolines of average stress g =, in plate with slit

under one-axial pressure P; shaded area corresponds to 6 <0. b. — trajectories of main
stresses O3, O and maximum shear stress T at the end of slit.
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3 LABORATORY INVESTIGATION OF PROCESS OF CRACK PREPARATION 201

theoretical isolines of average stress and trajectories of main normal and
maximum shear stresses are given. They explaine observated cracks
rather well.

In our experiments pressure, longitudinal deformation, amplitude
and time of propagation of P-waves were recorded. The start of the crack
propagation was fixed by break of the electroconductive strip. The strip
had been putted on the surface of the sample in the place of beginning
of future crack.

The results of carried out- experiments are following.

The preparation of the tensile crack was not followed by changes
of amplitude and time of propagation of P-waves if a sample was made
from plastic material such as paraffin or sealing wax. The tensile crack
was always forestalled by strong decrease of amplitude and small increase
of time, provided a sample having been made from a brittle material

Fig. 3. — Results for a sample of alabaster:

vressure P, longitudinal deformation €, amplitude 4 and arrivaltime
~ of ultrasonic waves as functions of the time of experiment ; thick linés corres-
pond to waves passing through the region of crack preparation, thin — to waves
passing over this region; big arrow points the starting of crack. Above — the
cxperimental set up, S — source and R — receivers of ultrasonic waves.

except very homogeneous crystal one. The forerunners of distruction
have been observed in alabaster, gyps, hyposulphite, sealing-wax, plex
and epoxydresin. In figure 3 the results for alabaster are presented.

One can see that pressure and deformation practically becomes
constant after 25 s and the tensile crack starts under conditions of very

\ : . i :
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small change of pressure. Amplitude of P-waves passing through the
region of future crack starts to decreas long before the start of crack.
But amplitude of P-waves passing over the region of crack preparation
is not changed at all. It can be explaned the process of formation of micro-
cracks and possible plastic deformation changing the conditions of waves
propagation took place only in the region of crack preparation. This
process turns into avalanch-type stage — amplitude decreases very

TEE;NM :

0 oS e N o W

ﬂﬂzﬁ/"\/b\/.: .
87 : N
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Fig. 4. — Results for a sample of alabaster under cycle loading.
Symbols are the same as in figure 3.

quickly — and then it complets with the formation of macrocrack. Break .
of registration of ultrasonic waves and disappearance of the electrocon-
ductivity of strip correspond to this moment. It is interesting arrival
time of P-waves changes during of crack preparation very little.

Usually in our experiments samples were not destroyed completely
and after unloading the crack was not visible as a rule. But does it mean
the healing of microcracks? To examine this question we carried out the
experiment of cyclic loading. In figure 4 results are given.

In this case amplitude and time of P-waves passing over the region
of crack are also practically not changed.

Amplitude of P-waves, passing through the region starts to change
in the first cycle, but after unloading amplitude was partly restored
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consequently microcracks were partly healed. From the second cycle
to the third one the changes of amplitude were not observed. Only after
unloading in the forth cycle amplitude kept to decrease and time kept to
increase. It means the avalanch — typs stage which was completed with
formation of the maecrocrack.

Thus the strong decreasing of amplitude of P-waves propagating
through stressed medium is forerunner of start of the tensile crack in
this medium. The behavior of the amplitude of P-waves can be used for
the prediction of start of tensile crack.

It was interesting to determine the dimensions of the region of micro-
cracks and other changes in material which surrounds the crack. For this
purpose we observed the propagation of ultrasonic waves across the sample
at different distances from crack. The result is the width of the region
at the beginning of the crack is about 15—20 mm, if the visible length
of the crack is about 20—30 mm. Considering, that the length of P-waves
is 6 mm the next conclusion may be drawn : the region of crack prepa-
ration may be discovered by means of waves with lengths of the same
order, as the very region.

The shear crack was stably observed only in paraffin. The start
of the shear crack was always forestalled with strong changes of the
amplitude and the arrival time of P-waves. Consider at first the slow
loading. In this case, as a rule, two cracks are prepared : one — in the slit
direction and another — normal to slit. Sometimes both cracks realize,
sometimes one of them. In figure 1¢ the photo of paraffin sample is
shown, in which the crack in the slit direction was the first to realized.
The results of this experiment in figure 5 are given.

In the beginning of the loading the tensile crack arouse. It was
forestalled neither with change of amplitude, nor with change of arrival
time of P-waves. On the contrary the shear crack is anticipated with
decreasing of amplitude and strong increasing of time of P-waves imme-
diately before the starting of the crack. The formation of microcracks
and plastic deformation which are the cause of these changes is visible
very well at photo as dark region. This region was much smaller, if the
pressure increased with large rate, as it was in case of the cycle loading.
The photo of the destroyed in a such way sample is given in figure 1d.

The obtained under cycle loading results are presented in figure 6.
As it was shown above in experiment with alabaster, amplitude and
arrival time of P-wave were partly restored in period of unloading. The
increase of arrival time of P-waves before the origin of the crack is stronger,
than decrease of their amplitude. The time of rapid change of amplitude
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Fig. 5. — Results for a

sample of paraffin under slow loading. Symbols are the same

as in figure 3. The first arrow points the starting of tensile crack, the second

one — of shear crack.

0 o W : '

; 2 W W b
Fig. 6. — Results for a sample of paraffin under cycle loading
Symbols are the same as in figure 3. The arrow points the

starting of tensile crack.
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and time before the arising of the crack is shorter than in previous case,
when pressure was practically constant. Thus rapid increase of arrival
time of P-waves is the expressive forerunner of the shear crack. But the
time interval where the arrival time increased depends on the rate of the
loading. This interval is shorten with the increasing of the rate of the
loading.

It is interesting to compare our results for paraffin with them for
samples of rock. From experiments carried out by Dr. Tomashev-
skaja it follows, that character of destroy of rock depends on the rate
of loading. Under slow loading in samples marked shattered zone surroun-
ding shear crack forms. Under rapid loading such zone is absent. The time
interval of large change of various observed parameters (electroconducti-
vity, frequency of sound pulses, the velocity of ultrasonic waves and
other) before destroy of a sample is the shorter the loading is larger. The
similarity of the above behaviour of paraffin and rock before destruction
points the similarity relaxation properties and bring model investigation
nearer to real processes.
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INHOMOGENEOUS STRESSES FIELD IN THE EARTHQUAKES
SOURCES OF DIFFERENT MAGNITUDES

BY
0. V. SOBOLEVA, G. P. SHKLAR, E. E. BLAGOVESHCHENSKAYA !

In present report the results of earthquakes’ mechanism investi-
gation are presented.

All earthquakes occured in the central part of Tadjikistan from
1959 up to 1969 with M more than 2 1/2 were considered. The mechanisms
of 364 earthquakes were determined which make about 809, of all
earthquakes of that period. The data were complete enough to describe
the most typical trait of stress field. We also had some mechanism solutions
for previous years (from 1955 to 1958) (Kuchtik o va, 1960) and on
the whole the mechanism solutions of 426 earthquakes were investigated.

First of all it was interesting tomake clear the stress field in the
largest earthquakes, because they provide information on the state of
stress within all region. The largest earthquakes of that period had M =
=41/2 and M = 5.

Figure 1 shows the fault plane solutions of these earthquakes.
Projections on the upper part of Wulff-set are situated near epicentres.
In the right lower angle projections of stress axes are shown. As is seen
the compression axes in all foei are nearly horizontal and are directed
to north or northwest, e.g. across the geological faults. Other two axes,
tension and intermediate, interchange their positions. In the most part
of earthquakes tension axes are nearly vertical, the intermediate — are
nearly horizontal and parallel to geological faults. In some sources the
former becomes nearly horizontal, the latter — nearly vertical. Thus, we
can expect after Vvedenskaya (1969), that magnitudes of inter-

mediate and tension stresses are nearly equal.
£

1 The Institute of antiseismic construction and seismology, Aini 121, Dushanbe, USSR
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[

The state of stress, therefore within the region in quastion is nearly
horizontal compression in the north or north-west direction.

Under these conditions, the mechanism of the most earthquakes
indicate thrust faulting (dip-slip motion with the hanging wall moving
up with respect to the foot wall) and of some earthquakes — transcurrent
faulting (pure strike-slip motion).

S

. — ——————

Fig. 1. — The fault plane solutions of earthquakes with 3/ = 41/2—5. Wulif’s projec-
tions, upper hemisphere :
P, compression axes; T, tension axes; B, intermediate axes; 1, geologleal, faults; 2, seismic stations

These data are in agreement with geological conceptions (Zakha -
rov, Bune, 1962).

Figure 2 shows types of faulting for smaller earthquakes. Their
magnitudes are 21/2—4, Only about 609%, earthquakes mechanism indicate
thrust or transcurrent faulting. The rest indicate dip-slip motion with
the hanging wall moving down with respect to the foot wall. Sykes
and his collaborators (1970) called this type normal faulting, but for our
region it is rather abnormal and we call it throw. This type of faulting
was not discovered in the foci of large earthquakes.
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Fig. 2. — Types of faulting in the small earthquakes sources :
1, the locations of earthquakes with the depths down to 10 km (a-thrust,
b-throw) ; 2, the locations of earthquakes with the depths deeper than 10 km
(a-thrust, b-throw); 8, the region with the different types of faulting for the
different depths: 4, the boundar'es between the different types of faulting

{a-certain, b-expected); 5, seismic stations.
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Fig. 3. — The locations of transcurrent mechanisms.

1, geological faults; 2, seismic stations.
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As for transcurrent faultings the earthquakes of this type are not
situated all over the region but near some geological faults, as you can
see from figure 3. Geological observations confirm the presence of shift
displacement along these faults (Zakharov, Bune, 1962).

Small earthquakes with different types of faulting are divided in
space (fig. 2).

The earthquakes under consideration have different depths from 2
to 35 km. Unfortunately, for lack of data we couldn’t get the pictures
for each depth. But we divided all earthquakes in two parts : the first —
down to 10 km depth and the second — deeper than 10 km. This division
has geological meaning because in our region the thickness of sedimentary
layer is about 10 km.

As is seen from figure 2, in the most part of the region the single
type of faulting is observed in both depths but in the central part the

O —1 .

® —2

=

A —5 \

Fig. 4. — The locations of earthquakes with M = 41/2—5 and boundaries between the
areas with different types of faulting.
1-,mecanisms s known (1955 — 1969); 2, mechanisms {s unknown (1950~ 1958) ; 3, the region with the different

types of faulting “for the different depths; {4, the boundaries;between the different types of faulting (a-certain,
b-expected) ; 5, seismic stations.
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throw faulting is predominant down to 10 km and thrust faulting — deeper
than 10 km.

Figure 4 shows the boundaries between different types of faulting
once more.

As it was previously mentioned the fault plane solutions of small
earthquakes since 1955 were used for the investigation of the types of
faulting. The locations of large earthquakes (M >4 1/2) since 1950 are
shown on figure 4. There mechanisms from 1950 up to 1955 were not
determinated for lack of data. Apart from time occurence the most part
of large earthquakes took place near the boundaries.

The stress field therefore when being homogeneous in the earthquake
sources with M > 4 1/2 has become inhomogeneous and complicated in
the smaller one.

Thus the investigation of the stress field in the small earthquake
sources may be used for prediction of areas where large earthquakes can
take place. The same results were obtained by Dr. Simbireva for
the neighbouring Garm region (Nersesov, Simbireva, 1969).

It is interesting to know wheather the stress field in the sources
changes in time.

It was difficult, however, to make it clear for all region because
of its complicated stress field, and for the local areas because of little
number of earthquakes inside each of them.

The problem was considered only for the most active seismic zone
in the central part of region. This zone was shown on figure 2.

We were obliged to use numerous small earthquakes with the mag-
nitude less than 2 (K = 6—8). There is, however, other difficulty — the
failure to determine the fault plane solution for individual earthquakes.
We used, therefore, the well known method of determination of the
average mechanism for the group of earthquakes (Aki, 1966; Mis-
charina, 1969).

Figure 5 shows the example of determination in question. The
groups include different number of earthquakes — from 2 to 21. The
mechanism of 196 events were under consideration. Most part of them
indicate thrust faulting, 189, only indicate throw faulting. In some cases
(24%,) we couldn’t define the type of faulting.

There were three large earthquakes (M = 41/2—5)inside the zone.
Hence we could follow the change of stress field under the influence of
large earthquakes.
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On figure 5 all earthquakes which occured inside the zone are shown.
The dimensions of circles are corresponding the energetic classes and
are located along the time axe in the moment of the earthquake oceurence.

You can see that from 1960 to 1965 there were both types of faulting
and earthquake with K = 12 in 1963 didn’t change the stress field. From

o Moy
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Fig. 5. — The examples of average mechanisms determination and the change of stress
field in earthquake sources in time.
1, thrust faulting;2, throw faultings ; 3, type of faulting was not determined.

the beginning of 1963 up to August 1966 when the earthquake with
K = 13 took place, these were only thrust faultings and during the follo-
wing 4 months there were only throw faultings. There are no aftershocks
on this figure. In 1967 there were both types of faulting, in 1968 — one
type — thrust (except 2 events) and in January 1969 there was another
large earthquake with K = 13.
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Unfortunately we hadn’t observations after January 1969
in this zone.

Thus the large earthquakes influence the state of stress in the foci
of small earthquakes. The complicated stress field becomes homogeneous
before and changes after large earthquakes.

This is only an example of how the investigation of stress field
may be used for prediction of the time for large earthquakes and this
seems to be considered.
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EARTHQUAKE PROCESSES IN A MICROMORPHIC CONTINUUM
BY
ROMAN TEISSEYRE!

Abstraet

The paper introduces a new model of earthquake processes based on the theory of micro-
morphic continua. The processes in a focal region are described by deformations of micro-
structure in time.

It is assumed that the fracturing processes as well as phase transformation or meta-
morphic phenomena have caused in the past certain non-reversible changes in the Earth
material which determine the microstructure of focal region. These internal microstructural
elements form the attaching points around which the couple stresses arise. The properties of
focal region arc determined by the constitutive equations.

The micromorphic mechanics considers the existence of body couples as determined by
a regional stresses and looks after a response field of stresses, stress moments and strains in
the focal region. Further, it is explained how microdislocation field is connected with micro-
deformations and icromorphic structure.

In the considered earthquake structure model a microanisotropy is assumed through the
tensor of microinertia. This tensor describes a distribution of microelements.

Simple solutions of wave processes in a focal region are presented. The dispersion of
waves is discussed.

At the beginning of our century brothers Cosserat have deve-
loped a new theory of elasticity. They assumed that at each point of
continuum three vectors — so called directors — characterize the mecha-
nical and structural properties. The deformations became more reach ;
not only the displacements but also the rotations of these directors were
taken into consideration.

1 Institute of Geophysics, Polish Academy of Science, 3, Pasteur, St., Warszawa, Poland,
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In the last ten years a considerable amount of papers (Suhubi,
Eringen, 1964; Eringen, 1969; Eringen, Claus, 1970)
has been devoted to these new theories of continua, sometimes called
nonclassical theories, or nonsymmetrical ones. The last name is due to
the fact that in the C o s s er a t theory the stress tensor is not symmetric.
But this is not true for all possible class of nonclassical theories. To this
point we will return again. Further on it has been shown that the new
formulation of nonclassical theories does not require a notion of directors.
It is enough to assume the existence of a kind of microstructure of
continuum.

Cosserat theory of directors corresponds to the micropolar
theories in which grains canrotate. Further on themore wide class of theories
have been elaborated in which grains or some microstructural elements
permeating a continuum can not only rotate but can be deformed in a
tensor way, that is differently in different directions. Thus, the so called
micromorphic theories would correspond to Cosserat theory of
deformable directors.

Theory of continuum with microstructure presents a great interest
for seismology. It seems that we can by this way approach closer to the
real conditions of structures and their deformations in the Earth. The
deformations in a micromorphic theory are represented not only by the
displacement vector u;; but here enters a new tensor which describes
deformations and rotations of microelements or grains. This is a micro-
displacement tensor ;.

: . 3
The deformation can be now expressed by strain tensor e¢; = 3
(%; + Uy;), microstrain tensor ¢, = u;, + %, and by microdislocation

deHSity %y = — Can Prn,me

The stress measures are described by stress tensor #; (not necessary
symmetric), microstress tensor s; and stress moment tensor 3,,. The
stresses form in general stress couples acting on volume element of con-
tinuum.

Relation between strain measures and stresses defines material
properties. In micromorphic theory there enters into the constitutive
equations a greater number of material constants. Together with the
Lamé x ,p we will have the following ten constants: <, &, 9, %, v, @, b, ¢
(Teisseyre, 1972).

A theory is considerably simplified assuming rotations of grains
only. In this case microdisplacement tensor can be reduced to a vector
of rotations (micropolar or Cosserat medium).

Institutul Geologic al Romaniei
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For seismological problems, especially when considering a focal
region and its deformations, it seems that a micropolar theory is
not adequate.

In the present paper I propose the model of an earthquake focus
as represented by micromorphic continuum assuming special conditions
put on the forces and couples. It shall be mentioned here that the external
action is in the equation of motion represented here not only by the body
forces f; but also the body couples I;. The assumptions are now the
following :

a) The rotation moment of body couples vanishes: [, = [, that is

1
Z[ik] = '2_ [lik = Zki] =0

b) The rotation moment formmed by the divergence of stress moment
vanishes : Ay, = Ay, that is A 4, = 0 This condition -means
that stress moment tensor forms zero rotation moment on a volume
element.

The first condition expresses that external action can be described
by stresses which are exerted by a surrounding on the focus region.

The second condition can be satisfied identically by a suitable choice
of the material constants in the constitutive equations. In this case ten
unknown constants are reduced to the quantity of seven. These constants
shall be choosen in such a way as to describe a complicated internal
structure of a focal region.

In the balance equations of micromorphic theory there enter also
some other quantities ; we will mention here a tensor of microinertia I,,.
The grains or microelements differ in general by its density p’ in com-
parison to base density p. We assume that only diagonal elements of a
microinertia tensor differ from zero. Let us take the component I, its
definition is a follows :

Y o
lo=€ lim ) T ___(5%+7)
Av g

where: Av; — are the volumes of microelements in an element Av;
(# + 2" — are the distances of microelements to a
mass center of a volume.

The microinertia tensor plays also an essential role in the deforma-
tion pattern.

In the first approach the linear equation has been solved for a
plane wave propagation.

_f L_ Institutul Geologic al Romaniei
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The interesting dispersion for two types of shear waves is observed
and three types of longitudinal waves appear. The detailed study of
dispersion character could be perhaps grained by special technics of near
earthquake observations.

At the present moment we like to mention only one interesting
result. We mentioned above that the basic idea concerning the processes
in a focus region and its properties is that : )
a) external field acting on focus region is exerted by symmetric body

couples — that action can be given by external regional stresses;
b) stress moment tensor forms zero rotation moment of stresses acting
on a volume element.
When solving the motion equations for a micromorphic continuum we
get the solution for strain tensors (strain, microstrain, microdislocation)
or displacements #; and microdisplacement ¢,,.
For plane wave solution we get among others that :

P2 F P ¢ Ppgy ™ Pu (I — Inp)
P13 F Pgyy Pra1y == Pa1 (g — Iy)
Ps2 F Paz ¢ Prog) = Pas (I — Isg)

It means that even the stresses give zero rotation so deformations form
microrotation as given by microdisplacement ¢,.

This explains that for the continuum defined above for a focal
region, the state of deformation can include microrotations. This is due
to differences in inertia properties of microelements permeating con-
tinuum. These differences give contribution to rotation of elements as
it is shown by rotational part of microdisplacement tensor ¢ ;;;. The full
extent of this study will be published in Pure and Applied Geophysics.

REFERENCES

Eringen A.C. (1968) Theory of micropolar elasticity. Fracfure, Acad. Press, 2, New York,

London.
— Claus Jr. W.D. (1970) A micromorphic approach to dislocation theory and its

relation to several existing theories. Fundamental aspects of dislocation theory.
Naf. Bur. Stand. (U.S.) Spec. Publ., 317, II.

Suhubi E. S, Eringen A, C. (1964) Nonlinear theory of microelastic solids-II. Inf.
J, Engng. Sci., 2, Oxford.

Teisseyre R. (1969) Dislocational representation of thermal stresses. Acfa Geophys. Pol.,
17, Warszawa.



PROPAGATING RUPTURE WAVE FIELD

BY

A. V. VVEDENSKAYA!

Using the mathematical techniques of the dislocation fracture
theory we shall apply the idea of continuous distribution of balanced
double couples on some surface showing the continuity of elementary
defects in the structure of the medium on the fracture surface.

The peculiarity of the source which represents the formation of
continuously distributed double couples is that it is equivalent to conti-
nuously distributed single couples with moments oriented in the source
surface and to the forces on the contour acting normally to the surface and
creating the balancing moments. Figure 1, where the figure plane cuts
normally to the rupture surface in the slip direction, illustrates this fact
for onme-dimensional space.

Fig. 1. — The peculiaritles of a source

consisting of continuously distributed
double couples.

Let the unit normal vector 2z to each elementary area of the surface
Z be oriented along the y-axis and the displacement discontinuity vector
du be directed along the z-axis. Then the density of balanced double

couples on the plane is given by the condition F,, = gim p'du through
u—>0

decreasing elastic modulus g’ (Vvedenskaya, 1969). If the contour

1 Institute of Earth Physics, Academy of Sciences, Moscow, USSR.
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of the surface X is not taken into consideration then F,, is equal to the
density of moments of single couples on the surface that act on the plane
in the slip direction. In this case the product w'du can be regarded as
a scalar equal to the magnitude of the vector u(8% x 7). It represents
the density of moments and is oriented along the wz-axis. However, if
the forces on the contour of the surface X are taken into account, then
the total moment of forces at the source vanishes and F,, represents the
density of that part of the free energy which turns into the energy of the
wave field of the rupture.

From this standpoint the source expansion process is revealed
as the motion of an expanding contour of the rupture due to the appea-
rance of new elementary slip areas. The work of balanced double couples
on the source surface can be reduced to a slip of one side of the rupture
to the other and to the displacement of fault contour. This work is a
quantitative measure of the energy, one part of which is released in slip
and the other constitutes the potential energy of the moving contour.
As the slip region expands, the potential energy accumulates on the
contour and is released at the instant when the contour stops moving.

Thus, a time distribution of energy release takes place at the source
with which the existence of the pulse train in the longitudinal and shear
waves is connected.

Let us consider a rupture surface in the form of an expanding circle
whose radius p(t) increases as vt attaining the maximum value v7,.
The peculiarities of the wave field of this source show that depending on
the ratio of fanlt (v) and wave propagation velocities there are different
mathematical solutions discribing the wave field for different regions
of the space.

Let us consider these solutions, denoting the velocities of longitu-
dinal and shear waves by a and c¢ respectively. If the displacement in
shear waves can be obtained by substituting a for ¢ in the expressions for
longitudinal waves we shall give the calculation for the longitudinal
waves only.

Inside the right cylinder (fig. 2) whose element is the source contour
there exists solution I defining the solenoidal pulse :
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Fys (c2—v)y =
2p,¢2 [V(AB—(2B—gF) (¢ — vB)—vot]. =

”s(y, l) =

(2o y
am pge [V (A& = (32 — y¥) (¢ — v¥) — v2]

= %Fw grad ¢, ds.

div Fy, grad ¢, = 0.

Fig. 2. — The regions of wave field
peculiarities under investigation.

Tt is connected with the work of vortex forces ¥, grad ¢, determined
by the density of moments F,, at the source and is diagramically shown
in figure 3 a.

v
; —a—< 1 solution IT exists in the rest of the space:

yz
—_— 4 G,(D],
oo o 1060 + Calt]

up (z, Y, z, ) = —

VRE Y + %) — 4%t [Qc (1) + GO},

ug (,4,2,0) =
i gt 4 wpoc? R?

where () and G(f) can be expressed as linear integrals

Q= — S 5 sl a(l)=s 6.4
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of the wvectors:

E) .
Q= 6—Fw sin g, grad r and G = grad F, sin g,

r

The expression sin ¢, is defined by v21% = 2 4 7,2—27,; r cos g,.
The functions

a%(t—=)? — gi4ry — vie?
2y — 2 =

r=Vai(l—=F - g¢ and g,= arc cos

R -\S‘
T
L F
fre——— &
Q
Fig. 3. — Theoretical seismograms for different
v
values of the ratio ——-
= a
&
|
6 (a
1
s
» o 8
! w0y
A ‘

for a definite range of values = determine the curve s from whose elements
the disturbances reach the observation point at the instant ¢, Here 7,
and r are the distances from the projection of the observation point on
the source surface to the source centre and variable integration point
respectively ; ¢, — angle between 7y and 7; B = |/r# £+ 42
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TrTRC g e
1e 8 g YO P F B, o g function Q(1) is defined as the
work (circulation) of force represented by @ over a closed curve, and
the function G(¢) vanishes. The value of @({) at successive instants is
given by the expression :

Q) = 2Fmma i [1 2 ] (z - fﬂ)

(a% — v?) Py R — 02 ] (a*R2— v*r®)R a

Thus the envelope of the pulse is a line whose slope is determined
by the velocity of rupture propagation and the position of the obser-
vation point with respect to the source plane.

It is evident that rot @ s 0 but rot @ . ¢ = 0. Therefore the forces
represented by @ are quasi-potential. We shall call the pulse caused by
them as quasi-potential pulse. The disturbing part of the source influences
the observation point as a system of forces with unbalanced moments.

15 Yoo —ap)+y“ st _Vﬂ“’;’i!if + 7, the curve s is open

and includes the source contour points. Now the funtion (¢) vanishes and
the nonzero G(t) is equal to potential difference at two points on the
source contour corresponding to given {. It can be expressed in the form :

Vo2 — (Vo= — & — ro)®

To

G (l) = 2F,,

and the potential pulse has a semi-elliptical shape. At the instant { =
SOl g
M + 7, the displacements in the potential pulse attain their
a
maximum values

Gm =2 p Fpir

Thus, the solution II gives a train of quasi-potential and potential
pulses in the longitudinal and shear waves shown in figure 3 b for three
different positions of the observation point with respect to the source.
The pulses can be increased upto three if we consider a double-bonded
source.

v
When: =1 the region of solution III coinciding with ¥ = 0 is

v
separated ; if # >1 — the region of solution IV, bounded by y =0
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and the surface of the right circular cone, whose slant surface forms the
a
angle arc sin—v with the y-axis (fig. 2). When =, = 0 theregion of solution

V stretches to the surface of the right circular cylinder. The solutions
III, IV, V differ from solution II in that the function Q(¢) determining the
quasi-potential pulse vanishes in them (fig. 3c).

The functions y2z and / r> (y? + 2%) — 4y*? insolution IT show the
direction of the motion in the source while the functions @(¢) and G(¢) show
the time distribution of the process of energy release in the source and its
predominant radiation pattern at the normal to the source plane.

The yz-symmetry of the expressions yz and ]/RZ(y2 + 22) — 4y%?
show the symmetry of the tensor of stresses in the foci.

The predominant type of stressed state in a seismic region is dis-
played in the regular orientation of stresses both in shallow and deep
foci if the latter exist in theregion (Balakin a etal.,1972). The medium
in the foci does not endure shearing stress. Under the stressed state,
slip process is developed in the planes of maximum tangential stresses.
The process reveals itself on the flat slip planes called earthquake foci.
The calculations above given show that this process can be investigated
by observing the earthquake wave fields.
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MICROSEISMS

MICROCLIMAT DE LA CAVE SISMIQUE DE SAINT-MAUR
PAR
PIERRE BERNARD !

On sait que les perturbations instrumentales des sismographes &
longue période (ondes Z de Gherzi, 1972, fig. 2) sont causées par des
courants de convection intérieurs & la cage (Bernard, 1947) provo-
qués le plus souvent par des refroidissements du local ol est installé
Pappareil. Le reméde, toujours efficace, est de protéger ce dernier par une
cage isolante qui doit I’envelopper complétement.

Pour le sismographe Galitzine du Parc St. Maur, & cage métallique
dont lintérieur doit rester accessible pour le réglage du zéro, nous avons
réduit les variations de température dans la cave elle méme en revétant
les parois de plastique expansé ““Sipror’” et supprimant tout échange
atmosphérique avec ’extérieur, ce qui a entrainé une forte condensation
d’humidité risquant de détériorer les instruments.

Une premieére amélioration a été cherchée dans ’emploi de pastilles
desséchantes 2 étalées sur de larges cuvettes: elles étaient renouvelées
et passées & 1’étuve a 200° deux fois par semaine. Un enregistreur d’humi-
dité J. Richard a rapidement prouvé l'insuffisance, non de 1’effet obtenu
mais de sa durée (fig. 1). En restant supérieure & 959, pendant tout 1’été,
Phumidité moyenne constituait un grave inconvénient de la station.

L Institut de Physique du Globe de Paris. 11, Quai Saint Bernard, Tour 14. Paris V,
France.

2 ,,Molecular SIOVE” du Bristol Laboratory. Environ 2000 pastilles de 16 mm de dia-
métre (épaisseur 1,6 mm) étaient utilisées & chaque dépét.

16 — c¢. 930
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Une seconde tentative s’est montrée plus efficace : le fonctionne-
ment permanent d’un radiateur électrique de 500 Watts a donné (fig. 3)
une diminution spectaculaire du taux d’humidité, resté par la suite cons-
tamment inférieur & 90%, avec des minimums annuels de 83% et une
moyenne générale de 879, soit un taux de diminution de 9%,

/ Jegpde / Vendred. / Sasped:. / Dimanche- 18
s oW 3 4 f 6 oM 4 J 4 oXid & § 4 pXfi7 4 & g hAII 4§ Xli7 4 § 4 saXii7 4 48 Al
T e i AP ([ i : e b £

v}
I's

s

)l

1

ENREGISTREUR J.RI

Lsz!

H'/%' D.

Fig. 1. — Effet des pastilles desséchantes sur I’humidité relative de la cave : diminution
sensible pendant 18 heures.

Il convient d’insister sur la nécessité d’une permanence absolue
du chauffage. Des essais antérieurs de thermostatisation avec fonction-
nement intermittent du radiateur ont conduit & des résultats désastreux

30 NOV. 1969

Fig. 2. — Perturbations dues au froid sur le sismographe Galitzine :
Les repéres des minutes sont, sur V'original, de couleur différente de celle du trait d’enregistrement.
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quant & la stabilité du sismographe : d’ailleurs, pendant notre expérience
un arrét (accidentel du chauffage le 8 octobre 1970 n’a pas seulement
entrainé une baisse de température de 3° et une augmentation d’humidité
de B points, mais des irrégularités “dues au froid’’ dans les lignes d’enre-
gistrement. Celles ci ne sont produites d'une fagon naturelle que lors
d’une rapide diminution de température fin novembre 1969 (fig. 2).

La figure 3 donne en fonction du temps le taux d’humidité (courbe 1)
et de la température (courbe 2) dans la cave du sismographe ; ces éléments
n’ont ni I’un ni I’autre de variation diurne, aussiles courbes représentent-
elles leur marche réelle. La courbe 3 est celle des moyennes hebdomadaires

.....
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Fig. 4. — Composantes sinusoidales ann-
uelles isolées par combinaisons linéaires
d’ordonnées (qui suppriment 8 mois a
chaque extrémité des séries d’observa-
tions), pour 'humidité relative, la tension
de vapeur et la température, dansla cave
et & l'extérieur. Les dates portées sur
chaque courbe sont celles des maximums
et des mintmims.

de la température extérieure: il est intéressant de constater qu’un dé-
calage d’une semaine est observable entre les pointes minimales ou maxi-
males correspondantes des courbes 2 et 3.
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La seule variation périodique apparente des éléments étant la varia-
tion annuelle, nous avons isolé cette derniére par la méthode de L a-
brouste (1943), qui a fourni la figure 4 sur laquelle on peut faire les
constatations suivantes :

La composante annuelle de la température dans le cave est retardée
d’un peu plus de deux semaines et réduite en amplitude (12°4 au lieu de
16°4) par rapport a celle de ’extérieur.

La composante annuelle de 'humidité relative est tres faible dans
la cave. Cependant la figure 3 met en évidence les pointes minimales
d’humidité qui reviennent chaque année au mois d’avril, par température
ascendante.

La tension de vapeur dans la cave est exactement en phase avec
la température, puisque le taux d’humidité, & partir duquel cette tension
partielle est calculée, est trés peu variable. A D’air libre, la tension de vapeur
accuse un léger déphasage par rapport & la température car ’humidité
relative y présente, avec une grande amplitude annuelle, une avance
notable (6 semaines) de son minimum sur le maximum de température

Il a paru intéressant de présenter ces données & titre documentaire,
mais nous voudrions particulierement faire remarquer qu’un échauffement
en espace clos entraine la stabilité des couches d’air, tandis qu'un refroi-
dissement, qui dans une ecave commmence par le haut, est accompagné
de subsidence de 'air refroidi. Il en est de méme de l’air intérieur a la
cage d’un sismographe, étanche ou non (voir P’expérience de la glace
relatée par Bernard, 1947).

L’isolation thermique, pour rendre aussi lentes que possible les
variations de température, est donc indispensable & la régularité des lignes
d’enregistrement d’un sismographe ; comme elle implique une ventilation
trés réduite de la pie¢ce, le moyen le plus simple d’éviter ’humidité est
un chauffage modéré, mais permanent, élevant le point de rosée de
Pair ambiant au dessus de celui des locaux adjacents.

REFERENCES

Bernard P. (1947) Sur la cause des ,,microséismes’ & grande période. Ann. Géophys. 3, 1,
Paris.

Gherzi E. (1972) The seismic background noise at the geophysical observatory of Brebeuf
College in Montreal, Canada. Symp. on microseisms, UGGI Monographies, 31, Paris.

Labrouste H, Labrouste Y. (1943) Analyse des graphiques résultant de la super-
position de sinusoides. Presses Universilaires, Paris.




AR Institutul Geologic al Roméniei

\ee/



ARRAY STATIONS AS A TOOL FOR MICROSEISMIC RESEARCH
BY
HILMAR BUNGUM 1!

Abstract

Some of the advantages of using large seismic arrays in microseismic research are
pointed out, and cxamples of various Lkinds of noise analyses on both long period
NORSAR data are presented. ‘

INTRODUCTION

As some authors previously have pointed out (Iyer2? Haubrich,
McCamy, 1969), there are few areas within seismology which have
attracted mote attention and produced more papers than the problems
about the seismic background noise of the earth. However, not all of these
works have advanced the subject equally much, and there might, be
geveral reasons for this. One of them is obviously that the observational
ingtruments have been too inadequate as compared to the complexity
of the problem, and also that the theoretical side of the problem has
not attracted enough attention.

A step forward in microseismic research came by the introduction of the
large aperture seismic arrays. These stations have digital recording which
makes the data, with a good time and amplitude resolution, easily ready
for computer analysis. The most important, however, as compared to the
conventional stations, is that sampling is done both in time and space.

1 NTNEF/NORSAR-Kjeller, Norway.

2 Jyer H. M. The History and Science of Microseisms. 1964 : Vesiac Report 4410—
64—X. Acoust. Seism. Lab., Inst. Science Techn., Univ. of Michigan. Ann.Arbor, Michigan.



232 H. BUNGUM 2

That means that one can analyze the complete noise field, and thereby
test different theoretical models for the noise.

A commonly used and fruitful model is based on the description of the
noise as being generated from a stationary, normally-distributed random
process, in which case it can be shown (Lee, 1960; Y aglom, 1962)
that the probability structure is completely described by the covariance
functions. The most common way to present that information is to take
it via a Fourier transform out in frequency domain as power spectral
density. For propagating noise, sampled in time and two space dimensions
by a seismic array, the equivalent characterizing function is the cova-
riance matrix, usually presented through its three-dimensional Fourier
transform as a power spectral density in frequency-wavenumber space.
A high-resolution technique has been established for the estimation of
this function (Ca p on, 1969 a), which describes the velocity and fre-
quency properties of the noise field. Recently there have been presented
several works based on such frequency-wavenumber analysis (Vinnik,
1967; Tokso6z, Lacoss, 1968; Capon, 1969 b; Haubrich,
McCamy,1969; Lacos etal,1969; Bungum et al, 1971), and
one can surely say that this technique has some definite advantages over
the traditional way of analyzing microseisms.

CASE STUDIES

Most of the empirical works in microseisms have been case studies,
where one or a few short time periods have been studied in detail, especially
with respect to the relation between large-scale meteorological distur-
bances and seismic noise. For analyses of that kind large seismic arrays
are well suited, and especially NORSAR, since that array is located quite
close to a long coastline where meteorological storms are approaching
in large numbers.

In this paper there will be presented some examples of different kinds
of noise analyses performed at NORSAR. One of the simplest ways of
analyzing noise is to compute power spectra, which gives the power as
a function of frequency for individual seismometers. Figure 1 (left) shows
a power spectrum from a time period when there is a meteorological storm
all along the Norwegian coast. The weather chart for this day, 12 October
1971, is presente in figure 2.

The first and second peaks of microseisms are clearly visible, at freque-
ncies around 0.08 and 0.16 Hz on the uncorrected spectrum. Both of those
peaks are gone in the spectrum to the right in figure 1, which presents
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Fig. 2. — Weather chart from 12 October 1971, 0600 GMT.
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an unusually quiet day. However, at 0.05 Hz the noise level is not much
different in the two cases, around 30—35 dB above 1 nm?Hz. Based on
the analysis of a number of such situations, it is our impression that the
noise level at 0.05 Hz never varies much, while around 6 seconds the
variation may be as large as 40 dB, as in figure 1. Furthermore, it is unusual
that the first peak is very clear, and also that the second peak is comple-
tely gone, so the two spectra in figure 1 are therefore extreme cases.

The next step would naturally be to analyze the structure of the noise
resolved in velocity and azimuth. Figure 3 shows here wavenumber spectra
for 0.05, 0.08, 0.12 and 0.18 Hz, for the same data as to the left in figure 1,
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Fig. 3. — Long period high-resolution frequency-wavenumber power spectral -

density based on data from 22 vertical seismometers on 12 October 1971, 0530

GMT, for the frequencies 0.05, 0.08, 0.12 and 0.18 Hz. Axes are in cyclic wa-

venumber (c/km) and the contour levels are in dB down from maximum.
Estimated with 5 blocks 4 256 samples of 1 Hz data.
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and one can observe clear changes in the direction and intensity of the
propagating noise as a function of frequency. At 0.05 Hz the noise is almost
all non-propagation, while at 0.08 Hz the main direction is from the north
with some contribution also from the west. At 0.12 Hz, which is the fre-
quency of the trough in figure 1 (left), there are no propagating waves at
all, while at 0.18 Hz the double frequency peak dominates with contri-
bution from two different directions, the main source being to the west.
The phase velocities in all cases have been between 3 and 4 km/seec. Ob-
servations of that kind should give a good background for studying the
generation mechanisms of microseisms.

In addition to the analysis of the velocity structure for different frequencies
as demonstrated above, the same method can also be used in order to
follow a situation over time. In this way one can get a fairly precise picture
of how the structure of the noise changes with the meteorological situa-
tions. But of course, from a frequency-wavenumber analysis one can
only get the direction and velocity of the noise for different frequencies,
and not normally the distance to the generating area.

There is, however ,one important exception to this statement about the
distance to the source. The high-resolution analysis always gives as a bi-
product an estimate of the power ratio between propagating and non-
propagating waves, and a preliminary analysis shows that the latter
seems to be dominating when there is a cold-front passing over the array.
It is therefore reasonable to believe that the non-propagating noise in
these situations is generated through a direct atmospheric loading on
the surface in the array siting area.

At NORSAR, where the noise is analyzed also because one is interested
in reducing its adverse effects on detectability, not only storm micro-
seisms are studied. Figure 4 (left) gives an example from:a situation
when the absolute noise level is fairly low, the propagating noise in this
case is only 4 dB above the background, and the noise is more or less
isotropic, with a slight dominance from the south-west. A severe problem
in the analyses of such situations is that there is a high risk that a seismic
event would interfere with the noise, i.e., that signal-generated noise
could be interpreted as microseisms. This is difficult to avoid since
the signal often cannot be seen directly on the seismic traces, and when
the noise level is at the extreme low, the long period detectability is so
good that one cannot be sure to eliminate all events through a study of
seismic bulletins. :

Generally, the danger of interpreting seismic signals as microseisms is
present at all noise levels. This-is because there is no fundamental diffe-
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rence between the wave-number structure of signals and noise in the signal
frequency band, and cases have been found where the microseisms show
as good a point-source structure as certain earthquakes. An example of
that kind is given to-the right in figure 4, which could equally well be
(burt is not) an earthquake. Also discovered are situations when surface
waves from earthquakes appear right on top of a strong microseismic
storm -in wavenumber space.
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Fig. 4. — Long period high-resolution frequency-wavenumber power spectral

density based on data from 22 vertical seismometers on 30 Aug 1971, 0600 GMT

(left) and 19 October 1972, 1130 GMT (right), both for the frequency 0.05 Hz.

Axes are in cyclic wavenumber (c/km) and the contour levels are in dB down
from maximum. Estimated with 5 blocks & 256 samples of 1 Hz data.

So far this paper has only discussed analysis of long period noize.
Also for short period data the noise clearly has a negative effect on detec-
tability, but there is the big advantage that noise and signals in the short
period band are well-separated in wavenumber space. This allows beam-
forming to be used as the main technique for signal enhancement, and the
NORSAR array was therefore constructed such that the minimum dis-
tance between short period seismometers should hgive a negligible noise
coherency. Since the coherency matrix and the wavenumber spectrum
both are transformations of the covariance matrix, it follows that NORSAR
is difficult to use for wavenumber analysis of short period seismic noise.
An ideal array for such analysis would have a minimum station separation
of less than one km and not 3 km as for NORSAR. (The short period
noise analysis presented by Bungum et al. (1971) was based on data
from a test-array which is no longer in operation).
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There are, however, many other ways in which one can study the struc-
ture of short period seismic noise. One example of this is given below.

LONG TERM ANALYSIS

Inthe on-line detection processing system of NORSAR (Bungum
et al., 1971), a short term average (STA) and & long term average (LTA)
are calculated for each individual beam, and a detection is declared whene-
ver the ratio between the two exceeds a certain level. The ST4 is cal-
culated through a rectify-integrate procedure,

L-1
STA(=Y |S¢—iA
i=0

where S(¢) is beam amplitude, L is integration window length (around
2 seconds) and At is the sampling interval. The LT 4 is calculated through
a recursive filter,

LTA ()= (1—2)—n.LTA (*—L.Ab)+ 2-0.STA (' —L.AT)

where t' is LT A sampling time (around 1 second intervals), 7 is a time
constant and < o scaling parameter. T..e parameters have been set such
that the half-time is around 40 seconds.

The LT A, being a running estimate of the noise level within the pro
cessing frequency band (presently 1.2—3.2 Hz), is calculated on-line on at
present 318 array beams. For the purpose of noise analysis,all these LT A-
values are stored on magnetic tape once per minute. For the analysis
presented in this paper, the LT A is again resampled, this time at a rate
of 20 samples per dav. A thorough analysis showed that this would be
sufficient in order to describe the long term variations of the short period
seismic noise.

The LT A, calculated as described above, is presented in figure 5 for the
5 first months of 1972. The curve shows the average of all 318 beams, which
again means that it presents a sort of average over all 132 short period
seismometers. That guarantees that local site effects are smoothed out,
and that the curve should be representative for the general siting area.
In figure 5, there is no clear pattern extractable just by looking at the
data. Therefore, the power spectral density was calculated, as presented
in figure 6. The spectrum is exponentially shaped, which indicates ran-
domness in the generation process. That is also confirmed by the fact that
the correlation time is very short. The other dominating feature is the
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peak in the spectrum at exactly 1 c/day. The peak is significant on a
909, probability level, and reflects the diurnal variation of the noise in
this frequency band, 1.2—3.2 Hz. A similar study from 5 months in the
autumn of 1971, with filter 0.9—3.5 Hz showed no such peak, which
indicates that diurnal variation is a phenomenon which takes place at
frequencies above 1 Hz, approximately.

One of the reasons why this L7 A-study was initiated was to get the
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Fig. 7. — Incremental and :cumulative % { / [
distribution of the average noise level % H
presented in figure 5. z 1201 / 140
604 / -+20
I
ﬁ'll[ﬂ; /
Y
0JL dp

520 §80+840 1000 1160 1320 1480 16404800 {360
‘NOISE AMPLITUDE (PM)

statistical distribution of the short period noise over a long time interval
within the on-line processing frequency band. That distribution, for the
same data as in figure 5, is presented in figure 7, both incremental and
cumulative. The ground motion conversion is somewhat uncertain in
this case, since the LT A is a measure of integrated linear power. However,
the median noise level has been found at 1.15 nm, the 909%, level is 2.0
dB above and the 109, level is 2.7 dB below the median, and the L7A4
can be well approximated by a Gaussian distribution. Since there is no
simple inverse linear relationship between noise level and detectability
(Lacoss, 1972), it is difficult to determine how much effect this has
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on detectability, but with some additional approximations one can say
that the noise fluctuations equivalate a standard variation of roughly
+ 0.1 magnitude units in the detection threshold 3 (Bun gum, 1972).

Recently, asimilar LT A analysis has been initiated for the long period
data, and the first results indicate that the variations here are much larger.
One obvious thing is also that the short period and the long period LT4
correlate at times very well, which means that the 6-second peak, which
often dominates the long period records, also leaks into the processing
frequency band, where 1.2 and 3.2 Hz represent the half—power points
of a filter with falloff 24 dB/octave.

This paper does not claim to be complete with respect to presenting the
possibilities of large seismic arrays in microseismic research. Also, several
of the analyses discussed above are not unique for arrays, but only con-
venient when high-quality digital data are available.
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PLANS AND DEVELOPMENTS OF A MICROSEISMS RESEARCH
IN THE NORTH SEA

BY
RAINER RUDLOFF1

An association of mainly institutes of the University of Hamburg
and the Deutsche Hydrographische Institut formed a ‘“‘special research
project” the Sonderforschungsbereich 94 (SFB 94) for marine research.
The project has project groups, which are divided in several working
groups, (tab. 1).

TABLE 1

Sonderforschungsbereich 94 Meeresforschung Universildt Hamburg

Projet groups :
A) Physical and chemical processes and the interaction resulting of the existance of
interfaces in the system ocean — atmosphere.
‘Working groups :
Al Test piles westward the isle ,,SyIt”
A2 Data processing
A3 Vertical impulse transmittion, sensible and latent heat flow in the Prandl-
— layer
A4 Energy and impulse balance in the atmospherical friction layer
A5 Energy balance of the sea motion
A6 Scattering on interfaces
A7 Microseisms and acustic noise level
A8 Low — frequency currents
A9 Exchange of gas at the sea surface
A10 Changing tangential wind stiress by surface films
B) Transport and balance of material in comparison of sea — areals near and far off
the coast.
C) Development of hydrodynamic — numeric methods.
D) Marine technology.

Nole : Chairman; Prof. Dr. K. Hasselmann, Universitit Hamburg, Institut fiir Geo-
physik, 2, Hamburg 13, Schliiterstr.

1 Institut fiir Geophysik, 2 Hamburg 13, Binderstrage 17, BRD. i
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One part of the project group A is the working group A7 with the
topic microseisms and noise level. The A groups decided to place the regis-
tration point of microseisms and other geophysical parameters in the North
Sea at the position 54° 59,8’ N and 7° 54,1'E.

27 km offshore the isle of Sylt at a water depth of about 17 m a test
pile was lowered and rinsed in the sand ground summer 1972. The test
pile is about 40 m long, looking out with about 13 m. It has a diameter
of 2 m and contains 4 decks. 2 decks cover a power supply plant, which
can give out 1 kw continuously. 2 decks are installed for measuring equip-
ment and a transmitter to a landstation on the isle of Sylt. In 1973 a

TABLE 2

Invesligalion equipment al lest pile ,,Pisa”

approximate review august 1972
above — water

wind vertical anemometer profile
3 component sonic anemometer
fluctuation hotwire anemometer

moisture fluctuation microwaves refractometer
fluctuation absorption Lyman-alpha-line
temperature vertical profile wet and dry thermometers

fluctuation measurements

water surface

tide gauge ! level recorder
sea-motion resistance wire
floating device
underwater
temperature vertical profile thermometers
conductivity 10 m deep
pressure 3m below surface
orbital motion | 2x three component
sea bottom
i
seismometer three component ;
hydrophone b
pressure transducer

Special measurements will be taken at JONSWAP II (Joint North Sea Wave Project)
starting september 1972.

Note : Sonderforschungsbereich 94 Teilprojekte Al A3, A7

jal
0
-
.
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computer and digital relaying unit will be installed in one deck. The data
conservation is made on the landstation. Processing will be done here and
on the computer of the institutes in Hamburg.

In summer 1972 a small container was constructed for a three-com-
ponent seismometer, a pressure transducer and a hydrophone. The seis-
mometer is connected to an equalizer circuit, so getting periods of ground
motion velocities up to 15 seconds. To avoid inclining of the seismometer
a cardanic device was built, which in resting position is adjusted, but can
be loosened by electric command. The container was lowered 1000 meter
away from the test pile connected by a data and power line. The datas of
the seismometer, the hydrophone and the pressure sensor are frequency
multiplexed on the test pile, then transmitted to the landstation. Here
they were recorded on tape.

The Earthquake Observatory Hamburg will install a three compo-
nent seismometer for comparing datas at the landstation.

The work done until now suffered much off the bad sea conditions
in the North Sea.The bringing out and the installation at sea costs time,
delaying is not predictable.

The first registrations show ground motions of periods of about 12 s
and more with velocities of about .02 mm/s.

In the future meteorological and oceanographic parameters shall
be measured in the same area and transmitted to the shore. An approxi-
mated review of the next installed equipment shows table 2. For this
purpose two small test piles are allready lowered nearby.

So in the future the microseisms and noise level can be correlated
with the other parameters. After experience with the ground container,
we plan to put two more ground stations in the measuring area and also
make more intensive studies of noise level.
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STRUCTURE OF THE EARTH'S INTERIOR

BODY WAVES

TRAVEL-TIME AND AZIMUTH RESIDUALS OF BODY WAVES
AT MOXA STATION (GDR) AND THEIR POSSIBLE CAUSES!

BY
; PETER BORMANN 2

TRAVEL-TIME RESIDUALS

Travel-time residuals for P waves

Baging on the focal data of the US Coast and Geodetic Survey,
Washington, on the one hand and of that ones of the Academy of Sciences
of USSR, Moscow on the other hand the Jeffreys-Bullen travel-
time residuals 8¢, for identical P-wave readings from records of the Moxa
station were determined. Figure 1 shows a comparison of the correspon-
ding distributions of 8¢, for a global and two regional random tests as an
example. It is conspicuous that the corresponding mean errors 3¢p can
be different and that the scattering of the travel-time residuals for Moxa
station are as a rule significantly smaller when they are based on the
calculation results of the USCGS. The causes of these significant diffe-
rences are deviations of the corresponding focal data determined from these
two data centres. AN USSR is a regional centre and deals with the
reports from basic stations of socialist states. Their number is conside-
rably smaller than in the case of USCGS. But also the station residuals
published in the epicentre data reports of the USCGS are not the actual

1 Communication Nr. 296, Central Earth Physics Institute.
2 Central Earth Physics Institute AW der DDR, 15, Potsdam, Telegraphenberg, GDR.
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deviations from the Jeffreys-Bullen travel-time model. Thig
shall be illustrated by an extreme example :

A random test of 3¢, for Aléutian earthquakes has the mean value
3t» = + 0.4 5. None of the 53 residuals given by the USCGS for the Moxa

station is smaller than — 0.8 5. A residual 3t, = —4.6 s was conversely
UsCcos ANUSSR
N N N
W 4 N
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determined on the basis of the exact focus data for the Aléutian under-
ground nuclear explosion LONGSHOT. Using standard procedure the
epicentre location calculated by USCGS for LONGSHOT was dis-
placed about 25 km to the northwest of the true place (Helterbran,
Jor dan, 1966). This corresponds to an approximately 1 s earlier onset
time of P at Moxa station. When calculating for this epicentre by means

Institutul
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ofthe Jeffreys-Bullen travel-times for the focal depth # = 0 km
the focal time H, it will be premature by approximately 3.5 s. Both effects
compensate the real residual to zero. According to Fedotov and
Slavina (1968) the epicentres of the Aléutian earthquakes calculated
by the AN USSR are generally displaced in northwestern direction rela-
tively to those given by USCGS. Consequently — at the same shifting
tendency — they deviate still more from the true epicentres, as the number
of stations co-operating with the Moscow data centre is much smaller
than in the case of the USCGS and these stations are situated relatively
to the Aléutian Tslands in a comparatively narrow northwestern azimuth
range. P-wave travel-times and amplitudes of LONGSHOT could be
explained in terms of a descending lithospheric plate, that reaches a
depth of about 250 km beneath the Aléutian are and has P-wave veloci-
ties 7 to 109% higher than the surrounding mantle (Jacob, 1972).
From this and the comparisous given above the following conclusions
could be drawn:

Calculating the focal data by the method of least squares using a
transversal-isotropic travel-time model, actual deviations from this
model result in systematic errors of focal parameters. These errors are
‘‘self-perpetuating” (Lomnitz, 1971). They are only detectable on the
basis of independent travel-time data. The rate and tendency of errors
are dependent from the character of the velocity and travel-time ano-
malies, respectively, and from the number and distribution of the sta-
tions, the data of which are used in the calculation (Herrin, Taggert,
1962). The shifts of the focal parameters are so directed, that the P-wave
travel-time residuals for the stations disappear on an average.

The constant influence of the mean velocity in the crust/mantle
range of a station deviating from the mean station conditions, on the other
hand, could be found the more clearly when calculated reference data
were used in a global random test. Presupposition is that the incident
angles are sufficiently small in order to eliminate the possible influence
of lateral inhomogeneities within the crust and the upper mantle of the
station region. The distance — and azimuth — dependent travel-time
anomalies compensate each other in a global random test for d8t,. Of
course, it must be ensured that the data of individual distance and azimuth
ranges do not predominate in the common random test to such a degree
that they give the distribution their own character. Figure 1 (top left)
shows no distinetly anomal P travel times in the region of Moxa station.
The earth formation consists of variscially folded culm slate. The depth
of the Mohorovidié discontinuity is approximately 30 km. But under
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these conditions significant local travel-time anomalies could not b
expected. o

Travel-time residuals for PP reflexions under continents and oceans

The mean values §t, of a global and ten regional random tests for
the Moxa station using earthquake data of the USCGS in the distance

o PP reflexions
IN under continents
20°< p <470°

EN= 328

Lt

T
+8 dtpp [s] ’ 1] -
Fig. 2. — Distribution of the relative

frequencies of the travel-time residu-
LNa PP reflexions als StPP for readings of PP from

IN 4 U“deZBO":S"Qs”Oo records of Moxa distation.

IN=420
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-8 -4 0 +4 Stpp(s]

range 10°<.D<103° are between — 0.2 and - 0.4 seconds. Contrary
to this the Jeffreys-Bullen travel-time residuals of PP showed
a clear preponderance of negative values without recognizable dependence
on the distance from the focus. According to the previous chapter their
main cause cannot lie neither in the station range nor in the focal range.
Therefore we studied the dependence of the errors on the reflexion region.
Figure 2 shows the frequency distribution of 8¢,, for PP reflexions under
continents and oceans. Both mean values are negative and significantly
different both from zero and from each other. The frequency distribution
for oceanic PP reflexions has two peaks. Evidently, a mixed distribution
is concerned. By a division of the starting material into reflexions under
shallow ocean ranges, island groups and mid-ocean ridge systems on the
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one hand and all other oceanic regions on the other hand it is possible to
split this distribution into two single-peak distributions with mean values
of §tpp = 0.4 5 or—3.6 s, respectively. The mean value in the first case
is not significantly different from that obtained for continental PP
reflexions (3t = —1.0 s). This agreement suggests itself for reflexions
under shallow ocean regions and island groups, but is comprehensible
algso for reflexions under mid-ocean ridges. Thus the author obtained
for crust models of the Mid-Atlantic Ridge (Belouso v, 1968) travel-
times of the PP waves that agreed to within 4 1 s with the travel-time
at reflexion in the range of a medium continental crust. The travel-time
difference in comparison with reflexions in the range of a medium oceanic
crust, on the other hand, is considerable. For the comparatively long
periods of teleseismic PP waves the thin transition layers in the ocean
bottom range play no essential role. The velocity-density contrast effec-
tive for the first strong energy reflexion is determined notably by the
water layer and the half-space. The correspondingly strong sub-oceanic
P P-reflexion usually to be interpreted as the beginning of the PP-wave
group set in about 3 s earlier than reflexions from the surface of & medinm
continental crust at small incident angles. Our random tests resulted for
PP reflexions under oceans (without island, shallow ocean and ridge
areas) in travel times that were on an average 2.6 s shorter than those
obtained for PP reflexions under continents. The agreement with the
theoretical appraisal is good.

By a further division of the data material further dependencies
of the travel-time errors from the reflexion region could be proved (tab. 1).
They explain also the preponderance of negative travel-time residuals
for PP reflexions under continents. Qur results for reflexions under young
tolded mountains and Pre-Cambrian shields are in a good agreement
with the results of travel-time studies of P (Jacob, 1972) and surface
waves obtained by various authors. According to Carder et al. (1966)
the regional wave velocities in the range of continental shields are sub-
stantially higher than in the geologically more recent mountain regions.
Conversely, in agreement with the above results, travel-time observations
on islands and continents are not significantly different. But the present
studies give additional informations on the influences on travel timesin
the range of the deep-sea basins.

For interpretation of our observations it must be assumed that the
mean P-wave velocity in the range of the deep ocean basins is higher
than in the medium oceanic crust/mantle model of the litosphere. This
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TABLE 1

8tpp in dependence on the crusl lype of ke reflecting region

1
Number of .l
Crust type observations dtpp [s]
n

Continents

Pre-Cambrian shields 70 —2.0
Paleozoically folded fraclure regions 115 —1.6
Young folded mountains 28 +0.8
Other continental regions 62 +0.2
Oceans

D eep ocean basins 37 —5.9
Ocean (without shallow ocean, island and ridge regions) 73 —3.6
Shallow ocean, island and ridge regions 52 —0.4

assumption is corroborated by results of heat-flow and gravity measu-
rements. :

Altogether it appears that the magnitude of systematic travel-time
errors of PP relative to P is primarily dependent on the character of
the reflecting region and varies considerably. The travel-time residuals
for PP waves from earthquakes from different focal regions that.have
been reflected in regions of the same crust type, on the other hand, are
not significantly different (Bormanmn, 1971).

Travel-time residuals for SS reflexions under continents and oeceans -

As above the travel-time errors of 8§ waves d8tg; were separately
determined for S8 reflexions under continents and oceans. The two mean
values are positive and not significantly different (continents: §tgz =
= 4 3.3 &, standard error S = 4+ 9.7 s, n = 227; oceans : §izs = -
+ 4458, §= 4 9.78, n =126). This fact could be explained in a plau-
gible manner when one assumes that the influence of the low-velocity
zone on an average overcompensates the travel-time reduction to be
expected by the total reflexion of the shear waves at the ocean floor. In
this conjecture it is taken into consideration that the low-velocity zone
is most clearly developed for shear waves and is more strongly marked
under oceans than under continents.

The number of distinct 88 onsets was not sufficient for a detailed
regional analysis of the travel-time errors. But it was striking that SS§
waves that were reflected in the region of the Arctic Ocean and under the

| o 114 | - -~ | Ly PRl [ o TR Y - 1
Institutul Geologic al Romaniei
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Gulf of Guinea almost exclusively set in too late (§tgs = + 9.6 8, n = 31).
The travel-time residuals of S8 reflexions in the other oceanic regions,
on the other hand, are scattered about zero (3§tgs = -+ 0.6 s, n = 44).
The confirmation and interpretation of such remarkable differences must
be reserved to subsequent studies.

Travel-time residuals for § waves

The travel-time errors for § waves were not examined, but from the
errors of distance determinations from the travel-time difference 8 —P
(Bormann, 1971) predominantly positive travel-time residuals for
8 can be concluded. The observed dependence of the errors 8D;_, on dis-
tance supposedly indicates, moreover, systematic differences of the mean
focal depths of shallow earthquakes (P<<70 km). Thus the mean focal
depth for shallow earthquakes occurring in the range of mid-ocean ridges
and continental areas is certainly smaller than & = 33 km, the so-called
normal depth.

AZIMUTH RESIDUALS

With regard to the location of teleseismic events the direction of
wavefront approach was determined from different types of body waves
polarized in the vertical plane of propagation (e. g. from P, pP, PP, PPP,
sP, PS, s8§P, SPP, SKP, SKS, sSKS, SKKS) (Bormanmn, 1971).
All our evaluations are based on the records of homogeneous sets of three-
component seismographs with characteristics of standard types A, B,
and C, respectively (fig. 3), used at stations of the seismological basic
network of socialistic countries. The azimuth of wavefront approach,
therefore, could be determined from the relation

v
Az = arc tan ——Yi—‘v .

Yy Vg
(Az — the azimuth angle in degree; Yy, Y, — the trace amplitude in
the north-south and east-west component, respectively; V,, Vz — the
magnification of the north-south and east-west component, respectively,
in the case of stationary harmonic oscillations).

We analysed the differences between Az and the true azimuth of
the epicentres Azy. These azimuth residuals 34z for P waves did not show
significant differences for earthquakes from different regions in the same
azimuth range but a strong dependence on the type of record (fig. 4). They
are greatest for P-wave records of type Am i.e. for P-waves with periods
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1, the 90 per cent confidence interval of the mean error 84z with the number
observations; 2, the boundary of the 80 per cent prediction interval of 54z.
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of about 1 to 3 seconds and with wave length of about 5 to 15 km. In
comparison to this the predominent periods of P-waves in records of
type B are between 5 and 15 seconds and in that of type C ones between
10 and 20 s approximately.

By a comparison of these azimuth determinations from three-
component records with those from the onset-time differences of tele-
seismic P waves at the stations Moxa, Collm, and Berggiesshiibel could
be proved (Bormann, 1971) that the cause of the systematic azimuth
residuals must lie in the lithosphere of the Moxa region (Bormann,
1971). Azimuth anomalies which could be fitted as a cyclic function of
the focal azimuth were observed by Otsuka (1966) at the central
California seismographic array. He interpreted this as a result of refrac-
tion of incident P waves at inclined plane discontinuities in the litho-
sphere of the Coast Range region. The azimuth residuals observed at
Moxa station are distributed asymmetrically with the focal azimuth.
They cannot, therefore, be explained in terms of inclined plane discon-
tinuities. On the other hand refraction at a more complicated geological
structure or interference of direct and refracted or diffracted waves,
respectively, on the leeward site of a deep steeply inclined and cyllin-
drically shaped geological body with dimensions in the order of wave
length cannot be excluded as possible causes of the recorded azimuth
deviations for short-period P-waves.

It is interesting to remark that significant negative azimuth resi-
duals are observed only in that azimuth range in which, not far from
Mozxa in the region of the village Auma, a marked anomaly of gravity
and electrical conductivity was detected (fig. 5). These anomalies are
surely connected with a tectonic anticlinal structure within the Earth
crust. They were interpreted from other authors as indications of the so-
called ‘‘plutonic body of Auma’’ about the deep extension, shape, dimen-
sions, dip, and strike of which exist contrary ideas yet (Watznauer,
1954, 1960; Grosse et al, 1961; Fanselau, Lange, 1969).

Azimuth determinations from long-period P-wave records of type
B give the best results. Almost of the same accuracy are azimuth deter-
minations from the above mentioned types of waves after P using three-
component records of types Band C (Bormanmn, 1971). It is possible,
therefore, to determine the focal azimuth from body-wave records also
in the shadow zone of P (D >100°) with a relatively high accuracy (stan-
dard error § = +£6° number of observations n = 145).
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Fig. 5. — The direction characteristic of .the mean azimuth errors S_A—z
for short-period P-wave records of type A at Moxa station.

CONCLUSIONS IN RESPECT OF THE LOCATION OF TELESEISMIC EVENTS

Taking the systematic errors of travel-time, epicentral-distance
and focal-azimuth determinations from body-wave records at Moxa sta-
tion into account as corrections, then the accuracy of the location of tele-
seismic events by the single station method can often be increased con-
giderably. The standard error of location calculated from a random test
of 32 seismic events in the distance range 20°< D<145° was 8 = +
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4+ 270 km. This corresponds approximatively to the location accuracy
given in the literature for large seismic arrays 3.
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FURTHER OBSERVATIONS ON PKIKP TIMES
BY
KAZIM ERGIN !

INTRODUCTION

PKIKP times were studied by Ada ms, Randall (1964),
Bolt (1968), Buchbi nder (1971), Engdahl? Ergin (1967),
Ruprechtova, Karnik (1971) and others. Ergin (1967) has
reported offsets of PKIK P travel times of 3—4 s atdistances of appro-
ximately 153° and 162°. Bolt (1968) states that he did not find offsets
more than 1—2 s. In this paper, results of new observations of PKIK P
waves for nine earthquakes are presented. Observed travel times of four
of these shocks studied are presented in figures 1—4 and the list of nine
shocks is given in table 1.

OBSERVATIONS

Travel time curves for nine earthquakes listed in table 1 were stu-
died, each one of them (except one) shows various amount of offsets of
1—3 s at the distances of about 153° and 162°. There is one earthquake
included in the list which was previously studied by Engdahl?3 for
which no offset was observed. Observed travel time curves of several
other shocks show no appreciable offset.

INTERPRETATION

Ergin (1967) has observed the offsets stated above and proposed
two low velocity layers within the inner core.If these offsets are results

1 Technical University of Istanbul. Istanbul. Turkey.

2Engdahl E. R. Core phases and the Earth’s core. 1968. Ph. D. Thesis at Saint
Louis University.

2 Op. cit.,, p. 2.
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Fig. 1. — Observed PKP travel times of Northern Chile earthquake,

February 23, 1965 Solid lines are J.B. curve for DF branch and GH curve

of Adams, Randall (1964). Dashed lines represent observed

curve. 4 ‘sare observed GH branch and open circles are observed PKIKP
times. Data from ISC.

TABLE 1
List of earthquakes used for PKIKP studies
Region Date Time Epicenter Depth M | References

N. Chile Feb. 23, 1965(22 11 46.3(25.67 S 70.63 W 36 6.3 | ISC

Tonga July 09, 1964(11 22 07.2'23.34 S175. 5 W 56 5.7 | ISC

Indian Ocean {Feb, 17, 1966| 11 48 00.8/32.22 S 78.87 E 28 USCGS and
(Bolt) Bolt (1968)

Kermadec Feb, 17, 1967101052 [23.79 S 175.14 W 21 6.1 | ISC

Fiji (E n g- | Engdahl

dahls | (1968)
data) Mar. 17,1966 | 1550 33.0:121.12 S 179.24 W 639 63/4

New Zealand {Dec. 10, 1958 070259 (37 S176.5 E 280 63/4 | BCIS and
(Bolt) Bolt (1968

Kermadec Mar. 07,1965 | 0143 10.3/30.17 S 177.98 W 56 5.5 | ISC

New Zealand [Sep. 20, 1967,09 39 15.7/49.57 S 163.93 E 34 5.8 | ISC

N. Chile Dec. 28,1966 | 08 18 05 [25.51 §.70.74 W 23 6.6 | ISC

Note : Depths given in this table are those taken from the references in the last column.
Compare them with those given in figures which correspond to the best fitted curve.
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Fig. 2. — Observed PKP travel times of Tonga earthquake, July 09, 1964,
See figure 1 for explanation.
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Fig. 3. — Observed PKP travel times of Indian Ocean earthquake,

February 17, 1966. See figure 1 for explanation. Data from
USCGSand Bolt.
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of the velocity structure within the inner core then some form of velocity
decrease within the inner core is needed to explain the observations.Furt-
hermore, the amount of offsets vary from one region to the other, and
might even be non-existent for some cases. On the other hand there are

20200

' Ja:50

19:40

120 160 110 . 180°

A——
Fig.4. — Observed travel times of Kermadec e, rthquake, February 17, 1967,
See figure 1 for explanation.

some lateral variations near the mantlecore boundary according to some
new results based on recent observations. The possibility of residuals
caused by those structural inhomogeneities above the inner core must be
investigated. If this latter happened to be correct, why then are the offsets
always near 153° and 162°% There is no doubt that more observations and
a careful analysis are needed to reach a definite explanation. The existing
observational data suggest that there should be some amount of decrease
in velocity at two different levels within the inner core unless the time
anomalies observed are caused by some velocity structure outside the
nner core.
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OBSERVED TRAVEL TIMES OF P FOR A >80° AND THE NATURE
OF MANTLE-CORE BOUNDARY
BY
KAZIM ERGIN?

INTRODUCTION

The mantle-core boundary has been studied by several investi-
gators in the past. More recent papers published on the subject are by
Bolt (1970, 1971, 1972); Bolt, Niyazi, Somerville (1970);
Caloi (1964, 1967 a, 1967 b); Ergin (1967); Hales, Roberts
1970); Haddon (1972); Jordan, Anderson (1972); Phin-
ney (1972).

Caloi (1964) has observed a second core reflected wave and
proposed a low velocity layer between 2900 km and 3060 km, Ergin
(1967) has postulated a negative velocity gradient at the lowermost mantle
which was later confirmed by Bolt, and Hales and Roberts
et al. Recently there were papers published on the heterogeneity and
lateral variation of the mantle-core boundary.

Present study consists of investigation of the behaviour of travel
times of P waves for distances A >80°. What is termed as P wave may
consist of the direct P wave up a certain distance, P¢cP wave may be
the dominant content for some larger distances and the so-called diffrac-
ted P may be the only wave at still larger distances. The purpose of the:
present study is to bring, if possible, some clarification to this problem.
Therefore, we like to name them all as P waves for distances A>80°
without making any assumption at this point.

1 Technical University of Istanbul. Istanbul, Turkey.
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Fig. 1. — Observed travel
times of P of New Guinea
earthquake, September 8,
1968 (ISC).

Beveral earthquakes with reported P times at large distances were
selected from the Bulletins of the International Seismological Center
{ISC). Times of one additional earthquake were taken from ISS. The list
of earthquakes studied is given in table 1. Travel time curves of 5 of 9
earthquakes are presented in figures 1—5. Data up to about 140° were

TABLE 1

List of earthquakes used for P travel times at distances A> 80°

o > . Refe-
Region Date Time Epicenter Depth M e
New Guinea Sep. 8, 1968| 151224.4 3.74 S 143.01 E | 32km 6.0 {ISC
"Borneo-Celebes Aug. 14, 1968; 22 14 20.1 0.06 N 119.73E | 22 ,, 6.1 (ISC
: Borneo-Celebes Jan. 24,1965| 0011 12 2.4 S126.0 E 6Gliss 6.5 |ISC
{ New Zealand May 23, 1968| 17 24 16.8 41.72 S172.03 E 21 55 6.1 (ISC
‘N. Chile Nov. 29, 1957/ 2219 41 20.97 S 67.02 W |162 ,, 1SS
| "W. New Guinea July 29, 1968 2352 17 .0.27 S13347E 25 ,, 6.1 |ISC
| Borneo-Celebes Aug. 10,1968| 02 07 00 1.38 N 126,24 E | 115" 6.3 |ISC
S. Sandwich Isl. June 17,1967 05 00 12 58.36 S 26.83 W |136 ,, 5.9 |ISC
S. Sandwich Isl. May 26, 1964] 1059 12.8 56.2 S 278 W 114 ,, 5.8 [ISC
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reported for some earthquakes and one of these contains times up to 160°.
For two of the shocks times are reported only up to about 115°.

Special attention is drawn on the behaviours of the travel times
at distances larger than 105°. We have studied the travel time curves
starting at 80°. The reason of studying the curve that starts at 80° is to
compare the data between 80° and say 100° with those for A >100°."This

16:00

15:00

' 14:00

13:00

12:00 - i

80 90 100 10 120 130 140°
L
Fig. 2. — Observed times of P and diffracted P of Borneo-Celebes earthquake, August
14, 1968 (ISC).

upper limit as 100° is just a round figure and has no meaning at all.The
lower limit taken as 80° is also a round figure.
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Observations based on the travel time graphs for nine earthquakes
listed in table 1 are summarized and discussed below :

1) Observed 7T of two earthquakes, namely those of July 29,
1968 and September 8, 1968 fit the J.—B. values up to 100° and they
fit the curve with a wave slowness dT/dA = 4,56 sec/degree for A >100°.
This type is illustrated in figure 6a. This value of dT'/dA is the same as

16:00 |-

15:00 -

14:00 - ¢

oL I S 7

dT/dA = 4,56

. eI

13:00}— -
Y —— J.B h=6Km.

‘12:00— 4§°

1 1 1 I i 1 !
80 90 100 110 120 130 140°

Fig. 3. — Observed times of P and diffracted P of Borneo-Celebes earthquake,
January 24, 1965 (ISC).

given in 1968 tables for A >96° and will be used in all our nine curves as
a reference curve for A >100°.

2) For remaining seven earthqualkes studied, the observed times
up to 105° fit the J.-B. curve up to 100° and from then on the curve with
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constant slope equal to 4,56 with comparatively small residuals but are
late for A>105°. This is illustrated schematically in figure 6¢c. For the
earthquakes of May 23, 1968 and November 29, 1957 observed timesare
on the average 4s late for 98°< A< 104° and 95°< A< 103° respectively

3
a3
On
T
!

16:00

1500 |-

14:00 |~
Se—— dT/dA= 456

13:00-
—=——J_B h=26 Km

12:00 |~ i

80 90 100 110 120 130 140°
L

Fig. 4. — Observed times of P and diffracted P of the New Zealand earthquake,
May 23, 1968 (ISC).

and 8 and 6s late for A >103° and A >104° respectively. In all cases under
consideration, observed times for A >105° fit a straight line with slope of
approximately 4,56 s/degree. Observed travel times of some earthquakes
show a little smaller slope for 80°< A< 105°. The example given in figure 3
is of this type. This is also illustrated in figure 6b.
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TABLE 2
Date of earthquake Residuals
July 29, 1968 No appreciable residuals
Sept. 8, 1968 No appreciable residuals
May 26, 1964 +3 sec. for. A>96°
Aug. 14, 1968 +4 sec. around A=x110°
Aug. 10, 1968 +5 sec. for A>105°
June 17, 1969 +6 sec. for A>105°
Jan. 24, 1965 +6 sec. for A>105°
May 23, 1968 +4 sec. for 98° <A<104°
+8 sec. for A>104°

Nov. 29, 1957 +4 sec. for 95°<A<<103*

l +6 sec. for A>103°

The observed time delays for each shock are given in table 2. There
are many other shocks for which no noticeable delay was observed.

INTERPRETATION

Our observations indicate that times of P waves show varying
amount of delays amounting up to 8 sec. but generally 4—6 s at distances
A >105° and in some cases at A >95°

In order to reconcile with the observed time delays for some shocks,
times for a model that contains a low velocity layer just below the ¥ —C

TABLE 3
Depth P velocity

2800 km 13.60 km/sec

2 850 13.51

2900 13.38

2900 12.85

2 950 12.90

3 000 12.90

3050 12,85

3 050 large discontinuous decrease,
probably to 8.00

boundary were computed. Proposed velocity values are given in table 3.
The depth to the M —C boundary is taken as 2900 km for the purpose
of illustration. The thickness of the layer is taken as 150 km. For com-
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putation of the times of P and Pc¢P at large distances, P velocities of
1968 tables of Herrin et al. (1968) were used down to 2800 km. For
the lowermost 100 km of the mantle, velocities of Er gin (1967)were
used.

The proposed model gives a delay of 7s at 105° and 5s at 120°.
It should be pointed out that the slope of the computed travel time curve
for the P wave reflected from the bottom of the low velocity layer is less

m s
T 16:00
i 15:00

14:00

| 1 1 | )
90° 100° 110°  120° 90° 100° 110° 120° 90° 100° 110° 120°
A— A—> A—> -

-

13:.00 1

Fig. 6. — Three types of observed travel time curves for P and diffracted P. Open circles
are observed times as compared with J.-B. curve for surface focus. Cbserved times
are schematic only.

‘

than 4,56 s/degree at large distances as this curve is concave upward
(fig. 7).

It should be noted that there would be diffracted waves from
the M —C boundary as well as from the discontinuity that is tentatively
put at 3050 km. It is also possible that more than one low velocity layers
m ay be required for some other cases.

Since observed travel time curves indicate varying amount of delays
at large distances, lateral variations of the M/ —( boundary velocity stuc-
ture seems to be present. It may also be concluded that regional variations
at the M —C boundary are also possibie. A low velocity layer between
mantle and core at some regions would suggest some kind of mixing bet-
ween the two, whereas this type of mixing does not exist at some other
regions.

If the proposed structure represents the actual case, then the obser-
ved times with positive residuals belong to the waves reflected from the
second discontinuity and those partly traveling in the low velocity layer.
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Caloi (1964) has observed two core reflected waves on the seismo-
grams of some earthquakes and called the second waves as P, P (for
second PcP), 8,8 (for second Sc8) etc. and has proposed a low velocity
laiyer below 2900 km with a thickness of 160 km and a .P velccily of 12,9
km/s. Our observations on the travel times give similar results. The diffe-
rence between the conclusions of Caloi and this paper is that this
type of a velocity structure at M —C boundary is not universal but varies

m s
16:00 i

15:00

14:00

13:00

12:00

11:00

10:00 ]
4 o

50 70 g0° 110° 130°

A —>
Fig. 7. — Computed travel times of Py P based on velocity model given
in table 3,p and PcP times as well as the velocities for mantle are taken
from 1968-tables.

regionally. The Thickness may vary from zero to say about 160 km. We
like to point out also that the layer may consist of more than one layer
each having different velocities, in other words, there may exist an ‘“‘en
echelon” type of velocity decrease.

Several autors have reported that seismic reflections PmKP of
less than 1 second period are now observed on the underside of the core
boundary for m up to at least 9 (B olt, 1972). Our newly proposed low
velocity layer that may only exist at some regions would require that
observed times of PmK P show some residuals. A detailed study of PmKP

18 — ¢. 930
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Tesiduals may offer results that could be used to test the new model.

The type of velocity structure of M —C boundary proposed in
this paper has to be physically plausible. In brief, it would mean that
the M —(C boundary is laterally inhomogeneous and furthermore, at some
parts, the transition from mantle to the core takes place in two or more
steps, each step being sufficiently sharp.

Further studies on times of P and particularly § waves at distances
up to and beyond 105° and also attenuation of both type of waves are
needed to improve our knowledge of M —C boundary.
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RELATIVE AMPLITUDES OF THE PKP BRANCHES
OF DEEP EARTHQUAKES

BY
JAROMIR JANSKY?}, BERND TITTEL 2

The amplitudes of the PKP2 and PKHKP (GH) branches of 136
deep focus events from regions of Fiji, Tonga and Kermadec Islands,
observed by station Collm (CLL) at the distance range from 147° to 158°,
have been measured.

These 136 events are, with a few exceptions caused by technical
reasons (too strong or multiple events, records weekly photographic
developed ete), all earthquakes from the period 1962—1971 the depth
of which was over 300 km and all 3 phases (namely PKIKP, PKHKP
and PK P2) have been recorded. (The second condition was usually ful-
filled for Mb > 4.9). The distance-depth distribution of the sources
is shown on figure 1. (The crosses represent the mean depth values for
half a degree distance intervals where 4 or more dots exist). There is an
irregularity at the distance distribution (a lack of sources for distances
over 153°) and the most distant sources are not situated so deeply.

' The result of measurement of the vertical component of amplitudes.
is on figure 2. It shows how many percent from the sum of both ampli-
tudes belong to each branch. (No distance corrections to eliminate depth
differences were applied here). The dots show a big scatter (in part pro-
bably due to the inaccuracy in measurement) but it is possible to see a
general trend. At the distance 147° is the PAHK P amplitude in average
about 1.6 times larger then the PK P2 amplitude. This ratio increases
then up to the value about 2.6 at 151.5°. Starting from this distance the
PKHKP amplitude decreases to the values of several tenths of the PX P2
amplitude.

1 Institute of Geophysics, Charles University, Ke Karlovu 3, Praha 2, Czechoslovakia
2 Karl-Marx-Universitiat, Geophysikalisches Observatorium Collm, Krs. Oschatz, DDR.



276 J. JANSKY, B. TITTEL 2

Such a behaviour of the amplitudes ratio can be caused by an in-
fluence or a joint influence of several factors (as attenuation, radiation
pattern at the source, velocity-depth distribution ete.). Supposing that
only the velocity distribution at the concerned range of depths is res-

0745 7.50 7155 7§U a’
11962 - 1971, (Mb=4.9) .
200 4
4001 ; b
3 . F',x o >< x
600+ . "??;:Ra? R .
i . Ofs . Ol O .2
h (km)
Fig. 1. — The distance-depth distribution of the sources.
o Apkrip* Apkpz = 100 7%
80 &
601*
L %1
404. g 2
20~ * x"x)‘x
O T : T 1 :
145 150 158 160 A

Fig. 2. — The vertical component of amplitudes:
1, PEHEKP; 2, PKP2,

ponsible for this amplitudes ratio, we tried to find one from possible
corresponding models. Up to the depth of 4000 km the J.-B. model was
used (Bullen, 1963) with the velocity 5.56 km/s up to the depth of
15 km and 6.50 km/s between 15 km and 33 km. The theoretical ampli-
tudes have been calculated by the zero approximation of the ray theory.
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It was found that the Buchbinder’s (1971) conclusion about
the size of the velocity jump on the top of the transition zone gives easiest
the fit between the calculated amplitudes ratio and the experimental
one. figure 3 shows the found velocity-depth distribution. The depth

96 10.0 104 (km /s)

=

4000- —  ve(ra)E) - oL

Fig. 3. — The velocity- ’
depth distribution after 4500-
1,Buchbinder (1971)

and 2, Bolt. (1964). 4670
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5140
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2
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Fig. 4. — The theoretical amplitudes of the vertical component of displacement
for the source depth of 550 km.
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and corresponding velocity for boundary of each layer are drawn. Velocity
law with 2 parameters (Azbel, Yanovskaya, 1966) which gives
the continuous velocity gradients was used for layers between 4000 km

TABLE 1
Boundary vg/vp Density
’ depth, km above ' below ratio
2898 0.535 0.000 0.5835
4670 0.000 0.039 1.0

and 4670 km and for layers under 4800 km. For another layers the
Bullen’s velocity law was used. The Bolt’s (1964) and Buch-
binder’ (1971) velocity-depth distributions are drawn for compa-
rison. On figure 4 there are the corresponding theoretical amplitudes of

Apkkp* Apkpz = 100 %

o ) 9 17 4 12
/‘,’ 273 10%5% ;%5

e {

0em=2

%5 150 155 160 &°

Fig. 5. —Comparison of the theoretical amplitudes ratio (marked by
lines) with the experimental one:
1, PEHKP;2, PKP2.

the vertical component of displacement for the source depth of 550 km.
With exceptions given in table 1 the density ratio equal 1 and v,/v, ratios
equal 0.577 were used for all boundaries. The positions reached by boun-
dary rays are labelled by corresponding depths. It was practically impos-
sible to suppres the stepwise form of the decreasing part of the PKHKP
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amplitude and to obtain a smooth form which is (very probably) the
correct one. The thin line illustrates the sensitivity of the calculation.
It is the amplitude curve for the case that the velocity at the depth of
5080 km is 10.27 km/s instead of 10.26 km/s.

Figure 5 shows the comparison of the theoretical amplitudes ratio
(marked by lines) with the experimental one. Four or more (see the
numbers above) experimental values in a halfdegree distance intervals
have been replaced by the mean values (big crogses and circles). It seems
that there is a good agreement between the theoretical and experimental
values up to 150.5° but a worse one for the following distances due to the
stepwise decrease of the PKHK P theoretical amplitude. This part needs
{very probably) another explanation then by the velocity distribu-
tion only.
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AMPLITUDE VARIATIONS WITH AZIMUTH AND DISTANCE
OF SHORT PERIOD P WAVES RECORDED AT SOME IBERIAN
STATIONS
BY
GONZALO PAYO!

Abstraet

A large number of P amplitude measurements, obtained directly from the records of six
iberian seismological stations, has been collected to determine the relations of log (A/T) with
azimuth and distance. It has been found a weak but significant relation between the amplitu-
des and the structure of the upper mantle around some stations, which in the case of Malaga and
Almerfa has been interpreted in terms of relics of a lithospheric slab dropped into the mantle.

The study of the amplitude-distance relation obtained, as well as its comparison with
other previous results confirms the existence of velocity discontinuities in the media and lower
mantle which appear to be at depths of about 840, 1000, 1260 and 2440 km. Magnitude correc-
tions for all the stations used has been also obtained.

INTRODUCTION

The knowledge of the P wave amplitude-distance dependence is
important to deduce the mantle velocity distribution as well as its anelastic
behaviour. The relation amplitude-distance, (4 —A), is essential to asign
a proper value to earthquake magnitude. The amplitude variation with
the azimuth gives also valuable information about the possible asymmetry
or anisotropy in the crust and upper mantle, which are usually considered
as formed by a series of isotropic horizontal layers.

However, the (4 — A) relation is quite complicated and it is affected
by some local and regional factors. The P amplitude, recorded at each
station, depends, first, on the wave geometrical spreading along the path

1 Instituto Geografico y Catastral. Observatorio Central Geofisico. Toledo, Spain.



282 G. PAYO 2

and, second, on the attenuation due to the mantle anelasticity. But other
factors may have often a large influence ; they are : the wave period, the
instrumental response, the focal energy radiation (in general asymmetric),
the anomalies in velocity or structure near the source and the station,the
velocity discontinuities in the mantle (such as that at 700 km) and finally,
the P wave train disturbances due to constructive or destructive inter-
ferences of the P wave with its own reflections in the crustal interfaces,
near the source or the station.

The studies on P amplitudes have been made with long and short
period waves, using either explosions or earthquakes and, almost all
of them, by measuring the amplitudes on the vertical component. Car -
penter etal (1967) used short period P waves from nueclear explosions,
obtaining an amplitude-distance relation for therange 32°—102°. A total
of 74 P amplitude readings were used. Cleary (1967) utilized 485
short period P wave observations, using earthquakes and the range
of distances 30°—100°. Also X a il a (1970) used short period observations
for distances between 1°—98°, for P waves from nuclear explosions.
However, Willie et al. (1970) considered long period P waves for
epicentral distances ranging from 0° to 100° collecting a total of 300 P
readings from 63 earthquakes. Equally, Nuttli (1971) used long
period P waves, mostly generated by atomic explosions, with a total of
175 readings distributed between 20°—100° degrees of distance.

We have used short period P waves as recorded at the iberian
observatories Toledo, Malaga and Porto, belonging to the WWSSN, and
the local stations Almeria, Alicante and Ebro. A total of 859 P amplitude
readings, for epicentral distances between 30° and 100°, has been collected.

THE DATA

Among the several criteria to measure the P wave amplitudes we
have used the one we consider more convenient for short period waves,
i.e. to measure the P maximal amplitude of the first few cycles, on the
vertical component, from the upper pick to the average of the two lower
adjacent picks and taking then the half. In general, this maximum is
found within the first ten seconds of the seismograms. The period of this
maximum was measured in all cases. From the total of 859 P ampiitude
readings finally admitted, 249 correspond to Toledo, 158 to Milaga,
174 to Porto, 107 to Alicante, 122 to Almeria and 49 to Ebro station.
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The ground motion amplitude has been obtained by using the
dynamic magnification curve of each instrument, as well as the dayly
calibration pulses for the three standard stations. The amplitude 4 in
microns has been divided by the corresponding period T for all obser-
vations.

STATION CORRECTIONS FOR MAGNITUDE FORMULA

In a previous paper (P ay o, 1971b) we obtained the station correc-
tions, ¢, using for comparison the C.G.S. magnitude. The formula used was

my = log (A/T) + Q(A, )

where the value of @Q(A, &) is taken from Gutenberg and Richter
(1956) for the vertical component P, and it is a function of epicentral
distance and depth, for any particular earthquake. Then mean value of
the (m(C.G.S.) — m,) differences, for each station, give us the station
correction. Table 1 summarizes the values that have been found. All these
values, as it can be seen, are negatives, which confirms the fact, often
observed, that the U.S.C.G.8. gives lower values of magnitude than other
determinations.

TABLE 1
Stakiba Station Standard Number |
COTT. dev. of data |
[
i
TOL —0.34 +0.37 240
MAL —0.12 +0.45 151 t
|
PTO —0.07 +0.37 170 |
ALI —0.20 +0.36 102 |
i
ALM —0.23 40.38 119 |
|
EBR —0.10 +0.48 47
|

In any event, the smaller corrections correspond to the Observa-
tories with hard rock grounds (PTO, EBR) and the larger ones to the
gtations sited on limestone or sediment layers that can behave like reso-
nant elements, increasing somewhat the value of magnitudes.
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AMPLITUDE VARIATION WITH THE AZIMUTH

In another work (P ayo, 1971a) it has been studied the short
period P wave residuals at the same seismological stations used now.
In some of these stations, the variations of the residuals with the azimuth
appears as cyclic and possibly of sinusoidal form. Therefore, this variation
was interpreted as an effect of asymmetry in the crust-mantle structure
beneath the stations, that condition the thickness of the low P velocity
layer in the asthenosphere. This would occur if, in a determined direction
beneath the station, the litospheric material were sunk into the mantle,
modifying the thickness of the low velocity layer. Thus, the rays crossing
this zone, of more litospheric material and a thinner channel, would have
larger velocities thah the rays approaching from the opposite directions.
Residuals at Malaga are a good example of this interpretation.

Therefore, we consider interesting to see if the variation of the P
wave velocity with the azimuth, is related with the azimuthal variation
of the amplitudes at each station.

To make comparable all data, we have reduced the measurements
of log (4/T) to a magnitude 6, and epicentral distance of 85° (average of
all distances) and a depth of 33 km. These reductions have been made
with the @Q(A, k) table derived by Gutenberg and Richter
(1956) that give us the @(A, k) — @(85° 33) corrections. The magnitude
correction, (m-6), can be directly obtained and it is applied to log (A4/T)
measurements. The value of m for each earthquake corresponds to the
U.8.C.G.8. magnitude.

Figure 1 is a graphic representation of the amplitude and residual
variations with the azimuth at each station and their relation with the
topographic relief of the adjacent regions. To obtain these graphs, the
residuals at each station (P ay o, 1972; fig. 3) have been split in several
azimuth intervals, with similar values, and the average of all residuals
at each interval has been computed. Then, the smallest average value
at each station has been subtracted from the other averages and the corres-
ponding differences, AR, are represented in the figure as the radius of
the sectors. A thick sector is drawn when the number of residuals within
the azimuth interval is large and a broken line is used if this number
does not exceed of three residuals per 10° of azimuth. Empty sectors
means no data available for the corresponding azimuth interval.

A similar process has been applied to the amplitudes obtained in
this work, which have been averaged for the same azimuth intervals.
The differences, log (4/T), of all averages with respect to she less average
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value at each station, are indicated in the figure by means of dotted
sectors. In this way, we can visualize the relative variation of amplitudes
and residuals with the azimuth around the stations in relation to the
local geology as represented by the external topography. The maximal
elevations near the stations are indicated in the figure, being the Sierra
Nevada mountains, between Malaga and Almeria, the most important ones.

Trew
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Fig. 1. — P relative amplitudes (dotted sectors) compared with the relative residuals
(thick lines) and with the topography around some iberian seismological stations.

Discussion. From this representation we can draw some conclussions.
It can be observed that, with the exception of Toledo, when the residuals
increase from one interval to another, the corresponding amplitudes
increase and viceversa. This is not a general fact, but it isclearly obser-
vable at PTO, ALM and particularly at MAL.

In four of the stations (EBR, PTO, ALM and mainly MAL) the
amplitudes and the residuals are smaller for azimuths in directions of
the mountain ranges. The interpretation of this fact is complicated. The
distance between the mountains and the observatories is fairly large,
which suggest that if the seismic rays are affected by some deep factor,
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related with the external folding, this must occur at depths larger than
250 km. In the clearest case of Mélaga and Almeria, it also happens that
the large massif of Sierra Nevada is over the hypocentral zone of the
spanish deep earthquake (A = 650 km ) of March 29th 1954, whose epi-
center is marked with a triangle in the figure. We think that a litho-
spheric slab dropped into the mantle between Malaga and Almeria, like

o+

Fig. 2. — Diiferences in log (A/T), rclative to Toledo, plotted with the azimuth.
The averages in the intervals are represented by horizontal full lines, or broken
lines if the number of points is scanty.

it is hippotethically shown in figure 1, could give rise to these large velo-
cities (small residuals) we have found at both observatories. However,
the smaller amplitudes obtained would correspond to rays crossing this
possible slab and this is difficult to be explained, since large velocities
are generally associated with large amplitudes. Perhaps, considering the
short period of the waves used, the inhomogeneities and small fractures
in the slab could attenuate the waves transmitted through it, keeping
however a high velocity.

Other form of presenting the amplitude azimuthal variations is
that shown in figure 2. Since the amplitude variation with the azimuth
at Toledo is quite small, we have plotted in the figure the log(A4/T)
variations relative to Toledo. For each interval the mean value has been
obtained (horizontal broken-lines) whenever the number of data was
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sufficient. Also Malaga station here shows smaller amplitudes for rays.
crossing beneath Sierra Nevada than for rays from other directions,
being now discarded any influence of the source or of the wave path
through the lower mantle,

Finally, we observe that in the residuals or relative amplitudes
at coastal stations, does not appear any significant difference between
data from oceanic or continental wave paths. It can be noticed also that
the larger residuals correspond, with the exception of the Ebro data, to
the 330°—360° interval of azimuths. However, this is not an effect of any
seismic zone, because it appears in the relative residuals too (P ayo,
1971a).

AMPLITUDE VARIATION WITH EPICENTRAL DISTANCE

To compare our variation of log (4/7) versus distance with other
curves of this type, generally computed for zero focal depth, we have
reduced our values to magnitude 6 and zero depth, by introducing the
correction Q(A, k) — Q(A, 0). The values of ¢ are taken fromthe Guten -
berg and Richter tables (1956), for the P vertical component.

The amplitude values corresponding to all earthquakes and stations
used, in the range of distances 30°—100°, are shown in figure 3. As any
physical reason justifies to fit a polynomical function to the data, we have
averaged the values every 2°5 interval. The resultant segmented curve
is shown in the figure, together with the 95 per cent confidence limits
for each interval. As all set of points, corresponding to one station, are
displaced relative to the U.S.C.G.8S. level an amount equal to the station
correction ¢, we have reduced the points of each station to the C.G.S.
magnitude 6, instead to our magnitude 6 to which all data of figure 3
are referred. Computed, as before, the average curve and its 95 per cent
of confidence limits, we can see, in figure 4a, that the new segmented
curve has moved down a little, but neither its shape nor its confidence
limits have appreciable changed.

In this figure 4 we compare our amplitude-distance relation with
other earlier results. The intervals drawn with thick lines correspond
to averages of more than 15 points. In figure 4b it is compared with the
Gutenberg and Rich terresults(1956), also referred to magnitu-
de 6. The agreement; is fairly good, not only in the range A > 70° but in the
relative maxima between 35°—47° and 49°—52° and the wide minimum
between 60°—75°. The comparison of our curve with that of Nuttli
(1971), which has been reduced to magnitude 6 (fig. 4c), gives also a good
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agreement in the range 72°—100°; from 30° to 60° his curve appears as
an average of our result, though the minimum between 60°—75° that we
consider as significant in our curve, is not apparent in his result.

The rest of the comparisons are only by the shape of the curves,
because the level of such a curves is arbitrary. Therefore, the fit for these

P - 80 8, 1004 n W B & my u w o md

P W 8 & wmd ] 60 8 w4 W /i i 1w 4
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Fig. 4. — Our amplitude-distance relation (a), reduced to magnitude 6 (CGS), compared
with other earlier results. The comparisons are made with the curves by Gutemberg,
Richter (b), Nuttli (¢), Vanek (d), Clearly (e), C arpenter etal (f), Wil-

ley etal. (gand h), Duda (i), Herrin’s travel times (j) and Johnson (k).

relative comparisons has been made in the range of distances 75°—100°
which is the most reliable part of our curve and the less susceptible of
discrepancies, since the lower mantle is considered fairly homogeneous.
In this way, the differences in the remaining parts of the curve can be
shown. The curve by Vanek (1962), which is also a standard relation
as the one of Gutenberg, shows a good agreement with our observations
(fig. 4d) and it also exhibits a wide minimum between 50° and 70°, though

19 ~ o, 930
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somewhat shifted in respect to that our curve. The level of the relations
(A—A) by Cleary (1967) and Carpenter et al. (1967), that
they obtained by using short period P-waves, is some 0.3 units of magnitude
larger than our in the range 50°—75° figures 4e and 4f, respectively).
However, the Carpenter’s relation exhibits a notable relative
coincidence with the one this study in the small maxima about 34°, 42°
and 51° and in the zone of the minimum near 70°. The two curves by
Willey et al. (1970), which are referred to earthquakes recorded at
two different groups of stations, appear with serious discrepancies between
them (figs. 4g and 4h). The curve corresponding to records at the WWSSN
(fig. 4g) is the one that better fits to our data. This curve shows the mini-
mum near 62° but disagrees in the series 30°—50°. The other relation
(A4 — A) agrees fairly well but the minimum between 50°—75° does
not appears.

As the amplitudes are close related with the travel times, for a
determined model of earth structure, Duda (1971) computed, by
using the Herrin’s tables (1968), an amplitude-distance curve that
we compare also with our results in figure 4i. His curve does not exhibit
any minimum between 50°—75°.

Nuttli (1971), gives an expresion for the relation amplitude-
time when only geometrical spreading is envolved :

AIT = K cos iy} |diy/dA| tan iy/sinA

with dt/dA = (7, sin 4y)/v, and where A is the P amplitude at the vertical
component, K is a constant and v, and ¢, are the velocity and incidence
angle at the free surface, respectively. We have applied this formula,
by using the Herrin’s (1968) travel times, to obtain df/dA every
degree, and we have computed the log (4/T) values, assuming an average
crustal velocity of 6 km/sec. The amplitude-distance curve so obtained
is compared in figure 4j with our result. The coincidence is acceptable
though the level of the wide minimum between 50°—72° is, in this curve,
somewhat higher than in our curve. In any event, we can say that our
results are in good agreement with the recent Herrin’s P travel
times, figure 4k will be later considered.

Discussion. As it can be seen in figure 4 our amplitude-distance relation
presents a similar character to those obtained in other studies. However,
all these relations differ, and sometimes notably, for some interval of
distances. One of the important purposes of these kind of studies should
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be to determine if this oscillatory form of the amplitude curve and its
relative maxima and minima are real as due to mantle characteristics or
rather they are effects of the data processing. The amplitude decrease
from 85° to 100° is a feature which is common to all curves; that supports
the fact of being it a real fact. This decrease may be explained, on account
of the proximity of these rays to the core, as an effect of energy loss by
diffraction of P waves in the core surface. However, being this decrease
also observable for short period waves, it can be rather thought to be
a consequence of an actual attenuation increase at the bottom of the
lower mantle. Teng (1968) has computed the value of @, making
use of P wave spectra, for different depth in the mantle. Both his two
finest models, named B and @, show a clear decrease of @, with depth
beginning at 2500 km ; but the rays which lowest point is between 2500
and 2900 km are those corresponding to distances between 85°—100°, i.e.,
where the amplitude decrease is observed. From 1500 to 2500 km, model B
gives a constant value of @,, however, model G shows a small increase
between 1500 and 1900 km ; we consider that the situation and number
data, used by Ten g, do not seem enough in this zone to assure the real
existence of this maximum in model G.

These same data adjusted in another way could readily give a wide
minimum similar to that exhibited in the graphic to the right hand side
of figure 5. This graphic represents our 4 — A relation, where A has been
substituted by the maximal depth of the ray, because the P wave ampli-
tude at each interval of distances is conditioned to the mantle attenuation
behaviour in the corresponding interval of depths. In this way, the ampli-
tude variations can be compared with the @,-distribution in the mantle
and also it can be determined if the amplitude variation at some distance
intervals are related with rapid variations of velocity in the mantle.
Thus, in the same figure, the distribution of velocity with depth for the
Herrin’s model (1968) is shown, together withmodels 77 (Chinnery,
Toksoz, 1967) and 208 (J ohnson, 1969). The first model does not
show any large variation of velocity gradient,but the two other models
present sudden changes of velocity within the mantle. Logically a sudden
" change of v(k) produces an increase of d¢/dA and, according to the above
mentioned formula, an increase of amplitude. In figure 5, the increase
of gradient, pointed out by Johnson and Chinnery, Toksoz
have been signalled by arrows; the full arrows correspond to John-
s on’s model. More evident is the comparison under the form of ampli-
tude-distance curves (fig. 4k). The curve compared with our results was
obtained by Johnson (1969) from his model of mantle velocity
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distribution. The similarity between the picks of the Johnson’s
curve and most of our relative maxima is quite significant. This seems
to confirm the idea that the media and lower mantle are not so homo-
geneous as generally was thought.

It has been said that in our data appears a wide minimum between
60° and 75° (i.e., between 1500 and 2100 km of depth) whose real existence
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may be questionable. However, the (4 — A) — curvesby Gutenberg,
Vanek, Carpenter and somewhat that obtained from the Herrin
travel times (figs 4b, d, f and j respectively) are fairly consistent with
such a minimum.
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CONCLUSIONS

From all these results we can draw the following conclusions.
The station corrections for the iberic stations used, are all negative which
indicates that the C.G.S. magnitudes are lower than ours. However,
these larger amplitudes at the iberic stations could mostly be interpreted
as resonance effect produced by the first sedimentary crustal layers.

Though the amplitude variation with azimuth is not very signi-
ficant, we observe that the azimuths with smaller amplitudes are gene-
rally those with smaller residuals and both agree with the direction of
the mountain ranges, as seen from the nearby stations. This fact is quite
clear as the M4laga Observatory.

The form of our amplitude—distance relation, which has been
obtained with a large number of data averaged in intervals of 2°5, is
very similar to those from other earlier studies, especially, in the way
of decreasing the amplitude between 85°—100°. On the other hand,
the series of maxima and minima between 30°—80° of epicentral distance
seems to correspond to the existence of sudden variations of velocity in
the media and lower mantle, particularly at depths of about 840, 1000,
1260 and 2440 km.
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ABOUT M, — MAGNITUDE OF ROMANIAN EARTHQUAKES

BY
CORNELIUS RADU, IOANA ZAMARCA?

The detailed study of the seismicity of one region requires a magni-
tudinal or energetical classification of the earthquakes occurred in that
region.

The great interest in the study of the seismicity of Romania leads
to important investigations concerning the magnitude determinations
of the Romanian earthquakes. A special attention was devoted to the
Vrancea intermediate earthquakes which by their relative high intensity
(Mo, = 7.4) give the tonality of the seismicity characterizing the Ro-
manian territory.

In this paper we shall analyse the results obtained in other countries
about the magnitude M ,, of the Romanian earthquakes which occurred
within the interval 1959—1970.

OBSERVATIONAL DATA

For determining the unified magnitude, the following formula hag
been proposed (K4rnik etal., 1959):

M=log(iT-) + o (Ah)+ 3 8M 1)
max

which is valid for any wave type and for any epicentral distance.

The body-wave magnitude — Mz (mp, mg, mpp) and the surface wave
magnitude — M,, rarely they coincide in the case of one earthquake
(K4rnik, 1968). This fact is due to the non-uniform energy distribution

1 Institute for Applied Geophysics, Department of Seismology and Seismometry. 5,
Cutitul de Argint st. Bucharest 28, Romania.
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in the seismic waves spectrum. Moreover, the magnitudes My or 3 differ
from one seismic station to another onme, this fact resulting from local,
regional and focal conditions.

Beside the individual magnitude determinations made by diffe-
rent seismic stations, the magnitude is also calculated by the interna-
tional centres as USCGS, ISC and IFZ.

The magnitudes determined by USCGS — mgs or by ISC — myg,
represent the unified magnitudes as they have been defined by Gutenberg
and Richter.

If @ is the depth — distance factor (Gutenberg, Richter,
1956) and q is log,, (amplitude in microns/period in seconds) for the i*® sta-
tion, then for n observations

n

ig Q+9 &

n

m =

assuming the g-factor was accurrately determined from records of the
short-period vertical-component instruments. Station corrections have
been neglected.

The my values are published in PDE 2, PDEML ® and EDR ¥,
together with their calculation elements — the amplitude A and the
period 7.

The M, values are published in RCE® and BISC® together with
logA/T. The magnitudes reported by ISC unlike those reported by
USCGS, are computed only in the case when there are at least 3 ob-
servations.

Examining the publications provided by USCGS and ISC’ and
the seismic bulletins provided by different seismic stations, we obtained
information about the magnitude M and its calculation elements for 64
Romanian earthquakes occurred during the period 1959—1970 (tab. 1).

Among the 64 earthquakes we have analysed, 47 are intermediate
shocks (60 < A < 163 km) occurred in the Vrancea seismic zone and
17 are normal shocks (A < 60 km) belonging to the following epicentral
zones : Biedu — 1, Banat — 1, Bucovina — 1, Romanian Flat — 1,

2 PDE — Preliminary Determination of Epicentres.

3 PDEML — Preliminary Determination of Epicentres — Monthly Listing.
4 EDR — Earthquake Data Report.

5 RCE — Regional Catalogue of Earthquakes, Edinburgh.

¢ BISC — Bulletin of the International Seismological Centre, Edinburgh.
? EDR — Was analysed till July 1970 and ISC till December 1966.
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TABLE 1

Selecled Romanian earthquakes for the period of 1959—1970

t H i H i
' [ 1 Q.rigin | ' h ] Epicentral ! mpy
J[No.{ Date | time ‘sz } 7\?\. km ; Region | Source
P i hom:s ‘ i | USCGS , 1ISC
1] 2 i s s s T 7 8 19 10
i | [ !
| 11[1959 V27 20 38 25 45.7) 21.2| 4.5Banat - f —  |TIM
o9l V3112 15 43} 45.7| 27.2| 35.0iVrancea - — |BUC
311964 VI 17' 13 38 16! 45.7| 26.5/145 | = 4.3(3) |USCGS
1 VIII 8 13 16 38! 45.7: 27.1| 33 | — 1 =" J1sC
L 51865 1 100 02 52 24, 45.8] 26.61128 I - 5.3(11) | 5.0(19) |USCGS
© 6 voo12] 19 14 28 45.3\ 26.4] 67 | C41(1) — l1sc
Lo V11022 35 59 45.9) 2691 84 - 4.4(1) — lusces
81966 I 10} 12 38 58' 15.8' 26.8/120 ‘ " .= —  lLvv
b9 I 18] 20 20 24; 46.0! 26.9] 63 | 4.4(5) 4.7(7) |[USCGS
.10 III 9 15 55 52] 457 26.7/150 | ,, S —  |LvV
1 IV 23] 10 48 27‘ — 1 — | — |Romania - = vy
P12 v 5/ 13 30 04] 45.6: 26.4]140 ;Vrancea boo— ] — LV
| 13 V141120200 — , — { — [Romania | — -  ILVV i
P 14 VI 100 09 11 57| 44.9° 24.9] n Cimpulung |  — 1.6(3) |BCIS |
{15 VI 1¢0 09 12 44 4490 24.9) n @ l - — |BCIS #
| 16 VI 28 00 01 33 45.6] 26.3]147 'Vrancea 4.2(2) — lIsC
t 17 VII 6{ 01 12 26! 45.5] 26.8/140 : - - |Lvv
| 18 VII 15! 19 40 32, 45.8| 26.4/150 | .. - —  lLvv
19 IX 4] 01 29 28| 45.9| 26.7.116 | 4.2(5) 4.3(8) |USCGS
{ 20 IX 7| 09 05 26] 45.7, 26.7,120 | - — LYV
b o1 X 2i 11 21 45] 45.7] 26.5/140 | ,, i 5.3(14) | 5.1(27) |USCGS
I 22 X 5022 47 200 — | - | i " R - Lvv
| 9311966 X 15| 06 50 19| 45.6] 26.4'120 | ., 4.8(6) 4.7(20) |USCGS
| 94 N 16! 02 39 51! 45.8] 26.6:140 | - — LV
| 2511066 NI 14| 23 09 21| 45.7| 26.5/160 |Vrancea — —  |Lvv
|26 XII 14! 14 50 00, 45.6| 26.4{158 | 4.8(14) | 4.8 USCGS
|27 XII 29, 06 30 01/ 45.6) 265 123 | , . 4.4(4) 4.3(4) ”
| 2811967 1 4! 05 58 26| 45.6] 26.4/160 | ,, = —  |LvV
|29 I 28| 14 43 39| 45.6| 26.5/140 » 1 — - |Lvv
| 30 1 4l 05 47 37| 45.6! 26.7[160 | ,, - - "
(31 11 27021 00 42 44.9' 26.7 32 |Cimpia L 4.9(3) | 34.0(12) {1SC
o ! Roman !
132 III 5017 22 54 45.8] 26.8,130 |Vrancea . 4.4(3) 4.4(4) |USCGS
33 I 5| 18 54 18] 45.3] 26.1) 59 | , Co4.1(1) —  l1sC
34 III 11; 04 16 18] 45.8; 26.7/150 | , — — Lvv
35] III 19)17 1117 — | — |135 { , S —  |LVV,BUC
36 IIT 22| 21 47 53| 45.6] 26.5150 | ,, - - |Lvv
37 IV 4] 18 06 04] 45.7( 26.2,131 { ,, C4.7(3) 4.5(6) [USCGS
38| V. 13] 20 04 29| 45.7, 26.6/140 | ,, - —  LVV
| 39 V26 17 32 59; 45.5| 26.3/133 | ,, 4.2(2) — |usceGs
40! V26| 21 37 31} 45.41 27.2] n !Baciu — - IBUC
|41, VII 11| 06 10 01] 45.6] 25.3] n |Cimpulung b= —  |Lvv
42 VII 25! 12 33 24! 45.8| 26.5{146 |Vrancea ©3.9(2) —  |USCGS
43 IX 28] 15 21 48| 47.9; 23.0/ n |Marumures — — |Lvv
44 X 27| 07 59 53] 45.9] 26.8/130 |Vrancea — — »
45 XI 11} 02 18 59| 45.6{ 26.4/150 | ,, - — "
4611968 1 6/ 10 23 49| 45.8] 26.6/163 | ,, 4.6(9) — |USCGS
| i
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(Continualion table 1)

1 2 8 | & 5]e6] 7 | 8 | 9 10
47 11 9| 13 22 54| 45.7| 26.4/122 | ,, 4.6(9) 2 -

48 11 24 13 23 53| 45.8| 26.6(134 e 4.4(5) — 53

49 VIII 14] 15 47 01| 45.7| 26.5/128 9l 4.3(4) - 53

50 IX 21| 11 05 53| 45.7| 26.6/128 | ,, 4.3(8) — i

51 X 20| 23 15 04] 45.7| 26.6/123 | ,, 4.6(10) = 2
52(1968 XI 20] 01 51 14| 45.7| 26.8/110 [Vrancea 4.0(2) — USCGS
53 XI 26| 09 53 49| 45.7| 28.1| 28 | ,, 4.4(4) = "
54|11969 I 15/ 08 46 29| 45.6/ 26.4/135 A 4.5(11) —_ -

5 IV 12| 20 38 41| 45.3| 25.1| 10 |Cimpulung 5.2(24) - |BUC
56 VII 27| 09 01 28| 45.7| 26.4|/163 |Vrancea 4.2(3) — USCGS
57 IX 3| 01 49 45.7| 26.6| i 3 — —_ BUC
58 XI1 21| 19 06 22| 45.6[ 26.9] 34 v 4.6(7) — USCGS
59| 1970 I 2| 07 31 38| 45.5{ 26.3]134 5 4.4(5) — 35

60 I 17| 01 32 45.7| 26.6] i - — — BUC
61 I 31 06 37 45.7) 26.6| i - — — o

62 Vv 30| 14 22 55| 46.1| 27.1| 59 35 4.0(1) — USCGS
63 VI 5! 12 00 33] 45.7[ 26.6|129 - 4.4(4) — o

64 VII 10| 14 18 59 47.7| 25.6/ n |Bucovina 4.7(3) — .

Cimpulung — 4, Maramures — 1, Romania — 2 and Vrancea — 6. All the
information in the P-wave is presented in table 2.

Examining table 2, we notice that there is information about the 55
earthquakes (43 intermediate shocks and 12 normal shocks), in number
of 835 values (348 — 4, 349 — T, 67 — logd|T, 31 — mges, 12 — myge
and 28 — mgye).

ANALYSIS OF THE OBSERVATIONS. RESULTS

The observational data presented above, allowed the investigation
of the following problems with regard to the My, — magnitude :

a) Relation between the magnitude mgy; and the magnitude m
determined at a certain station.

b) Distribution of the magnitude residuals dm = mgs — m as
a function of epicentral distance A and azimuth «.

¢) Station correction C for different seismic stations.

d) Distribution of the period 7 versus epicentral distance A and
azimuth «.

e) Relation between the magnitude mg,s and the magnitude My, for
Romanian earthquakes. )

Further on, we shall separately analyse each of the above men-
tioned problems.
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TABLE 2
Information in the P — wave for selected Romanian earthquakes during the period from1959
to 1970
| . 5 Observ.
No. Date l g e gy Am
| him:s | A|Tloga/7| USCGS | ISC | BUC
1 2 | 3 lals| 6 ® 4 & | 9 10

111964 VI 17{ 13 38 16 1 11 3 — 4.3(3) — 3.7—4.8

2 VIII 8 131638 | —| — 1 — - 4.0(1) -

3(1965 I 10] 02 52 24 | 14| 14| 8 5.3(11) | 5.0(19) | 5.2(22) 4.2-5.9

4 v 12| 19 14 28 2 2| — 4.1(1) — 5.6(2) 41-7.1

5 vV 11| 22 35 59 i 1 1 4.4(1) - 5.5(2) 4.4—5.7

6|1966 I 10{ 12 38 58 3 3 — - - — -

7 I 18/ 18 20 27 | 11| 11] 1 4.4(5) 4.7(7) 4.8(7) 42-5.8

8 II1 9| 15 55 52 1l 1 - — - - -

9 v 5/ 13 30 04 1 1 - — — — -
10 VI 10{ 09 11 57 4 4} 3 - 4.6(3) — 4,3—4.9
i VI 10} 09 12 44 31 31 1 — - 4.8(1) -
12 VI 28 0001 33 20 2 1 4.2(2) - 4.0(2) 3.6—4.3
13 VII 15| 19 40 32 20 2| — — — — -
14 IX 4| 012928 |11/11] 4 4.2(5) 4.3(8) 4.4(9) 3.8—-5.3
15 IX 7] 09 05 26 2] 2| — — - - —
16 X 2| 11 21 45 | 25 25| 11 5.3(14) | 5.1(27) | 5.1(30) 3.9-—-64
17 X 5/ 22 47 20 1 1 - — — - -
18 X 15/ 06 59 19 | 18; 18/ 13 4.8(6) 4.7(20) | 4.8(21) 42-5.6
19 X 16f 02 39 51 2| 2| — — — — -
20 XII 14 14 50 00 | 26/ 26f — 4.8(14) | 4.8() 4.9(18) 4.3-6.0
21 XII 29/ 06 30 01 9 9l ~ 4.4(4) 4.34) 4.6(5) 3.8—5.4
2211967 I 4] 05 58 26 3 3 — - - — -
23 I 28| 14 43 39 3 —| — e - — -
24 II  27] 21 00 42 5 5! 12 4.9(5) 5.0(12) | 5.2(15) 4.2—5.8
25|1967 III 5| 17 22 54 5 5 3 4.4(3) 4.4(4) 4.5(4) 3.9-5.0
26 111 5{ 18 54 18 3| 3] — 4.1(1) - — -
27 III 11| 04 16 18 2l 2| — — - — -
28 IIT 22) 21 47 53 20 2| — — - - -
29 IV 4/ 18 06 04 | 10/ 10{ 2 4.7(3) 4.5(6) 4.6(6) 41-541
30 V. 13; 20 04 29 1 1 — — — — -
31 Vv 26 17 32 59 2 2| — 4.2(2) — — 4.0—4.3
32 vV 26 2137 31 1 1 - - - — -
33 VII 25 12 33 25 6/ 6/ — 3.9(2) — — -
34 IX 28] 15 21 48 20 2| -~ = - = =
35 X 27 07 59 53 2] 2 — - —

36 XI 11} 02 18 59 1 1l - — - = —

271968 I 6/ 10 23 49 | 20/ 20{ 1 4.6(9) - 4.9(21) 3.5—5.9
38 II 9 132254 | 14| 14/ 1 4.6(9) = 4.8(15) | 4.0—6.5
39 II 24{ 1323 53 | 10/ 10 1 4.4(5) - 4.8(11) 3.9—6.5
40 VIII 14| 15 47 01 1 1 - 4.3(4) - - -

41 1X 21} 11 05 53 | 10{ 10{f — 4.3(8) — 4.4(10) 3.8—-5.0
42 X 20f 231503 | 16] 16 — 4.6(10) - 4.7(15) 3.8—6.7
43 XI 20 01 51 14 5/ 5 — 4.0(2) - 4.3(5) 3.8—-5.1
44 XI 26/ 09 53 49 6 6 — 4.4(4) - 4.7(6) 3.9-5.7
451969 I 15{ 08 46 29 | 14| 15/ — 4.5(11) — 4,6(13) 3.8—5.7
46 IV 12/ 20 38 41 |{ 30| 33} — 5.2(24) - 5,2(30) 4.2—6.6
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(Continuation table 2)
K 2 3 2|5 81 7 | 8 | @
47 VII 27| 09 01 28 75 == = = 4.6(7) 3.8—5.4 l
48 IX 3} 0149 1 1] ~ — — — !
49 XII 21) 19 06 22 9 9 -~ 4.6(7) — 4.8(9) 3.9-5.5 |
5011970 I 2| 07 31 38 9 9 ~— 4.4(5) — 4.6(9) 4.2—-49 |
51 I 17 01 32 1 1] - - — -
52 I 31 06 37 1 1 ~ - - —
53 V 30} 14 22 54 1 1] ~ 4.0(1) — —
54 VI 5/ 12 00 33 5| 5| —~ 4.4(4) — 4.6(6) 4.1—4.9
55 VII 10| 14 18 58 1 1) — 4.7(3) — —
RELATION BETWEEN mggg AND m
Using the relation
m=amygg + b 3
TABLE 3
Coefficients of the equation m = amggg -+ b for differen! seismic stations
Coefficients of the equation
Sta- Observ. number (m = amggs + b) Amggg ]
No. Hion Fig.
h=1i h=n
h=ilh=nlh=in|l a | & a | b
1 |BMO 20 6 26 0.94 0.40 0.97 0.22} 3.9-5.3 1
2 |BNG 10 3 13 0.81 1.01 0.71 1.38] 4.0—5.2 2
3 |BUL 3 2 5 0.90 0.33 0.82 0.77) 4.8-—5.3 3
4 |CPO 4 1 5 0.80 0.51 0.89 0.12| 4.6—5.3 4
5 |DUG 6 0 6 0.38 2.64 — — 4.2-5.3 5
6 |EUR 4 1 5 0.76 0.99 0.68 1.39] 4.3-5.3 6
7. |GIL 3 1 4 - - 0.80 0.88] 4.3—5.2 7
8 |KEV 5 2 7 0.26 3.68 0.52 2.50] 4.2—-5.3 8
9 |KHC q 1 8 1.13 | —0.06 1.17 | —0.24) 4.2-5.3 9
10 |KJN 11 1 12 0.64 1.47 0.65 1.45| 3.9—-5.3 10
11 |KRA 6 2 8 1.09 | —0.07 1.11 4.24| 4.0-5.2 11
12 |LAO 3 1 4 153 | —2.29 144 | —1.96] 4.2—4.8 12
13 |LFI 6 2 8 1.27 | —1.27 1.06 | —0.35| 4.0—5.2 13
14 |MOX 3 2 5 1.23 | —0.94 1.09 | —0.17] 44-5.3 14
15 |NDI 4 1 5 0.30 3.97 0.27 4.15] 4.5-5.3 15
16 |NIE 5 1 6 0.97 0.67 0.97 0.71f 4.0—4.7 16
17 |[NP™ 5 2 7/ 0.33 3.17 0.21 3.68] 4.4-—5.2 17
18 |NUR 13 2 15 0.26 3.38 0.48 2.39] 4.2-5.3 18
19 |PMR 4 1 5 0.17 3.67 0.86 0.58) 4.3—5.2 19
20 |TFO 8 2 10 0.59 1.40 0.90 | —0.02| 4.2—5.3 20
21 [UBO 13 4 17 0.82 0.37 0.91 | —0.02] 4.2—5.3 21
22 |UPP 7k 1 8 0.23 4.46 — -- 4.2—4.8 22
23 |WMO 7 2 9 0.63 1.29 0.72 0.89] 4.2-—5.3 23
1

Institutul Geol
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o

we have calculated, by means of the least squares method, the values
of the coefficients a and b for 23 seismic statioms (Europe — 8, America —
— 12, Africa — 2, Asia — 1). The coefficients « and b have been separa-
tely calculated for the intermediate (2 = ¢) and for the normal -+ inter-
mediate (h = i, n) earthquakes (tab. 3).

77
801
2]
Fig. 1. — Relation between
Mmggs and mfor TFO .
station :
1,4 2,038, 4: 4.1 + 1, : ;
—3
40 _—
. . ‘ P s
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Iig. 2. — Relation between
Mgee and m for UBO
station :
Te 1, 4:2,n; 3,i:4,%+ 0,
o 2
_.__3 N
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Jg E4 24 v 4
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Examples of the equation (3) for four seismic stations [Kevo (KEV),
Tonto Forest (TFO), Uinta Basin (UBO) and Uppsala (UPP)] are given
in figures 1—4. The solid circles refer to the intermediate earthquakes
(h = i) and the empty circles refer to the intermediate -- normal ear-
thqnakes (2 = ¢, n). All the equations (3} comprised in table 3 are shown
in figure 5.

3

-

1
aa 40 k14 60

Fig. 5. — Relation between mgsg and m for different seismic stations.

One can notice that the coefficients a and b change from one seismic
station to another one between limits wide enough, irrespective of the
number n of observational data :

017 <<a1.53 h=1i;n=3-20 (4)
— 220446

and
44  h=1i, n;n=4—26 (5)
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The variety of the coefficients a and b shows the differences between
the magnitudes mpy, (sp)® determined at different seismic stations and
the magnitudes mggs; this problem has been also studied by Bune
et al.’, Karnik?, and Hory (1969).

Also, the magnitudes mj, (sp) differ from station to station and
these differences are not so easy to explain if we think that all the mag-
nitude values correspond to the short-period vertical component seismo-
graphs and to the P-wave. The justification proposed by K4rnik —
which refers to the different parts from the P-wave group used for ampli-
tude measurements — helps in explaining these differences, but it cannot
explain such great differences of about 2—3 magnitude units, as they
are observed in the case of Vrancea intermediate earthquakes.

In order to give a complete explanation, it will be necessary, as
Karnik noticed?, to take into account other factors, which can
influence the recorded amplitudes : the ground conditions, the structure
of the Earth’s crust, the inhomogeneity of the upper mantle, the charac-
teristics of the instruments, the position of the nodal planes, etc.

Unified magnitude residuals dm =mces—m as a function of A

The values of the function dm = f(A) for the intermediate earth-
quakes in the Vrancea region are shown in figures 6 and 7.

On the graphic representations there are 207 values of 3m, corres-
ponding to 60 seismic stations. The numerous observational data belong
to Blue Mountains (BMO), Bangui (BNG), Kajaani (KJN), Nurmijarvi
(NUR) and Uinta Basin (UBO) seismic stations.

An examination of the function dm = f;(A) leads to the following'
remarks :

a) for A < 18°, the value of magnitude residuals are negative,
being comprised within the interval [— 2.1 = 4 0.6],

b) for A > 18° the values of magnitude residuals, although scat-
tered, have the tendency to be all in the range of positive values.

8 myy (sp) — magnitude my, determined on the basis of short-period instruments,

®Bune L.V, Vvedenskaya N. V. et al. Correlation of M; g and M, data of
the network of seismic stations of USSR. 1969. Communication presented at the IASPEI —
IAGA Conference, Madrid.

1o Karnik V. Differences in magnitudes. 1969. Communication presented at the
JASPEI — IAGA Conference, Madrid.

1 Op. cil, p. 10.

12 Idem.
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In order to explain such a distribution of dm, like Hory (1969)
and Mizoue (1968) have done, we suppose that for A < 20° the
magnitude residuals are influenced by the properties of the materials
transmitting the wave and for A > 20°, by the local structure beneath
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Fig. 6. — Unified wmagnitude residuals ém = mgge — m for

Romanian earthquakes s< a function of distance.

the station. Accordingly, we may conclude about the standard values
of @(A, k) givenby Gutenberg and Richter, that they are valid
only for A > 20°.

Unnified magnitude residuals Sm =mces — m as a funetion of «

In order to emphasize the effect of the regional features onthe mag-
nitude m, we analysed the distribution of dm according to azimuth «.

20 — c. 930
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The distribution of dm = f(x) for the Vrancea intermediate earth-

guakes is shown in figures 8a and 8b.
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Fig. 8a. — Unified magnitude residualsdm = mgzg — m for

Romanian earthquakes as a function of azimutha(e = 0°—1806°).

Fig. 8b —

Unified magnitude residuals

dm = mggg — m for

Romanian earthquakes as a function of azimuth o(x=180°—-360°)

It may be noticed that the unified magnitude residuals are non-uni-

formly distributed, most of them (729,) being in the 4" quadrant («

= 270°—360°).
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Referring to the distribution from the 4'" quadrant, we notice
the following aspects : .

a) within the intervals 275° < « < 325° and 335° < a < 356° the
large negative values prevail,

b) within the intervals 325° < « < 335° and 356° < « < 360° the
large positive values prevail,

¢) the distribution has an oscillatory character.

STATION CORRECTIONS

For A > 20° the unified magnitude residuals ém = mge; — m are
especially determined by station conditions (microgeology and instru-
ments) which influence the station correction factors.

By means of formula :

i=1
(==

Fig.9. — Station correction
factor C (in magnitude
units) :

1. negative; correction:

2, positive correction.

we calculated the station corrections for 38 seismic stations located
‘within the interval 5°.6 < A < 91°.7, for which » > 2 (tab. 4).

The distribution of the station corrections is shown in Woolf pro-
Jjection in figure 9.
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TABLE 4

Station correction factor C (in magnitude units)
for different seismic stations

No. ' Code A° o onblf;fg:; C l
1 IBHA 60 178 2 +0.5
2 |BMO 84.3 335 20 —0.1
3 |BNG 41.8 192 10 —0.1
4 |BUL 65.4 178 3 +0.2
5 CLK 61 171 2 +0.2
6 |COL 69.6 357 4 +0.2
7 Icpo 78.5 310 4 +0.5
. 8 IDUG 87.0 330 4 +0.2 |
9 |ERL 11.1 297 4 —-1.8 '
10 |EUR 88.7 332 4 +0.1
11 |GIL 69.6 357 3 0.0
12 JER 15.5 151 2 —0.4
13 KEV 24.1 0 5 —0.3
14 KHC 9.5 297 4 —0.4
15 KIR 22.3 354 2 —0.7
16 [KJN 18.3 2 10 +0.1
17 |KOD 56.0 112 2 —0.3
18 |KRa 6.2 317 6 —0.3
19 |LAO 79.0 329 7 | 0.2
20 |LFI 78.6 329 6 +0.1
21 {LJU 8.6 276 3 —0.9
22 |MBC 56.3 351 2 —03 |
23 'MOS 12.1 31 3 —04 |
24 'MOX 11.1 302 ;3 —-0.2 |
25 NDI 43.0 95 - —0.1
26 NIE 5.6 313 © 5 —06 |
27 NPT 56.3 351 4 P02
28 NUR 14.8 357 P12 i —0.1
29 {PMR EVED 358 Lo ‘ +0.1
/30 [PRE | 710 | 178 ( 2 0.0
. 31 |PRU S 302 | 3 —0.4 |
32 SHL 55.2 88 .2 —0.3 |
33 |STU 12.1 291 2 0.0
34 TFO 91.7 326 LT +0.5 .
35 |UBO 85.7 ' 328 I 10 +0.5 |
36 UPP 15.1 1 343 (7 —0.9
37 |{WIN | 685 189 | 2 —02 |
38 [WMO | 8.8 318 f 4 105 |
! | :

The conventional points representing the stations are determined
by A and «. The epicentral distance A was measured on the horizontal
diameter and the azimuth « on the exterior circle.

The examination of the figure 9 leads us to the following
observations :

a) the station correction values are negative for the European
stations and positive for the American stations.
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b) The highest absolute values correspond to Niedzica (NIE),
Kiruna (KIR), Uppsala (UPP) and Erlangen (ERL) seismic stations,
all of them located at A < 20°.

DISTRIBUTION OF THE P-WAVE PERIODS

The recording of the Romanian earthquakes at different seismic
stations allowed to obtain a large amount of information concerning the
P-wave periods. '

Thus, for the 64 earthquakes studied, the total number of data is
349, out of which 281 refer to the intermediate earthquakes.
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Fig. 10. — Frequency distribution of T for Romanian earthquakes:
1, intermediate shocks from the Vrancea region.

The distribution N = f(T) (fig. 10) of the periods leads to the follo-
wing observations :

a) the minimum period recorded is T, = 0.1 s and corresponds
to Uppsala seismic station ;
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b) the maximum period recorded is 7,,., = 3.0 s and corresponds
to Lvov seismic station;

¢) the main period recorded is 7', = 1.0 s ; also a secondary maximum
is noticed for T = 0.8 s.

Distribution of the P-wave periods versus epicentral distance

It was noticed that the period of seismic waves increases with
A and M.

In examining the function 7' = f(A) only the Vrancea intermediate
earthquakes were taken into consideration (60 < & < 160 km). These
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Fig. 11. — Period — distance relation for Romanian earthquakes.

earthquakes were recorded on short-period instruments and they have
the magnitudes comprised in the range 3.9 < mgs < 5.3.
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Fig. 12. — Period — distance relation for the short periods of P waves
for Romanian earthquakes (x = 310°—2°).

The distribution T = f(A) shown in figure 11 comprises 349 v alues
distributed within the interval 1°.9 A < A= 9177, defined by Chisinau (KIS)
and Tonto Forest (TFO) stations, respectively.
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In figure 11, one can see that the period T does not depend on A.,
excepting the range A<14°, where the periods are more scatterede

For removing the possible azimuth effect on the period 7', we have,
studied the distribution T = f(A) within the interval 310° < « < 2°
where most of the values may be found (fig. 12).

Obviously figure 12 shows that the period 7' does not depend on A.

Distribution of the P-wave periods as a function of «

In order to emphasize the dependence of the period T upon the
propagating direction, we analysed the distribution of the P-wave periods
according to azimuth « (fig. 13).
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Fig. 13. — Period a— azimuth relation for the short periods of P
waves for Romanian earthquakes :
a) o = 0°—180°; b) o = 180°—360°,

One can notice the following aspects of this distribution :

a) most of the values T (63%) are comprised in the 4'* quadrant
(288° < « < 358°)
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b) in the 4™ quadrant we may separate two intervals: 288° < « <
< 306° and 310° < « < 358°, which point out a ‘“downward leap” at
« == 310°. The first interval is characterized by 7' > T, and the second
one by 7 < T,.

RELATION BETWEEN THE MAGNITUDE mgg AND THE MAGNITUDE Mgy

For obtaining a magnitudinal classification of the earthquakes
occurred in Romania (Radu, 1965 ; Radu ') we have taken as a basis
the magnitude determined at Bucharest — My, which is equivalent to
M.p (Radu)", namely a magnitude of My — type.

A relation between m,;; and My, means a relation betweenm and
M, which is a very important element for a uniformstudy of seismicity.

Taking as a basis the data comprised in table 1 and those given by
Radu *®, the following relation has been obtained :

,”?’CGS == 0.73 ‘Z’[BUC + 1.14 (7)

which is valid for 3.9 < mg,s < 5.3 and 4.0 < Mgy, < 5.5.
We notice that the magnitudes My, are generally larger by 0.1—0.3
magnitude units than the magnitudes mgg.

The closeness of the two systems of values — mg and Mgy, —

leads us to the idea that the magnitudes m;s can be taken as a basis in
the studies concerning the seismicity of the Romanian territory.

CONCLUSIONS

From what has been presented above, the following conclusions
are to be drawn:

I) The magnitudes as determined at various stations on the basis
of P-waves present large differences in their values; the determination
of the station correction is required.

2) Despite these differences the mean values determined by USCGS
are acceptable for the detailed study of seismicity.

13 Radu C. Seismic activity on the Romanian territory during the period 1956 —1970.
1972, Communication presented at the XI1I¥™ General Assembly of ESC Brasov.

14 Radu C.The determination of the magnitude for the intermediate earthquakes from
the region of Vrancea. 1971, Communication presented at the Symposium for the study of the
seismicity of the Balkan region. Beograd.

18 Op. cil.,, p. 13.
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3) In the magnitudinal classification of earthquakes, a special
attention is to be devoted to determinations up to 20°.

4) As a rich observational material is available for the Vrancea
intermediate earthquakes, which may be admitted for the intermediate
earthquakes of the Aegean area as well, we suggest that a determination
of a calibration curve, on this basis, for the entire Balkan region should
be undertaken.
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A STUDY OF LONGITUDINAL EARTH CORE PHASES AT MOXA
AND COLLM STATIONS!?
BY
BERND TITTEL 2, PETER BORMANN 3

INTRODUCTION

Subsequent to the intense investigations of the upper mantle the
physieal condition of the Earth’s interior is now gaining in interest. Routine
investigations of travel times and amplitudes of short-period longi-
tudinal core phases have been carried out since 1965 at the Moxa and
Collm stations. The data are published in the bulletins of both stations.
Figure 1 shows some examples of records. Using these data and the Pre-
liminary Determinations of Epicenters of USCGS and USNOAA the
travel-times and amplitudes were studied as a function of the epicentral
distance D in the range from 135° to 168° (foci in South and Southwest
Pacific Ocean).

EMPIRICAL TRAVEL-TIME DIFFERENCES OF LONGITUDINAL CORE WAVES

The travel-time curve of PKIK P is well defined, and the corres-
ponding travel-time residuals given by USCGS/USNOAA are small for
Moxa and Collm stations. For this reason the travel time differences
between the other longitudinal core phases and PKIKP were deter-
mined. Thus the problem of the focal-depth correction of the travel times
is simplified because the travel-time differences change less with the focal

1 Communication Nr. 301, Central Earth Physics Institute.

2 Geophysikalisches Observatorium Collm der Karl-Marx-Universitdt Leipzig, 7261
Collm, GDR.
3 Central Earth Physics Institute AdW der DDR, 15 Potsdam, Telegraphenberg, GDR.
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[ &)

depth than the total travel-times. The distance corrections as a function
of the focal depth were determined for the different core phases.

1 v T T L 1

145.4°

28.05.72

148.9°

04.03.72

153.6°
02.08.72
Fig. 1. — Portions of seismograms of the

station Collm showing PRIKP, PKHEKP
and PKP2 waves in this sequence.

155.4°
07.0372

S,

,..\( [ '#NNJWJI 157.3°

28.0372

0s 20s 40s g0s I
[ -— AL -

Figure 2 shows the curves of depth-corrected travel-time differences
for distances greater than 145°. For Moxa station the points of gravity
are given. The travel-time differences are in good agreement for both
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stations. Using the least-squares fitted curves, the epicentral distance D
can be determined from records of PK P with a standard error of + 0.5°
for a single station. On the other hand the travel-time differences of the
forerunners up to 145° could not be recorded exactly enough from the
present data. 17 values measured between 132° and 145° were fitted by
a straight line with a slope similar to that of the IJ branch of Adams
and Randall (1964) but significantly different from the slope of the
GH branch at distances of more than 145°.

The travel-time difference curves obtained were compared with
almost all known travel-time curves of PK P waves and with the corres-
ponding velocity-depth models.There followed a first qualitative and also
a quantitative estimation of a plausible velocity model. The observed
travel-times could be understood by a model approaching a combination
of the models given by Bolt (1964) and Adams & Randall
This is a model with one transition zone between the outer and inner core.
Its upper boundary lies in the range of the second velocity jump of
Adams and Randall. The about 100 km greater thickness of
Bolt’s intermediate shell corresponds to a travel-time branch of
PKHKP, which is 2 to 4 s earlier and not compatible with our data.

CALCULATION OF WAVE PATHS

The course and the length of wave paths were calculated for diverse
models of the Earth with spherical-symmetric layering assuming plane
waves and surface foci. From this some important conclusions could
be drawn :

a) The distance of emergence for PKIK P scarcely depend on the
velocity model. However, big differences occur for the waves with the
vertex in the transition zone between outer and inner core, where the
models show that greatest differences.

b) The influence of diverse models of the mantle on the epicentral
distance proves to be uncritical. It is small for PKIK P and considerable,
but constant, for PKHKP and PRKP,.

¢) The transition zones between the mantle and the core, discussed
in the literature, which differ from the Jeffreys and Bullen
model (Jeffreys, 1952), do not have a remarkable effect on the
epicentral distance and the refraction angle inside the core boundary
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for rays leaving the focus at an angle smaller than 12°, The calculated
core wave paths are, therefore, correct also for these models.

RELATIONS BETWEEN AMPLITUDES AND DISTANCES FOR LONGITUDINAL
CORE PHASES

Empirical amplitude-distance relations

The amplitudes 4 of seismic waves react to variations of the velocity
model more sensitively than their travel-times. Therefore the amplitude-
-distance relations of the longitudinal core phases were investigated.
Figure 3 shows the relative portions of the phases PKIKP, PKHKP
and PKP, in the sum of the ratios amplitude/period of these onsets as
a function of the depth-corrected epicentral distance. The values were
fitted in sections by straight lines. They correspond approximately to
the percentage amplitudes because the prevailing periods of these waves
arenearly equal in short-period records. The theoretically expected influence
of several factors on the amplitude distribution must be investigated
to explain the observed amplitude values. The focal and statlon effects
can be neglected here.

Coefficient of refraction and theoretical amplitude ratios

Using Buchbinder’s (1968) formula for the transmission
coefficient '

4did (e =29 (1 — x%) (k2 — 2222
[VrE =2 (k2 — 2222 + V1 — 2 @22 { (& — %) (% — %) + did)[?

with £ =sin W; W: angle of incidence at the outer core boundary

k= S (ratio of the Ilongitudinal-and shear-wave velocities
Vp,m
at the lower boundary of the mantle)
)
n = ;—‘M (ratio of the longitudinal-wave velocities in the lower
L,K

mantle and in the upper core)
§=E (ratio of the densities in the upper core and in the lower

M
mantle)

for a plane interface the dependence of B on the epicentral distance was
calculated for several models (fig. 4). The effects on B(D) of several devia-
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tions given in the literature from the models concerned were also investi-
gated. In order to calculate the refraction coefficient at the inner core
boundsry the existence of shear waves in the inner corewith a velocity
of 3.26 km/s was assumed resulting from diverse models for the minimum

- 00

080

- 0.70

060
f_ s 1150 58" 180 1:':5 DIl
1 L

Fig. 4. — Comparison between the refraction coefficients for several models as a function
of D and the amplitude distributions after figure 3 (this slraighl lines). The small
dashed line takes inlo consideration the refraction at the inner corc boundary.

of rigidity and the maximum of density in the inner core (Jeffreys
1952; Bolt, 1964; Derr, 1969).

The qualitative course of B(D) corresponds approximately to the
empirical amplitude-distance relation for PKIKP and PKP,, bot not
for PKHK P at distances greater than 150°. A comparison with figure 3,
however, shows considerable differences in level between the corresponding
relations B(D) and A4 (D) for the same core phases. From this the losses
of energy which cannot be explained by refraction can be estimated.
They have a maximum for PKIK P and the intermediate phase PXHKP
of about 809, and 609, respectively. The influence of different models
for the transition zone to the inner core on B(D) can be neglected for W
smaller than 60°. This cannot acecount for the observed amplitude-distance
relations and the differences in level.
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Fig. 5. — Amplitude ratios of core phases as a functlion of D :

M, measures data (after figure 3): EB, theoretically expected ratios con-
sidering the energy spreading and refraction ; B, ratios of refraci'on coefficients.
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The theoretical amplitude ratio of two core phases at a fixed distance
was calculated after Sato and Espinoza (1967):

A /I_
Ap

B S Sy
B [Hl ‘]a Vtg Ta 1(@DJaT, |
ik tg Uy |(dD/dU),|
Bj ,

The following factors were known : refraction coefficients B, angles U
at which the rays leave the focus and their variation with distance. Figure 5
shows the amplitude ratios of investigated core phases. The empirical
amplitude ratios basing on the straight line fitting in figure 3 (M, thin
solid lines) and the theoretically expected amplitude ratios (#B, thick
solid lines) are shown as a function of distance. A comparison gives the
following essential features : The course of the curves M and B is gimilar
up to 150° in figure 5a and over the whole investigated range in figure 5b.
The curves are, however, markedly different in their levels. At distances
greater than 150° in figure 5a and 5¢ also the course of M and EB is
different.

Damping in the Earth’s centre

These qualitative and quantitative differences can be understood
on the assumption of anelastic damping in the transition zone and in
the inner core. The distance dependence of length of the wave path for
PKIKP through these zones is small. The assumption of damping, there-
fore, would increase the theoretical amplitude ratio PKP,/PKIKP in
the investigated distance range approximately uniformly. On the other
hand the length of the wave path through the transition zone for PKHKP
varies strongly with distance (fig. 6 above). This explains the steep slope
of the observed amplitude ratios PKHKP/PKP, and PKHKP|PKIKP
in figure 5a and 5c, respectively, the more so as the amplitudes decrease
exponentially with the length of the wave path in the damping medium.
Estimates of the quality factor @ from a comparison of the mean relative
amplitudes of PKHKP at different distances give values between 50
and 250 for the lower part of the intermediate shell and show increasing
damping towards greater depths (fig. 6 below).

The @Q-values in the inner core were calculated from the ratio of
the mean relative amplitudes of PKIKP and PKHKP at the same
distances, taking into consideration the damping of the PKIKP waves
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Fig. 6. — above: wave paths of PRHKP and PKIKP in the
transition zone (after several models). below: Q, distribution in
the transition zone as a function of the epicentral distance D
(after the combined model Bolt/Adams and Randall).
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in the transition shell. The resulting @-values for the depth range 5370 km
up to 5620 km are between 80 and 140 and increase towards greater
depths. The consideration of a finite ¢ in the outer core in the order of
Buchbinder’s (1971) value (§ = 4000) would not have any noti-
ceable influence on these estimates.
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SURFACE WAVES

SOME REMARKS ABOUT THE FOCAL EFFECT ON THE MAGNI-
TUDE DETERMINATION FROM RAYLEIGH WAVES

BY
GIULIANO FRANCESCO PANZA, GILDO CALCAGNILE?!

Abstraet

This paper shows the effect of the focal mechanism on M determinations from Ray-
leigh waves in the frequency domain : a double-couple force system as a model of an earth-
quake source is assumed. The amplitude spectra are computed from 250 s to 2 s for the first
four Rayleigh modes, using Ben-Menahem and Harkrider formula.

The depth dependence of M, in the range 5—75 km is of about three units, while the
effect of displacement dislocation orientation at a given depth is less than 0.3 units.

The depth dependence is decreasing with inereasing depth and at about 35 km it becomes
comparable with the other focal parameters influence.

The type of structure doesn’t affect significantly M, determination frem the fundamental
mode, while it can affect M, determinations if higher modes are used.

INTRODUCTION

1t is well known that the magnitude determination of a seismic
event depends on many factors and only an estimate done by averaging
many stations is considered reliable. In fact attenuation along the path
of propagation, crustal effects, and the pattern of radiated energy at the
source can contribute to the variation in individual station magnitudes
a8 great as few units of magnitude for some events. In this paper we

1 Instituto di Geodesia e Geofisica. Universitd di Bari. Via Crisanzio, 1. 70122 Bari,
Italy. i
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investigate the influence of the focal mechanism on the frequency domain
magnitude determination using Rayleigh waves. We consider earthquakes
taking place in a typical shield structure (with LVZ, structure ‘‘A’’) and
in a Jeffreys-Bullen type of structure (without LVZ, structure ‘‘B”).
(Panza et al.?2; Panza, Calcagnile?).

PURPOSE

The purpose of this preliminary paper is to point out the problems
connected with the surface waves magnitude determinations from a theo-
retical point of view and to show the exfreme errors in magnitude deter-
mination introduced by the lack of knowledge of the focal mechanism.
We will investigate the possibility of defining the magnitude Mg consi-
dering higher modes, as well the influence of a particular structure on
M determination. A study of the possible sources of smoothmg of such
errori is outside the purpose of this work.

THEORETICAL MAGNITUDE ESTIMATION

Recently many authors (Von Seggern, 1970; Syed,
Nuttli, 1971) have discussed the effect of focal mechanism on magnitude
determination both for body waves and for surface waves. In this paper
we consider in explicit detail the effect of the structure and the focal
parameters on the surface wave magnitude determination taking into
account also the higher modes.

We have considered the amplitude spectra for the first four Rayleigh
modes (fundamental and first three higher modes) in the period range
250—2 s, given by:

UP0 = {IR@) 1P K)E 374 (0, h) 45 [w(R)]d,); 6]

Expression (1) is easyly obtained from Ben-Menahem and
Harkrider (1964) if we observe that @, is the true initial phase.
In figure 1 examples of the amplitude spectra are given for vertical
dip-slip ((8 = 90°, A = 270°) and strike-slip (8 = 90°, A = 180°) for the
tiwo considered structures, as they have been obtained by Panza

2Panza G. F, Schwab F. A, Knopoff L. Channel and crustal Rayleigh
waves, 1972, Geophys. J. R. astr. Soc., Blackwell Scientific Publications L.td, Oxford. In press.

8Panza G.F,Calcagnile G. Multimode surface waves for selected focal mecha-
nisms. Part II. 1972, In preparation.
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et al4, and Panza, Calcagnile? (fig. 1A to 1D refer to the LVZ
case, fig. 1E to 1H refer to the no LVZ case).

An analysis of figure 1 makes evident two important characteristics :

a) in some period range higher modes amplitudes can be larger than
the fundamental one (fig. 1C and 1D).

b) the amplitude maximum is strongly depth dependent.

From a) it follows that we have not a unique magnitude determi-
nation if we deal with deep enough sources. This makes quite important
to decide which magnitude must be considered in future work. We suggest
to use only the fundamental mode since the higher modes, as can be
seen for example from a comparison of figures 1A and 1E are significantly
affected by the structure.

In figure 2 is shown how, for the fundamental mode, (4,/T,) changes
with depth for different orientations of the displacement dislocation for
the two considered structures; 4, is the maximum amplitude and 7,
is the corresponding period.

The shaded area refers to the case : 6 =30°; 45° << 3 < 90°; A = 180°,
270° where 0 is the strike azimuth, 3 is the dip angle, A is the slip angle,
as defined by Ben-Mena hem and Harkrider (1964).

As it can be seen from figure 2 the relation log(4,/T,) versus h is
not linear and it seems that for deep earthquakes depth variations of
the focus are not so critical ; they become comparable with variations in
the dislocation orientation. As we can see over the depth range 5—75 km
we can have abouth 3 units of error in frequency domain magnitude
determination if we assume

M, = 1og(4,/Ty) + fo(A, b) + Cpr + Cys

where fy(A, h) is the distance depth correction, C,, is the regional correc-
tion taking the focal mechanism and path properties into account, and
(,, i3 the station correction taking the structure near the station into
account.

In tim2 domain magnitude determinations (B & th, 1966) the h
dependence of fy(A, k) is omitted assuming » = const = 30 km. C,, and
(,, are usually unknown.

Even if our frequency domain results eannot be directly applied
to time domain magnitude determination because of the group velocity

4Panza G.F, Schwab F. A, Knopoff L. Multimode surface waves for
selected focal mechanisms. 1972, Part. I. In preparation.
5 Op. cit, p. 3.
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influence on the waves train shape we want to point out (fig. 2) that
the greatest depth influence is present for foci with 2 { 35 km.

Von Seggern computing the theoretical surface waves mag-
nitudes for different sources at the same depth, has found an error of more
than one unit considering the amplitude at about 20 sec., as it is practically
done in routine work (B &th, 1966). This is an error which is larger
than the one shown in figure 2 and it is critically connected with the
choice of 7' around 20 s.

In fact for mechanisms of the strike-slip type (3 = 90°, A = 180°)
it can be shown that for, a focal depth of about 18 km the periods around
20 s can be characterized by the well pronounced and narrow minimum
which, for example, in figures 1G and 1E occurs at about 34 s and 11 s
respectively for - = 35 km and h = 7 km ; obviously this fact can affect

Fig. 3. — Depth dependence of Ty
for the fundamental Rayleigh
10 }— g mode for the considered focal

& mchanisms on the two structures.

Ta (s)

1 I L ] l 1 i} 1 i I

50 100
DEPTH(km)

significantly the magnitude determination if we consider 7 =20 s,

while to consider 7' = T, as we have seen, makes the dislocation orien-

tation less critical at least for k < 35 km. In figure 3 the rela,tlon T, —h
is given for 5 km < » < 80 km.

Finally an analysis of the azimuthal dependence of the magnitude

has shown that such a parameter plays a modulating effect. This effect
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isnot relevant for our considerations, at least neglecting determinations
from “‘station’’ within 5° azimuth off nulls, even if it can have a smoothing
effect of the theoretical errors previously mentioned.

DISCUSSION

Thus far, frequency domain magnitude estimates have been discussed
as though radiation patterns was the sole contributor to variation in these
measures. Even if we will not treat the real Earth effects in detail we
want to mention the following factors which can combine to lessen and
mask the importance of radiation pattern :

a) accuracy of a simple force model (double-couple) to represent
the true dynamics of the source; .

b) finite sources dimensions at least for big shocks;

¢) effects of deviations from uniform, plane-parallel layers especially
important at short periods.

Probably only the dislocation orientation dependence of M, can
be affected by such lessening and masking.

At this point it seems important to emphasize that a focal mecha-
nisms correction must be applied only for some purpose.

In fact the magnitude correction for the focal mechanism is appro-
priate if one is concerned with an estimate of the seismic energy or in
order to set up an M, — m, discriminant between earthquakes and
explosions which is as free as possible of regional effects, while it is not
appropriate for seismic risk evaluation.

CONCLUSION

We have considered the possible sources of errors in magnitude
determination from Rayleigh waves assuming a double-couple source
representation of constant vector magnitude. Our results can be summa-
rized as follows :

a) the magnitude determination should be made using only the
fundamental mode, since the higher modes, which can have amplitudes
larger than the one of the fundamental, are significantly affected by the
type of structure;

b) the focal depth is the critical focal parameter for 0 < » < 35 km;
for deeper sources the influence of the other focal parameters becomes
relevant as well;

¢) for the considered focal mechanisms the obtained dispersion
in magnitude determinations is of about 3 units.
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e

The results contained in this paper cannot be directly applied to
time domain magnitude determinations because of the already mentioned
group velocity dependence of the shape of the surface wave train.

Accordingly with the previous observations the use of frequency
domain magnitude determination has the advantage of beeing structure
independent.

An investigation of the relation between time domain and frequency
domain M, det ermination will be the subject of a future work.
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ATTENUATION OF THE SHORT-PERIOD SURFACE WAVES
TRAVELLING ACROSS THE RILA-RHODOPE MASSIF

BY
SNEZHINA RIZHIKOVA %]

When studying the structure of the Earth’s crust it appears that
it is well to use the short-period surface waves of the Lg, Rg type.

Investigating these waves some authors mention that different fault
structures or high mountain massifs which are along the wave’s trajectory,
could influence the energy that the waves carry. In a previous work
(Rizhikova, 1966) the Aegean Sea region, known with fault struc-
ture in the crust, was investigated.

The influence of the mountains’ roots, which manifests itself in a
deepening of the Mohoroviti¢é boundary, has not been specially investi-
gated so far by Lg, Rg waves.

In the works of Grigoro va and Sokerova (1966), and
Petkov (1963) a bigger depth of Mohorovidié discontinuity in the
region of the Rila-Rhodope massif is shown, which gives some grounds
to think that if in this region the Earth crust is thicker, then the
Lg, Rg-waves crossing this part may could suffer a certain loss of energy,
differing from these ones, which travel out of the mountain roots.

Two kinds of assumptions may be proposed to clarify the damping
mechanism of this waves. One of them is to find the energy of the trans-
mitted waves, and the other — to estimate the attenuating coefficients.
This report is only the first part of the above stated.

The amplitudes of the Lg—Rg waves depend on a series of factors
such as: earthquake magnitude, epicentral distance, depth of the source,
etc., and also on the conditions of energy transmission of the waves from
the source to the station.

M
1 B.A.S., Geophysical Inst., 6, Moskovska st., Sofia, Bulgaria.
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If certain reduction coefficients of distance and magnitude are
introduced, it might be considered that the energy carried by each Lg
and Rg wave is proportional to the difference of the amplitude and period
logarithms. Since the problem of the reduction coefficients is not yet
solved, an attempt was made as a beginning to consider the logarithmic
ratio between amplitude and period only, for earthquakes with a normal
depth and with constant epicentral distances and magnitude. Then, it
could be assumed that the logarithmic ratio would reflect the variation
of the energy by the different trajectories of Lg and Rg-propagation.

In this work 50 shallow earthquakes have been used from the Ana-
tolian region, the Aegean Sea and Italy, all recorded on the horizontal
seismograph Wichert in the Sofia seismic station. The epicentral distance
is between 7 and 9 degrees and the magnitude between 5 and 6. The values
of distances and magnitudes were chosen at random only according to
the maximal quantity of earthquakes with well recorded Lg and Rg
waves, identified according to their group velocities and periods.

On figure 1 the geographic distribution of the epicentres of the
earthquakes used here, is shown according to the locality of the station

Fig. 1. — The geographic distribution of the used earthquakes. The Rila-Rhodope massif
and the probable zone shaded by it are indicated by dashed lines.
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and the Rila-Rhodope massif. The epicenters here, shaded by the pro-
bable mountain root, are at the stripe between azimuths 180 and 140
degrees towards Sofia.

On figure 2 there are three graphs, each one representing the three
Lg,, Lg, and Rg waves, where the azimuths of the earthquakes epicenters
according to Sofia are plotted on the abscissa, and the logarithm of the
ratio between the maximal amplitude and its corresponding period — on
the ordinate. The values are separately plotted. On the three graphs the
dependance of log 4/T on azimuths is obvious in spite of the point’s
dispersion. The first group of points answering of azimuth from 300°
to 240° refer to earthquakes in Italy. The logarithmic ratio for them is
significantly higher than that of the second group of earthquakes with
the Az 180°—150° and almost the same as that of the third group with
an azimuth about 100°, Parallelly with this it should be underlined that
the highest part of the massif has an azimuth towards Sofia about 170°.

The fact that Lg and Rg waves have the bigger loss of energy along
the trajectories around Az 170° can be explained by the influence of the
mountain roots in the Mantle, i.e. at a bigger depth of the Earth’s crust.
in this region. If we assume the Lg tipe waves as undamped surface waves,
they will have a critical frequency corresponded to the layer thickness,
but if somewhere on the trajectory in a large area, the crust turn thicker,
than the frequency decreases. Because of that the surface waves attenuated
by a frequency smaller than the critical frequency, thus the waves of
this tipe damp under the mountain and theirs amplitudes decrease ex-
ponentially.

It should be noted that the position of Station Sofia and the scantity
of material, although earthquakes from 1935 to 1969 are used, do not
permit anything more than a qualitative estimation so far.
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INVESTIGATION OF OVERTONES OF RAYLEIGH WAVES FOR-
MED INDIFFERENT LAYERS OF EARTH’S CRUST AND EARTH'’S
MANTLE

BY

D. 1. SIKHARULIDZE, A. K. BAGRAMIAN 1

INTRODUCTION

Studies of the experimental data of the Caucasian seismic stations
revealed good records of the first overtones of Rayleigh waves and in
some cases those of Love waves. As it has been established (Sikh a-
rulidze, Tutberidze, 1965) formation of groups of surface
waves is caused by the stratified structure of the Earth’s erust. In parti-
cular, while considering the three layered model of the Earth’s crust
consisting of the sedimental, granite and basaltic layers we have, under
such conditions of wave propagation, three groups of surface waves both
for the fundamental tone and for the following overtones, formed in the
sedimental layer, in the sedimental and granite layers taken together and
in the Earth’s crust. In reference (Sikharulidze, Tutberidze,
1965) epicentral distances are given at which the above-mentioned groups
of surface waves can be observed in the Caucasus conditions.

The purpose of the present work is to reveal the physical nature of
the first overtones of Rayleigh waves and then to use them for stundies
of the inner structure of the Earth’s crust. As is known under certain
conditions overtones of surface waves are more sensitive to the structure
of the Earth’s crust than fundamental tones. Hence, it should be assumed
that the use of the surface wave overtones together with their fundamental
tone gives a possibility to study the inner structure of the Earth in more
details.

1 Geophysical Institutle, Ac. of Sci. of the Georgian SSR. Thilisi, Rukhadze st. 1, USSR
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THE FIRST OVERTONE OF RAYLEIGH WAVES FORMED IN THE EARTH’S CRUST

Theoretical considerations show that the group velocity correspon-
ding to the minima of the dispersion curve of Rayleigh wave overtone is
characterized by higher values than that of the fundamental tone. There-
fore, oscillations of overtones should cease earlier. Taking this fact into
congideration we must remember that overtones of Rayleigh waves are
observed on the background of long-period oscillations of the correspon-
ding fundamental tone arrival.

It is clear that intercoincidence of oscillations may interfere with
the distinet isolation of single waves. But as is shown by observations,
the long-period part of the fundamental tone, during some earthquakes

Fig. 1. — First overtone record of Rayleigh waves formed in the Earth’s crust,
registered by the Thbilisi seismic station, during the earthquake on 11, VIII, 1961.

is revealed on seismograms by smaller amplitudes than those of the first
overtone of the corresponding waves (fig. 1). At the same time their
periods sharply differ from each other on the area of oscillation intercoin-
cidence. The fundamental tone range of periods varies within 7' = 20—

\ : . ,. :
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—60 s, while for the first overtone 7' = 5—15 s. In some cases of earth-
quakes we observe the picture with well defined overtones or the funda-
mental tone.

Seismographs of Kirnos general type and those of Golitsin set
at the Caucasian seismic stations provide good records of overtones of
surface waves. Seismographs of Kirnos type with the table-shaped
frequency characteristic have the maximum increase for the waves with
periods T = 0.1—10 s. The frequency characteristic of Golitsin
type seismographs is dome-shaped and the maximuim increase corres-
ponds to the waves with periods T = 7 s. Overtones are rather weakly
registered by regional seismographs. To investigate the first overtone of
Rayleigh waves formed in the Earth’s crust the records of earthquakes
of the Aleutian Isles, the Kuril Isles, Kamchatka, Japan, the Philippine
Islands, China and Africa have been selected, which were registered by
the seismic stations ‘“Thilisi”’, ‘Erevan”, ‘Kirovabad”, ‘“Nakhichevan”,
‘“Goris”.

The selected seismograms of earthquakes are characterized by good
records of the short-period Rayleigh waves (fig. 1).

As observations show the first overtone of Rayleigh waves is regis-
tered the same as the fundamental tone by three components of seismo-
graphs. The phase shift between the horizontal and vertical components
of the shift is equal to =/2. The trajectory of particle motion in this wave
in projection on the vertical plane, crossing the epicentre, represents
retrograde ellipses differently inclined with respect to the plane of wave
propagations and with different ratio of ellipse axes (the earthquake on
11.VII1.1961, 0:16 h, 24 min, figure 2).

Dispersion of group velocities of the first overtone of Rayleigh
waves formed in the crust was studied. It appeared that this dispersion
was rather inhomogeneous. Therefore those paths of wave propagation
were taken along which the dispersion of surface waves gives, more or
less, the same picture. Hence, the following paths of wave propagation
have been considered :

a) The Aleutian and the Kuril Islands, Japan—the Caucasus ;

b) The Philippine Isles, China — the Caucasus. These paths of wave
propagations are continental. Ocean-continental paths have not been
congidered due to their complex structure. As the analysis of African
earthquakes has shown the first overtone of Rayleigh waves at these
earthquakes was weakly registered at the Caucasian seismic stations. That
was the reason why we have not got yet enough data study peculiarities
of propagation of these waves along this path. Since the range of overtone
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periods varies little and the corresponding values of group velocities
vary within large range, the error in period measurements may lead to
a large error in determination the crust thickness. Hence, such records
were also studied where the first overtone of Rayleigh waves was dis-
tinetly registered (fig. 1). Then the error of period measurements is not
more than T = 0.5 s and that provides the determination of the crust
thickness to an accuracy of H = 4-2 km. To interprete the experimental

Fig. 2. — The trajectory of particle
motion of the first overtone of Rayleigh
waves in vertical plane projection,
during the carthquake on 11. VIII, 1961.

SR R D e e R A SR R ]

data of group velocities theoretical dispersion curves were used constructed
for different models of the Earth’s crust structure (Savarens ki,
et al., 1966). The best coincidence was found with those theoretical curves
which were constructed for the two-layered model of the Earth’s crust,
calculated for the following values of shear and longitudinal waves and
densities : ‘

b, = 3.31 km/s a, = 5.73 km/s pp = 2.7 g/em3
b, = 3.78 km/s a, = 6.65 km/s ps = 2.8 g/em?
b, = 4.60 km/s a; = 7.90 km/s ps = 3.3 g/em?®

The data on group velocity dispersion obtained along the considered
paths and compared to the theoretical ones are given in the same figure 3.
As is seen from this graph group velocities of the first overtone of Ly
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waves for the earthquakes of the second group (crosses in figure 3) are
lower than those of the first group (circles in figure 3). The dispersion of
the first overtone of L, waves from the earthquakes of the second group
shows that the mean thickness of the Earth’s crust along this path is
close to H = 534-3 km, Along the first path H = 4543 km. Note that
similar results have been obtained by the fundamental tones of surface
waves (Savarenski, Sikharulidze, 1959).
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Fig. 3. — Comparison between experimental and theoretical group
velocities :

1, group velocities for the earthquakes of the first group; 2, group velocities
for the earthquakes of the second group.

THE FIRST OVERTONE OF RAYLEIGH WAVES FORMED IN THE UPPER LAYERS
OF THE EARTH’S CRUST

It has been determined that surface Rayleigh wavesof the funda-
mental tone, formed in the upper layers of the Earth’s crust, may be obser-
ved at the epicentral distances A< 2200 km. We study velocity dispersion
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of the first overtone of Rayleigh waves formed at the same epicentral
distances. For this purpose we studied records of Iranian, Iraki, Turkish,
Syrian earthquakes registered by the Transcaucasian seismic stations
“Erevan”, “Tbilisi”, “Kirovabad ”, “Nakhichevan”, “Goris”, “Dusheti’.
These waves are revealed on three components of seismographs

Fig. 4. — Record of the earth-

quake on 28.X, 1961, registered

by the Kirovabad seismic
station.

and are registered on the background of long-period oscillations of the
fundamental tone of the corresponding waves (fig. 4). The period range
for these waves varies within 7 = 2—6 .

N Y CTTFIY A T5TTT v v v
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The investigation of the particle motion character at the passage
of these waves shows that they are polarized inthe vertical planeand have
a vertical and horizontal components along the direction of wave propa-

. gation. The phase shift between the horizontal and vertical components
when we have an accurate recording of Ly waves is 7/2. The direction to
the epicentre of the earthquake is determined by the value of the shift
on the horizontal and vertical components of seismographs.

We studied dispersion of group velocities of the first overtone of
Rayleigh waves observed at epicentral distances A = 500—2200 km.
It was established that at epicentral distances A = 500—1500 km, the
revealed first overtone of Rayleigh waves is characterized (for all the con-
sidered paths) by approximately the same values of dispersion of group
velocities and may be well compared with the theoretical dispersion curve
of one-layer model at the following values of propagation of shear and
longitudinal waves and densities :

b, = 3.36 km/s b, = 4.0 km/s a, = 5.78 km/s
a, = 6.89 km/s p;1/p2 = 0.878.

The mean thickness of the upper layers in the region under investi-
gation on the first overtone of Rayleigh waves, observed at epicentral
distances A = 500—1500 km, is equal to H = 16 km (fig. 5).

At epicentral distances A = 1500—2200 km the observed {first
overtone of Rayleigh waves is very important for group velocities and
may be better compared with the theoretical dispersion curve at the
total thickness H = 26 km (fig. 6).

THE FIRST OVERTONE OF RAYLEIGH WAVES FORMED IN THE
SEDIMENTARY LAYER -

The thickness of the sedimentary complex varies in a wide range on
the territory of the Caucasus; there are areas where its thickness is more
than 10 km, on some areas it is absent. Therefore the revealed dispersion
of the first overtone of Rayleigh waves, formed in the sedimentary layer
and observed along different paths of wave propagation is inhomogeneous.
We studied dispersion of the first overtone of Rayleigh waves formed in
the sedimentary layer and appearing due to earthquakes of the Central
and East Caucasus, Dzhavakhety elevation, the Caucasus Minor and at
some near Iranian and Turkish earthquakes registered at the seismic
stations ¢“Tbilisi’’, ‘“Erevan’’, “Nakhichevan” ,*Goris”’, “Dusheti”, ‘“Kiro-
vabad’. Epicentral distances of the considered earthquakes were not more
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than 500 km. The observed periods vary in the range T = 0.5—3 8.
Along the path from the Central and Eastern Caucasus to ‘‘Dusheti”
and “Tbilisi” the revealed dispersion of group velocities agress with the
theoretical one at H = 8 km (fig. 7). From the earthquake of Dzhavak-
hety elevation to ‘“Tbilisi”?, “Dusheti’’, ‘‘Erevan”, ‘“Nakhichevan” and
“Kirovabad” experimental dispersion curves are in agreement at H =
= 4—5 km (fig. 8).
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From near Turkish and Iranian earthquakes dispersion of group
velocities observed at the stations ‘“Erevan”, “Nakhichevan”, ¢Goris”
agree with the theoretical ones at H= 6 km (fig. 9). Since the seismic
network on the Caucasus is rather well developed, there are possibilities
to determine the earthquake elements very accurately. To study earth-
quakes we used seismic elements which were most reliably determined.
We commit an error while calculating periods T = 0.2 s that gives an
error H = 2 km at the determination of the thickness. The analysis of
the results of the Caucasus seismic stations has shown that records of the
first overtone of Rayleigh waves are obtained almost at all near earth-
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quakes. They are well revealed on the records of Kirnos and Golitsin
devices and regional seismographs.

INVESTIGATIONS OF THE FIRST OVERTONE OF RAYLEIGH WAVES FORMED
IN THE UPPER MANTLE

Ag is known formation of long-period surface waves in the Barth’s
mantle is connected with the origin of the strongest earthquakes of the
magnitude M>8. Such earthquakes occur relatively seldom and it is
necessary to have a specific installation of long period seismographs to
register them. However, as we have already established, high modes of
surface waves formed in the Earth’s mantle can be well registered by
Golitsin seismographs and by those of the general type and also by long
period seismographs. In addition investigations of the observed data show
that overtones of Rayleigh waves may originate in the mantle during
smaller earthquakes as well. The depth of the earthquake focus equal to
40—100 km and M >4 should be considered as favourable conditions for
such wave originating.

The epicenters of the considered earthquakes are situated to the
East of Thilisi seismic station. Epicentral distances vary in the range
A = 48°—83°. The path of propagation of Rayleigh wave overtones goes
mainly through the Asian continent. Records of Golitsin seismographs

Fig. 10. — Overtonc record of Rayleigh waves formed in the Earth’s mantle, registered
by the Thilisi seismic station, during the earthquake on 22.VI,1964.

were used and in addition those of long period vertical seismograph (T =
=21 8, T = 30 8).

Overtones of Rayleigh waves formed in the Earth’s mantle at the
same period are characterized by higher velocities than those of the fun-
damental tone and overtones of Rayleigh waves formed in the Earth’s
crust. Hence, their isolation on records, as is shown by observations, is
not a difficult procedure (fig. 10). The detected overtones of Rayleigh
waves are revealed on records in a rather wide range of periods (7 =
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= 10—15 s). Both normal and abnormal branches of dispersion of group
velocities are observed for M waves. A complex picture of oscillations is
observed on those parts of records where they arrive simultaneously.
Due to the same reagon it is sometimes difficult to investigate some records
of M waves.

The observed group velocities were compared with the theoretical
curves calculated for different models of the Earth’s mantle structure

§.5
bl
o
Em
S g °
o
8 &
S.0 M
Miz
G.S
4.0
o] 20 %0
T, S. S —

Fig. 11. — Dispersion of group velocities for AM-waves.

(Kovach, Anderson, 1964). The theoretical dispersion curves for
the plane and spherical Earth, for the model of Gutenberg-Birch
(IImodel) and Jeffreys-Bullen (A-model) were used. The best
agreement between the experimental data and theoretical data is obtained
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for the models of Gutenberg-Birch. Unlike the model of J e f-
freys-Bullen, the model of Gutenberg-Birch takes into
account the layer with a decreased velocity. As is seen in figure 11 expe-
rimental dispersion of M waves for the considered group of earthquakes
is in a good agreement with each other, that indicates a similar structure
of the Earth’s mantle for the considered paths of wave propagation.
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RECENZIE

K. A. WIENERT M¢éthodes d’observation et de prospeclion géomagnetiques
Ed. UNESCO, 1970—Paris

Lucrarea Iui K. A. Wienert este de fapt un manual practic ce se adreseazi exclusiv
specialistilor din observatoarele geomagnetice.

Textul ei este bazat pe unele monografii mai vechi de acest gen, ca de exemplu,
D. L. Hazard: Directions for magnetic measurements, R. B o c k: Praxzis der magnelischen
Messungen sau Mc Comb: Magnelic observalory manual, care insi, desi isi pistreazi
valabilitatea, sint depisite — pe de o parte — de progresele intervenite in metrologia mag-
netici in ultimele trei decenii, iar pe de alté parte se adreseazii unor specialigti formati.

In lucrarea prezents, autorul isi propune si completeze astfel de lacune, incit si aduci
nn serviciu atit incepitorului cft i operatorului experimentat, punindu-i la curent cu principiile
de bazi ale metodelor §i tehnicilor magnetometrice de observator sau de terem, in condifiile
utilizéirii aparatelor clasice si moderne.

Dupi trecerea in revisti a preocupdrilor esentiale legate deactivitatea geomagneticianului
de observator, incepind cu alegerea amplasamentului observatorului, conireiul materialelor
de constructie, controlul temperaturii sau al umidit#tii, se definesc suceint nofiunile de baza
ale geomagnetismului.

Remarcéim, in continuare, claritatea cu care sint descrise operatiunile de fnregistrarc a
variatiilor in timp, principiul de functionare al diverselor instrumente, reglajele, metodele de
misurd §i de calcul.

O parte deosebit de importantd este acordaid lucridrilor de rutinid de la Observatoare,
avind caracter zilnic, sdptiminal sau lunar.

Ultimul capitol, intitulat impropriu prospectiunea geomagnetica, trateazii de fapt modul
dc realizare a maisurdtorilor geomagnetice de teren in vederea ridicirilor in valori absolute
pe suprafefe vaste.

Urmirind cuprinsul lucrédrii constatiim c# autorul i5i propune si trateze probleme relativ
numeroase, intr-un spatiu restrins.

Tocmai in aceastil reusitd sintezdi constid principala calitate a lucrdrii, ea datorindu-se
unei exigente sclectiondri a esenfialului §i unei deosebit de judicioase sistematliziri a materia-
hului din cuprins.
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