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FOREWORD

The XTIiIth 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 Bragov, 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-
fdnescu, President of the Romanian National Committee for Geodesy
and Geophysics, 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 XIITth 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.

Tt 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 seismie
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 1 (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 Servigo Meteorolégico Nacional. Lisboa, Portugal
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EARTHQUAKES AND TSUNAMIS IN THE EUROPEAN AREA

11

TABLE 1
Catalogue of earthquakes with magnitude greater 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; 34.5 E 6.0 i
6 12 Sept. 1927 44.5 N; 345 E 6.5 1
7 26 Sept. 1932 40.5 N; 23.8E 6.9
8 8 May 1939 37.0 N; 24.5W 7.1
9 25 Nov. 1941 37.5 N; 18.5' W 8.3
10 6 Oct. 1947 36.9 N; 22.0 E 7.0
11 9 Feb. 1948 35.5 N; 27.0 E 7.1
12 22 Apr. 1948 38.5 N; 20.2 E 6.4 J
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; 23.0 E 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; 25.0 E 7.0
22 28 Feb. 1969 36.2 N; 10.5 W 8.0
)

TABLE 2

Catalogue of non-tsunamigenic earthquakes with magnitude greater than 6.0 (1901— 71)

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; 25,5 E 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; 27.5 E 7.9
6 30 Aug. 1926 11 38 12 100 36.8 N; 23.2 E 7.9
7 20 May 1931 02 22 49 5 37.5 N; 16.0 W 741
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; 27.0 E 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; 230 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; 12.2 E 6.3
17 28 Feb. 1969 04 25 32 28 36.2 N; 10.6 W 6.0
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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). LI G R T e e s

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 °
o
1001 ° PP ‘ Fig. 4. — Correlation bet-
-~ ween earthquake magnitu-

de (M) and focal depth (k) :

1, earthquake which caused tsunami ;
2, earthquake which did not cause

50 .oz tsunami.

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. Bar-
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).

+a

+2]

+1 P N A
o 1000 2000 3000 7 00 N

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 type.
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TABLE 3 )
Tsunamigenic earthquakes and type of faulting (1901—71)

Plane a Plane b

. i Magni- Strike| Dip | Strike| Dip Type of
No Date Time Epicenter tude faulting

Com- | Com- | Com- | Com-
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
2|25 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 SS
4| 9 Feb. 1948 — 35.5N; 27.0 E 7.1 | 0.755| 0.656| 0.978| 0.208 SS
5 (10 Sept. 1953| 04 06 00/35.0 N; 32.0 E 6.5 | 0.980] 0.210| 0.370{ 0.930|SS, DS
6| 9 Jul. 1956| 03 11 39|37.0N; 26.0 E 7.8 | 0.950] 0.310/ 0.420| 0.910/SS, DS
7| 2 Nov. 1956/ 16 04 33|39.0N; 23.0E 5.8 | 0.880| 0.470/ 0.970; 0.240 SS
8| 6 Jul. 1965 03 18 45|38.7N; 22.6 E 6.5 | 0.999| 0.052| 0.147| 0.985|SS, DS
9|19 Feb. 1968| 22 45 42(39.4 N; 24.9 W 7.1 | 0.999 0.035 0.999] 0.035 SS
10 |28 Feb, 1969| 02 40 33|36.2 N; 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.

Tn 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
|
1 8 May 1939 I SS
2 25 Nov. 1941 I SS
3 6 Oct. 1947 I1I SS
4 9 Feb. 1948 III SS
5 10 Sept. 1953 I SS, DS
6 9 Jul. 1956 VI SS, DS
7 2 Nov. 1956 II-III SS
8 6 Jul. 1965 III—-1V SS, DS
9 19 Feb. 1968 II-III SS
10 28 Feb. 1969 II . SS, DS
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TABLE 5

Non-tsunamigenic earthquakes and type of faulting (1901—71)

Plane «a Plane b
i-| Strike| Di trike| Di
No Date Time | Epicenter ll\{igdlll | - BoIS | 4 ?glﬁi’h?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
212 Ago. 1953 12 05 22| 38°N; 21 E 6.8 | 0.97 | 0.24 | 0.97 | 0.24 SS
3 (16 Jul. 1955| 07 07 08| 37.5°N; 27 E 6.9 | 0.96 | 0.27 | 0.99 | 0.13 SS
4112 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 | 099 | 0.10 | 0.41 | 0.91 |SS, DS
6 (10 Apr. 1962| 21 37 13| 38.1 N; 12.2 E 6.3 | 0.961] 0.276| 0.574| 0.819/SS, DS
7| 8 Mar. 1957| 12 21 13| 39.3N; 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 CHRISTOSKOV 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 ;

I 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 s + o(A) . (€))

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

the period T 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 ; ,

c¢) 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’ ¢(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.



3 INNER STRUCTURE OF THE MAGNITUDE SCALES 23

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; A ki, 1967) as Well as by expenmental
data3 (Gutenberg, Rlchte_r, 1942, 1956 ; Matum o t o, 1959,
1960; Antonova et al, 1968; Ohaltumn et al., 1971a). This

—_—1

A g -—=2

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

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

1, 8 wave; 2,P wave.

effect can be seen on figure 1 where the velocity spectra for different
energy levels (log # = 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 4/Tas a basis for the magnitude classifi-
cation is connected with the assumption of constancy for A/T in a wide

3 Rautian T. 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 A/T 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 (Romney, 1964). An analogous discrepancy may be expected

4Bune V. I et al. Tothe problem of earthquake magnitude determination. 1971.
Paper presented to the XV Gen. Ass. of IUGG, Moscow.

S 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, § wave; Tc — 1.25s.

1ogA(T;) -1ogA(T)

\  7/-0045s

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 (C.1.8.8.) (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 S waves the spectral components A(T})
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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 4(T;)/A4 (T,)
strongly depends on the period 7; for which the amplitude curve is
constructed. The bigger the period 7, 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.
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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, 1969Db).
In figure 4, as an example, the amplitude curves of PH wave for diffe-
rent magnitude levels are given (Christoskov, 1969a). In the
nearest to the source zone the difference dlog A/T corresponding to 3M =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 @ 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
m, and Mg, Mgy, and M g, mgr and My, 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
|
data ‘ M = 45-6.5 } M=6-75
source
USCGS my, = 0.69M; + 1.48| m = 0.50M, -+ 2.65
ESSN mggy = 0.68Mzy + 1.8 | mggy = 0.55Mpg + 2.7
ESSN mgg = 0.71Mpg + 20 | mgg = 0.66 Mgz, + 2.3

Note : mggy — determined by short-period instrument ;
mgg — determined by middle-period instrument.

s Op. cit, 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
SlogA|T = log(A/T);— log(A/T)y_, 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. . Rautian and Dr. N. V.
Kondorskaya for kindly going through the manuseript 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), etc. |

The activity of the group started with the propagatlon 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 Brasov, other are under
work or preparation.

During the meeting of the Working Group in J ena 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 AW der DDR, part Jena, 69 Jena, Burgweg 11,GDR.
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b) Studies of energy-frequency distribution, especially of the
strongest expected earthquakes.
c¢) 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 H. Seismicity as contribution to geophysical and geological
complzx 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. o
Caputo M,,V.Keilis-Borok,T. Krourod,G. Motchan,
G. ¥. Panza, A. 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. Panza).
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-
rithmie linear law of Gutenberg and Richter 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 chenk o,
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, Neunhofe 8
M a a z). Further, it was clearly demonstrated that the parameters A,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 Poisson 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 Maa z
and Ullmann, who considered also the influence of the inaceuracy
of the focal co-ordinates on seismicity, introducing the conception of
the probable projective seismicity.

In two papers read by Panza the selsm1c1ty of Italy including
the basis of representation was discussed, where the Guten berg-
Richter magnitudefrequency 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 0. Got-
sadze as well as some other invited colleagues like the president of
our subcomission, V. K arnik, as well as J. V. Riznichenko and
M. Jankovié, have been unable to participate in the meeting in
Jena, and that V. Pisarenko 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

Bath’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 Béth’s law (Richter, 1958; BAth, 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. o)

However, it must be mentioned that, before, U t s u (1957) examined
Dy, = My, — 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. o 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 Utsu (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 (D rakopoulo s, 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 havée been cons1dered from
different points of view by seismologists of Greece (P a Pazachos et
al.,, 1967; Drakopoulos, 1968, 1971; Papazachos, 1971, ete.).
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 Ut s u).
For 1926 —1958 the tables of Utsu give the values of D, for My, > 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, (Utsu,
1972 — personal communication).

The distribution of M. From the tables of Utsu 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, 2> 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
Natg| YO | Noty | Bty | B N0ty | N
1 1 1 1 1 :
M, K 1 | ynknown, | unknown, known, l::&zgwfl known known,
ROWR| 19961958 1959—1968 | 1926—1968 | joos™ ot | 1926—1958 | 19591968
1 2 3 4 5 6 7 8
5,5 11 — 16 1,10 2,70 — 11
5,6 10 — 6 1,00 1,60 — 10
5,7 4 — 5 0,40 0,90 - 4
5,8| 10 - 8 1,00 1,80 — 10
5,9| 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
6,31 16 7 0 0,372 0,535 12 4
6,4 9 4 1 0,209 0,326 6 3
6,5| 15 5 0 0,349 0,465 12 3
6,6 17 3 1 0,395 0,488 16 1
6,7| 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 5 0,116 0,116 2 3
7,6 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
7,9 1 0,023 0,023 0 1
8,01 1 0,023 0,023 1 0
8,1 3 0,070 0,070 2 1
8,2| O 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 , =55

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

Koy

Fig. 1. — Histogram
for the distribution of D,
for Japanese aftershock
sequences after Utsu
(1961, 1969):
11959 — 1958, My >5,5: 2, 47
1966 — 1968, M, > 6.0.

i YA
02 06 0F 88 {0 12 14 16 18 20 22 24 26 28 49 2

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 M 0y When a treshold
magnitude M,, (lower cut-off value of M,) is taken Mo, = 6.9—7 for
1926—1968 and Mo, = 6.2 —6.3 for 1959—1968.

As the distribution of D, can depends on the distribution of M,
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 A M — 0,4,a8in Katsu-
mata, 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 (AM,=0.4) for D; known

. : N(My) _ -
Mo | intorval , | NMy) | logN(My)
: known

5.5—5.9 19591968 42 4.20 0.6235

6.0—6.4 1926 — 1968 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 1926 —1968 10 0.2326

8.0—-8.4 1926 —1968 5 0.1163

ZN(My) 238

TABLE 3

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

Magnitud Ti DN(an)

agnitude ime 1> known . i
class interval and N(M,) logN(M,)

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—7.9 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.

Tt 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) = a5 — 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
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the mean of b-value for general earthquakes (excluding the values for
aftershock sequences, foreshock sequences, etc.) throughout the world
(b = 0.96) and nearly equal to the b-value for Japanese shallow earthqua-

Lyt
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N(My, My)
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831
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58 £9 1 &4 30 ) 4 5 5 7 3
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,
M, > 5,5: My > 6.5):
1,D; Known and unknown, ZN(MO) =353; LN(My: My > 6.5); 2, N(M;:My>17);
2,D; Known, EN(Mo)‘= 238. 3, N(My: My > 6.5), by = 0,91.

kes b = 0.9—-1.08 (Katsumata, 1967; Okada, 1970; Utsu,
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 o=1,

My
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value which coincides with b-value for Japanese shallow earthquakes,
b=1,08 (Okada, 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 My,. 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 y2 — test of goodness of fit and (|g,, &) statistics (Bolshev,
Smirnov, 1968) were used together or separately. In the case of
y2-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 N = 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 x>-test gave at the significance level
« — 0.05 the following result: x2 calculated = y2 = 7.89 and yx; <
< YAoosre = 9.80.

The statistics | g, |, where
N
2 (X — X)»P®

i=

n= N.s?
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TABLE 4a

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

Iaoni | | N (M i
Magnitude | Ny | Ny Nt | N N(M,) (A}: (;116’.2) |
o (My>6) | (Mo >6.5) | (My>6.9) |(My>7) | (My>17.3) | Mo >62)

3.0—3.4 4 1 i
3.5-3.9 15 4 ; 2
10— 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
5.5—5.9 28 18 5 4 1 5
6.0— 6.4 29 21 7 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—7.9 2 2 2 2 2 1
196 101 46 40 19 34

led to the value 0.0654. At a 59, 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,|, |¢,]c;, We have:

1911le = 0.0654 < 0.280

(o« = 0.05, N = 196).

The statistics d, where

31X — X|

i=1

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 :

1941, = 0.180, d = 0.8604
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For N = 46 and « = 0.05 it results that

|91l = 0.180 < 0.553

and d == 0.8604 is out of the critical limits which are: 0.7496—0.8508;
but for « = 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 B,. 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
excluded 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 Dj,
when M, > M, or My> M,, by D, (My: M, > M,, or M,) where
M,, is a given magnitude of the main shock and M, < M, (M, is a

og
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: M, >
> M,) for M, = 5.5, 6.0 and the values of D, (M,: M,> M,) for

TABLE 5

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

IHN CCOOFH HINNBF QURBUITNWERWWS = o

co
(o]

1926 —1968 1959 —1968
D, My>6, |My>6.5,[My> 6.9, My>7, |My>5.5, My>62, | My>6.5
N(Dy) | Ny | Ny | ND) | ND) | NDy N(Dy)
1 2 3 4 5 6 7 8
4 0 0 0 2 1 0
7 5 2 2 2 1 0
5 3 0 0 1 1 1
10 5 3 3 6 1 1
7 4 2 1 10 4 4
5 3 0 0 3 2
3 3 2 2 0 0
3 11 1 1 0 0
11 7 2 2 3 2
11 5 3 3 1 1
7 3 0 0 1 0
6 4 2 1 2 2
8 5 2 2 1 1
6 3 3 1 1
5 4 4 2 2
2 1 1 2 1
6 4 3 1 1
6 3 3 4 4
3 1 1 2 1
3 1 0 0 24
4 2 2 0
3 2 2 1
3 1 1 0
1 1 1 1
1 0 0 31
1 1 0
3 2 2
5 1 10
0 46
0
0
0
1
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M, = 6.2,6.3,..., 9.6, were calculated. Similarly, for the period 1926 —
—1968 we estimated D, (M,: M, > M,) for M,, = 6,0,6.1,...,6,8 and
D, (M,:M,> M,), when M, = 6.9, 7.0,..., 8.3. The results obtained

Iy VAPAYN 1926 1968
' g =P ), M 765
57 2 5 # 6 4 2 2 5 ! 2 / / {7 J o 1 10/
32 . 1
a
3.0 h -0
g
23 a
. . N §
261 . 3
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24t . e 1
4
22r - . . 3
- . . J‘
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16} oo . . . 5 ° &
o 2
/4t . o . . §
L4 o . . . 5
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o8F - . a0 . . . 7 v
. 1
233 . . . . 5
w s 3
04 o e . 4
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Fig. 4. — Japan-Variation of D, vs. M,, M, > 6.5, 1926—1968; N = 101,
3D, (M,) = 136.4.

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 it M, > M,
for different values of M, then D, oscillates round B a th’s law. Thus,
when the data are representatiVe and homogeneous, Bat h’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, Dy(M,) for My > My or M,,

M, - Number
Period or Dy(My: My > My or M,,) >D, of data,
MOU 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 1.17 22.2 19
7.4 1.17 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
1959 —1968 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 pictule of figure 5 shows that
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B 4 th’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 Japan the mean value of D, decreases with the increasing of M, for
M, > 6. Thus, according to this author, for the J apanese earthquakes

4 (B My 72 g, Mot) .i z/
X J
17+
i . 4
161 A 17 ’ e ®
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D A
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Fig. 5. — Japan, Variation of D, vs. M,, for My>M, or M, 1959—1968:
1, My > Mot: 2, My > 55; 8, My> 6,0
1926 — 1968 4, Mo > M, : 5,M, > 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 Utsu (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 Dy(My, > M, or M)
are independent of M, and oscillates round the mean value of 1.2 (for
this see further).

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

4 — c. 930



50 G. PURCARU 16

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 mnear to 1.4—1.5 (for different

Ploy)
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Fig. 6. — Japan, 1926—1968, M, > 6 — Graphical s,
testing for the normal distribution of D;. a0
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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

P0,)

994

Fig. 7. — Japan, 1926—1968,

M, > 6.9 — Graphical testing

for the normal distribution
of D,.
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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 enri’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,
§* = 0.564. The histogram is presented in figure 8 for different grouping
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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; 3,AD; = 0.4; 4,AD; = 0.5.
classes of Dy, 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
191l = 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 N
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.

(5
i( 1)

(249

G0+

JoF

20+

70 +

| — 1 i 1 1 1 1 1 1 1 1 1 1 1 1 2 1
a g2 04 06 08 L0 A1z A4 L6 18 20 22 24 26 28 da2 d2 JI4 4y

Fig. 9. — Japan, 1926—1968, M, > 6.5 — Hittogram for the distribution of D,:
1,AD; = 0.3; 2,AD; = 0.4; 3,AD; = 0.5; 4,AD; = 0.6.

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-

()
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30t o7
xJ

1 >\J
.
.
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s L L L ) I f L L s L L s :
a g2 o4 06 08 10 12 14 16 78 a0 22 24 26 28 3¢

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

1t

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

The dependence hetween 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 (Mille T,
K ahn, 1962) and the following results were obtained — for explanation
see below :

@) 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 |¢| 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 ¢q = 0.217
30, 2K, = 46 and ¢ = 0.304

N = 46, n,

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 Moy, Moy n D,
1959—1968 1 My, M,>5.5 28 0.53
2 My>5.5 46 0.713
M,>5.0
My>5.5 62 0.85
M, >4.5
1926 —1968 4 My, M;>6 49 0.59
5 My>6 77 0.67
M, >5.5
6 My>6 116 0.874
M,>5
7 My >M,>7 4 0.62
8 My>7 18 0.76
M,>6.5
9 My>7 24 0.90
M, >6
10 My>7 28 0.97
M;>5.5

Note: Mo, = 4.5, 5.0, 5.5, 6, 6.5; Mo; =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,
(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.

|

147
17
12
111
10

03

Fig. 11. — Japan — Relation Dy (Mg, M;: My, My > 4
> M, or M) ~d;:

a) My>17;b) My >55; ¢ My>6.

/

0 05 {0 15 20 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 : Mo, My > Flo, M) = 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 M, 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 My > M, and M, <
M, (ie. My > 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, (Mo, My > M,) = 4.68 — 0.60 M, ; (M, > 6.5). (2

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 paper of 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, oo My > M,.

TABLE 8
Japan — Variation of Dy vs Mg = My or M,,

] My, M, > M, ! n D,
My, M,>6 49 0.59
My, M, > 6.5 20 0.65
My, M;> 6.6 16 0.70
My, My> 6.7 13 0.73
My, My, > 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, My > 7.2 3 0.38
My, M, >7.3 2 0.25
My, M; > 7.4 2 0.25

‘ My, M; > 7.5 2 0.25

| Mo M, > 7.6 1 0.1




23

INTERPRETATION OF BATH'S LAW AND AFTERSHOCK STATISTICS

TABLE 9

Japan — Distribution of D, for aftershock
sequences with My > 6.5; M; > 6.5
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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.

Oy M, 2 M)

881 "\
a1
(13
Fig.12. — Japan, Relation

&5 =
D, (Mg, My>M,) ~ M,

a4

ar
o

&5 7 9 bl pY] 3 7

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 -
Jones 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).



25 INTERPRETATION OF BATH’S LAW AND AFTERSHOCK STATISTICS 59

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 Papazach'es
(1971) can be considered, according to our purposes, to satisfay the above
conditions for a statistical interpretation of My, M, and Dy, if My > 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

! N
L 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 e.sl 6.9 7.0]7.1‘7.2 7.3’7.4 7,5‘ 7.6
N(My) 31| 17| 25| 17| 16| 11 7‘14} 6|2 |6 1‘8‘31[4 2 3lolo 1)1
TABLE 102
Greece — Distribution of M, in magnitude classes (AM, = 0.4)
Magnitude classes | 56 60 | 6.1—6.5 6.6—7.0 ~ 71—7.5 7.6— '
of M, |
|
N(M,) 1 106 ’ 40 ; 22 ’ 6 \ 1 |
{

that M, (if M, > M,, = 5.6) follows a negative exponential distribution
and the magnitude — frequency relation of the main shocks, log N (M,



60 _ G. PURCARU. 26

My > M,) = ay — 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-

Ar N(M,)

0]

o]
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o+

70

sol

20
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b

- b y
201
. ~ Fig. 13. — Magnitude — frequency rela-
tion log N(Mg) = ay — byM,, b, = 0.7,
for main shocks of aftershock sequences
in the area of Greece

’:: (1911—-1969, M, > 5.6).
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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 (Galanopoulo 8, 1963, 1968; Drako -
poulos, 1972, personal communication). Thus as in the case of J apan,
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 — Distribution of M, for- aflershocks with My > 5.6

M, 3.5/3.6/3.7 3.813.9 4.0’4.1 4.204.3/4.4/4.5/4.6/4.7|4.8/4.9(5.0/ 5.1/ 5.2

|

i ! |

N(Ml),ﬂl_o>5.6 __2 2! 5 6_6_31’___1 5 3__5 10 7 8_1_0_6_}2_1_1__7_
| M, 5_.3545.5222_5_.?6.06.1 6.26.36.4@6.66.76_.8___
EN(Ml) 610714823121201101

In the case of Greece regicn 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 obtalned :

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, |, < 0.298 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 2 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—45 15 23
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 |1

Note for tables 12, 18, 14: 1 — class of M,;
2—-N(MMy); 3 — N(dM;) doubled ;

TABLE 13 TABLE 14
Greece — Distribution of M, Greece — Distribution of M,
in magnitude classes (AM, = in magnitude classes (AM, =
= 0.3) for M, > 5.6 = 0.4) for My, > 5.6
I
1 2 3 i 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
41—-44 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
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The y* — test leads to the following results:

Xo =163 > Yoose = 15.507
and
Xe =163 < x2 005 s = 17.535

On the other hand Romanovsy’s criteria

Yo=K
R = — < 3
V2K
PiMy)
83
6
801
0
501 Fig. 17. — Greece, 1911 —1969, M, > 5.6 —Graphical testing
30 of the mormal distribution of M,.
10
44
012845617
TABLE 15

Greece-Distribution of M, in magnitude classes for aftershocks with My> 5.6

Magnitude class . ‘ Cumulated ralative ,

of M, VN(MI $ My > 5.6 L frequencies — 9, — {

—|

1

3,5 — 3,9 21 12.0 l

4,0 — 4,4 17 21.7 i

4,5 — 4,9 41 45.1 ‘
53 — 5,4 53 i 75.4
5,5 — 5,9 34 94.4
6-0 — 6,4 6 98.3
6-5 — 6-9 3 ! 1.0

175 t

(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
6.3 —8 8.3
R= —"——="<3

}/16 4
From the above analysis it results that we can accept tfe normal dis-
tribution of 2, although for o = 0.05, x? — test rejects this conclusion
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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-

Iy
281 -~ .
=
261 = . _
. - ) Oy =11
2.4 -l .
< . . .
224 B . $
20 @ e e ey . .
~ o o .. . .
73 o e e
o ¢ . 2 .
@y = L . - Fig. 18. — Greece — Variation of D; vs.
%l o~ . s, . My for My > 5, D, == 1.1.
= se seeee e eee
12 @ e o 3es .
S ol & 22, w t o o
40 2 e es 34333 %ee o .
©w e oo o .e . .
48 = e o eedleces .
= .. 1 E TR S .
a6 s S e eee )
= o e stenn N
44 ~ .e ey o o
~ 1 . See
a2 = ese se3 ..
N . .
4 S M,
L0 4k 4B 52 55 60 64 68-72 165 &0 ’
(/.

Fig. 19. — Greece,1911—1969, M, > 5.6
— Graphical testing for the normal 50 1
distribution of D,.
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‘ TA
Distribution of D; (My > 5.6) and D,

D, 0 01| 02] 03| 04, 05 0.6 . 0.7 | 0.8
i
N(D,), 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 no distinet 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 — Distribulion of Dy, (M, > 5.6), in classes of D,

Intervals of D, N(D,) Cumt;/latwe
()
0 —0.3 12 6.86
o 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 T 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, M, > 5.6) for aftershocks of Grecee
0.9 1.0! 11 1.2! 23| 14 15| 16 10 1.8 1.9] 2.0, 2.1| 22/ 2.3| 2.4| 2.5 2.6
L |
7 b ol f |7 o e fa o [s o falefa|a]s[s
24‘4'0!2|030‘0000000000

of these statistics our hypothesis of normality of Dl must be rejected.
The ¥2 test, for AD, = 0.2, shown that y2 = 23.76 fall beyond the
critical values of 3§50 = 16.9 and y§ .0 = 21.7.
Also for AD, = 0.4 (D, = 1.07, s* = 0.3232) we obtained 2 =
= 11.62 and

2 2
Xe> Xo.s8 = 782
2
Xe> yiors = 11.34.
Romanovsky’s test criterion leads to

R 11623 _ 862

6 2.45

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 Dy (My: My > My) in function of M,

Greece — 1911—1969

No. | My | Bymy>myp | sp, | n
1 5.6 1.12 196.3 175
2 5.7 1.16 167.0 144
3 5.8 1.16 147.4 127
4 5.9 1.16 118.5 102
5 6.0 1.13 96.3 85
6 6.1 1.17 80.9 69
7 6.2 1.17 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, i D, | 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 5.7 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 2741 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. M, D, 2D, n
1 5.0 1.16 56.6 49
2 5.1 1.16 48.8 42
3 5.2 1.19 41.6 35
4 | 53 1.23 34.3 28
5 5.4 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
11 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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In order to analyse the dependence between D; and M, as in the
case of the Japanese aftershocks, we have calculated the values D, (M, :
M, > M,) for M, = 5.0—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 M, is greater or equal with M, show a constancy regardless
M,, 1—)1 being well concentrated along of the straight line D, = 1.2, which
confirms and in this case B & 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 3, 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, (My, M,: My, My;> 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, My > 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 :

1(M0 My > Myy) = 0.93 + 0.03 M, )

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 :

Dy(My: My > M) = 0.24 + 0.13 M, ®)
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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 My, My > 6 , _ (6)

which is very different from our relations (4) or (5), (in this paper D, (M,:
My, > 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, == 1.2.

At the same time, we analysed the correlation between D, and M,
using the test of Bloom quist which gives the correlation coeffi-

cient between D, and M, :

g=-——1 i (7

where #, 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
(D,, M,)) and 2K, < N, where N = total number of observations. To
verify the null hypothesis we must test if the estimate |¢| is equal with
a given value |g,]| (g, = 0).

Putting

Py(=caK9 =«

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

— 2 !
c = (—]/1 qocp (oc)) + 19! : 8)
N

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

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

the expression of ¢:
— -1
g =(—]/%).<I>' @ ®)




72" T = * G. PURCARU 38

For or';O()o O7Y (o) = 1.96 and

le] = 1.96 V% (10)

The relation (10) shows that if |g| > |¢| then the correlation dependence
must be rejected. For Japan we have N = 20, n, = 10, 2K, = 20 and

fr()m (7) if 1esults q= 0 This implies that there is no correlation between
D, and M,.

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

For 23 data about D, (M,: M, > M,) we obtained the following
relation for Greece (‘M,,t > 5.0)

D, (My: My > M,;) = 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):

. M; = — 0.59 + 0.91 M, (12)
From its relation (12) it results that
e o D, = 0.58 + 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, », = 28, K, = 21, see fig. 20)

= 22 _1-033,
21
and for « = 0.05
le] = 0.30

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

e. |¢| > |c| 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, o for aftershocks in Japan
and Greece (the data were .cumulated together for these regions) has
the form :

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

The calculation of correlation coefficient between TQ! .and ~'~M0 for
Japan and Greece gives the following result (VN =64, n, = 34, K, = 32):

= 2% _ 1~ 0063
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 M. 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 buy = b
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