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SUMMARY. — Investigation of the time and magnitude distribution 
of the fore- and aftershocks of the Cremasta lake earthquake which occur-
red on February 5, 1966 is made. The deformation characteristics and 
spatial distribution of these shocks is also studied. Strong evidence is pre-
sented tha t the foreshocks and the main shock have been triggered by the 
waterloading of the Cremasta artificial lake. 

RIASSUNTO. — È stato fat to uno studio sulla distribuzione dei tempi, 
della magnitudo, sulle caratteristiche della deformazione e la distribuzione 
nello spazio delle scosse che hanno preceduto e seguito il terremoto del 5 
Febbraio 1966, avvenuto nel Lago di Cremasta. 

Viene messo in grande evidenza il fa t to che sia le scosse premonitrici 
che la scossa principale sono state provocate dal progressivo invaso (e quindi 
dal progressivo aumento della pressione idrica nel bacino) del Lago artifi-
ciale di Cremasta. 

I N T R O D U C T I O N . 

On J a n u a r y 21, 1966 t h e Elect r ic Power Corpora t ion of Greece 
sent a l e t t e r t o t h e Seismological I n s t i t u t e of t h e Na t iona l O b s e r v a t o r y 
of A t h e n s b y which we were i n fo rmed t h a t a large n u m b e r of ve ry 
smal l shocks was fe l t b y t h e i n h a b i t a n s of t h e villages s i t ua t ed close 
to t h e Cremas t a L a k e d a m (38.9°N, 21.o°E). According to th i s l e t t e r 
smal l shocks were con t inuous ly fe l t since t h e beg inn ing of D e c e m b e r 
1965, b u t b e t w e e n 16 th a n d 19 th of J a n u a r y t h e engineers, w h o worked 
a t t h e electr ic s t a t ion of Cremas ta , fe l t seven s u d d e n shocks (of shor t 
per iod) wi th in tens i t ies be tween I V and V on t h e Mercall i i n t ens i ty 
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scale. These shocks were preceded or followed by ear th sounds giving 
the impression of " a b r u p t str iking a t dep th " . 

People of nearby villages Mere th rea tened b y the shocks, which 
were a t t r i bu t ed by t h e m to the water reservoir of t h e Cremasta ar-
tificial lake. The Electr ic Power Corporat ion asked our I n s t i t u t e to 
unde r t ake t h e invest igat ion of existence of any relat ion be tween 
t h e ear tquake ac t iv i ty and water load. Unfor tuna te ly no por tab le 
seismographs were available a t t h a t t ime and no quick instal la t ion 
of other heavy ins t rument s was possible. 

The filling of t h e lake s ta r ted on J u l y 21, 1965. Some shocks 
were felt in t h e vicinity of t h e lake since August , according to posi t ive 
informat ion of N. Delibasis of our I n s t i t u t e who visi ted t h e area, 
bu t in December the ea r thquake f requency s ta r ted increasing expo-
nential ly unti l l F e b r u a r y 5, 1966 when the s t rong ea r thquake of mag-
n i tude M — 6.3 occurred a t 021101m43s. The epicenter of this shock 
(39.1°iSr, 21.6°E) is very close to t h e nor the rn coast of t h e lake, abou t 
25 k m nor th of t h e dam. The ea r thquake was followed by an af ter -
shock sequence which cont inued through the remainder of 1966. 

F r o m Augus t till December 1965 the Seisinological I n s t i t u t e 
instal led four new stat ions in t h e region of Greece of three components 
each, wi th the financial suppor t of the Uni ted Sta tes Air Force Office 
of Scientific Research. The seismographs are of short period (1\ = 
0.5 sec, Tg = 1.0 sec), Sprengnether type . One of these s tat ions 
was installed a t Valsamata (38.2°N, 20.6°E) on Ivephallenia island on 
August 29, 1965 a t a distance of abou t 115 km f rom the Cremasta 
lake dam. The magnif icat ion of the vert ical component of this s ta t ion 
is abou t 50,000 a t T = 0.5 sec. Abou t 740 foreshocks and 2580 
af tershocks of ML magni tude between 2.0 and 5.6 have been recorded. 
A large n u m b e r of shocks of this sequence has been recorded b y the 
four new s ta t ions of the network as well as by the central s ta t ion 
in Athens . 

I t was though t t h a t a detailed s tudy of this ea r thquake sequence 
would probably lead to interest ing results regarding the re la t ion 
between the waterloading in the Cremasta lake and t h e ea r thquake 
occurrence and contr ibute to a be t t e r unders tand ing of t h e laws of 
energy release by foreshocks and af tershocks. W e shall present evi-
dence t h a t the reservoir loading m a y have influenced the generat ion 
of t h e foreshocks as well as t h e ma in shock. This is a unique pheno-
menon because i t is t he first observed case in which an ea r thquake 
of such a large magn i tude is believed to have been triggered by an 
artificial lake. 
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Cases which evidence t h a t ea r thquake occurrence is influenced by 
reservoirs or other irregular crustal loading have been repor ted by 
some scientists. 

D.S. Carder ['] b rought forward evidence t h a t reservoir loading 
affects local seismic act ivi ty in Boulder dam area. I n a l i t t e r sent 
to us on May 13, I960 Dr . Carder s ta ted t h a t since his first work he 
had m a d e new observations in the same area and collected da ta , not 
published yet , which suppor ted his first conclusions. Guha, I i a m and 
Rao (2) presented evidence of a correlation between the f requency of 
small local ea r thquakes and variat ions in flood intensi ty of s t reams. 
L. D. McGinnis (3) observed t h a t the ea r thquake f requency increases 
in the Mississipi valley wi th the r a t e of water in the river. T. 
Matuzawa (4) describes relat ionship observed between t h e low ocean 
tides and ea r thquake swarms in the Bay of Sagami. E . Berg (5) m a d e 
observat ions which indicate t h a t the March 28 Alaskan ea r thquake of 
.1961 and its af tershocks have possibly been triggered b y low ocean 
loads. D. M. E v a n s (6) presented s trong evidence of a correlation 
between injected waste wa te r in a deep well a t t h e Rocky Mounta in 
Arsenal, near Denver , and the f requency of ear thquakes which occurred 
in t h a t region between March 1962 and September 1965. No shock 
was observed a t t h a t region f rom 1882 till 1962. P . Caloi called en-
gineers a t ten t ion to these problems since 1951 ('), and af terwards 
b y a s tudy of 1965 (8); he, moreover, examined the probable reasons 
of a pa r t Vajont reservoir destruction on October 9, 1963, on the 
basis of geodynamic investigation in the gorge of Ya jon t (9). He at-
t r ibutes the des t ruct ion par t ly to the dis turbance of the tectonic equi-
l ibrium due to the reservoir. A. Galanopoulos (10) observed t h a t a 
swarm of ea r thquakes of magn i tude between 1 and 3 h a d occurred in 
Spring 1953 close to t h e Mara thon lake near Athens dur ing a seasonal 
m a x i m u m of the water loading and presented the first evidence of a 
correlation between water load of the Cremasta Lake and seismic 
ac t iv i ty . There is also some informat ion (5-1U), t h a t the reservoir filling 
causes an increase in the seismic act ivi ty near the artificial lakes Kar iba 
Rodesia) and K o y n a (India). 

P R O C E D U R E . 

An approx imate de terminat ion of epicenters has been m a d e for 
a large number of foreshocks and aftershocks. However , an accurate 
de terminat ion of epicenters (with an error i 0.1°) has been m a d e 
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only for ea r thquakes wi th ML ^ 3.4. Pn of the mos t of these shocks 
has been recorded clearly a t three or more stat ions. To determine 
epicenters the me thod of Ben Meneham and B a t h ( n ) has been used. 
A program based oil this me thod has been wr i t t en for an I B M 1620 
computer . This me thod is applied to the rout ine work of determining 
epicenters for the bullet in of our I n s t i t u t e and has been proved well 
condit ioned for epicenters in mos t places in the region of Gre:ce, when 
Pn is clearly recorded a t th ree or more stat ions. I n some cases in 
which this m e t h o d could not be applied, other graphical methods 
were used for epicenter de terminat ion . No a t t e m p t has been m a d e 
to determine focal depths of the shocks of the sequence, except for 
the ma in shock, because no reliable me thod could have been applied 
for this purpose, since no s ta t ion Avas very close to the epicentral region. 
However , i t was observed t h a t Pn ampl i tudes were small in comparison 
wi th Pg. T h a t was par t icular ly obvious in foreshocks. This is the 
first i n s t rumen ta l evidence t h a t af tershock foci were not in t h e lower 
p a r t of the crust and foreshocks were very shallow. The fac t t h a t 
foreshocks were felt as quakes of very short dura t ion also indicates 
t h a t they were very shallow. We shall present later more evidence 
which suppor t the conclusion. 

To calculate the magn i tude M'L of each shock of the sequence 
for which an ampl i tude A ' was measured a t the s ta t ion of Va l samata 
the following relat ion was used: 

n 
2 log At 

M'L = log A' + ML — — [1] n 

where Ml is t he mean value of the magni tudes of all shocks of the 
sequence recorded b y the Wood-Anderson seismograph (T = 0.8 sec, 
V = 2800) in Athens. A and n are the ampl i tude a t Va l samata and 
the number of these shocks respectively. This m e t h o d is reliable 
only when the epicentral dis tance of the shocks does no t va ry largely. 
To be sure t h a t no large errors are in t roduced in determining magni tudes 
of the small shocks, t h e epicentral distances f rom t h e Va l samata 
s ta t ion of all shocks have been determined by using the arr ival t imes 
of several phases and t rave l t ime curves. The distances var ied f rom 
about 110 k m to 150 k m b u t t h e epicentral distances of t h e large 
ma jo r i t y of shocks were close to 120 km. Some errors, of course, 
have been introduced, b u t t h e conclusions of this s t udy are not affect-
ed by such errors. The origin t imes, coordinates of epicenters and 
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Table I - P O R E S I I O U K S A N D A F T E R S H O C K S O F Ml 3.4 
O F T H E C R E M A S T A L A K E E A R T H Q U A K E . 

N° Date <P A Origin Time Magnitude 
Ml 

1 Sept. 11 1965 391/ 22 0° 04:49:05 3 7 

2 Dec. 31 )) 39 3« 20 9° 22:43:19 4 1 

3 J a n . 6 1966 39 3° 21.3° 02:01:51 3 4 

4 )) 1 6 )) 39 3° 21 0° 20:03:33 

5 )) 19 )) 38 8° 21 4 0 07:26:53 3 9 

(i )) 2 2 » 39 2" 21 5° 05:01:36 3 8 

7 )) 2 6 )) 39 2° 21 0° 13:30:20 4 2 

8 )) » )) 39 1° 21 4° 17:34:00 3 4 

9 )) 28 )) 38 9° 21 3" 19:30:27 3 5 

10 )) 30 )) 39 1° 21 4 0 03:01:48 3 8 

11 » )) ) ) 39 0° 2 1 5° 05:50:09 3 6 

12 )) )) ) ) 39 0° 21 5° 06:46:54 3 8 

J 3 » 31 )) 39 1° 21 5° 04:30:50 3 8 

14 )) )) )) 39 2° 21 1° 09:54:54 4 0 

15 )) )) )) 39 2° 21 5° 10:53:22 3 6 

16 Feb. 1 )) — — 05:00 3 4 

17 )) ) ) )) — 06:51 3 5 

18 )) ) ) » 39 2 ° 21 5° 10:03:56 3 6 

19 )) 2 )) 39 2 ° 21 7° 23:51:31 3 6 

20 )) 4 )) 391/*0 
2 1 V « ° 17:55:45 3 6 

MS )) 5 )) 39 1° 21 6° 02:01:43 5 9 

1 )) )) ) ) 39 2 « 21 5° 02:11:02 4 6 

2 )) ) ) ) ) 39 2" 21 7 0 02:29:53 3 6 

3 )) » )) 39 1" 21 7 0 02:56:16 3 8 

4 )) ) ) )) 39 2 ° 21 7 0 02:57:58 4 9 

5 )) )) )) — 04:39 3 5 

6 )) )) )) 39 3» 21. 60 04:56:29 3 5 

7 )) » )) 39 4° 21. 6° 09:28:27 3 6 

8 )) » )) 39 2° 21. 6° 09:47:57 3. 7 
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( 'ontinued 

N° ' Date <P Original Time Magnitude 
ML 

9 Feb. 5 1966 39. 2° 21. 7 0 10:39:56 3.6 

10 )) » » 39- 1° 21. 6° 10:52:42 3 .5 

11 )) » )) 39. 60 21. S» 12:38:35 3.7 

12 » » )) 39. 3° 21. 7 0 13:11 :58 3 .5 

13 )) » )) 39. 30 21. 7° 18:29:45 3.4 

14 )) » )) 39. 4° 21. 7° 19:00:22 3.7 

15 » 6 » 39 1" 21 70 00:35:04 3 .5 

16 )) » » 39 1» 21 5° 01:52:51 3 .5 

17 )) » » 39 0° 21 8° 02:09:49 3.6 

18 )) » » 39 2° 21 5° 13:24:32 4 .0 

19 lì » )) 39 3° 21 3° 15:09:13 3 .8 

20 » » )) 15:10 3 .9 

21 )) 8 )) 391/2° 21V 2° 17:22:37 3 .5 

22 » 9 » 02:23 3 .5 

23 )) )) )) 39 30 21 6° 02:37:13 3.6 

24 » » )) 39 1» 21 ó» 06:04:39 3.7 

25 )) » )) 39 2« 21 6° 22:09:05 3.6 

26 » 10 )) 39 0° 21 9° 13:21:42 4.1 

27 )) » )) 39 3° 21 30 16:10:41 3 .8 

28 » )) » 39 4 0 21 9° 19:45:53 3.6 

29 )) 11 )) 39 2° 21 1° 00:57:54 3.7 

30 )) )) )) 39 3° 21 2° 05:41:21 3 .8 

31 )) ) ) )) 39 30 21 30 06:49:32 3.8 

32 » 12 )) 391/4° 21V 2° 06:07:33 3.4 

33 » )) )) 39 5° 21 4 0 13:36:13 4 .1 
34 » 14 » 39 2° 21 30 20:16:48 4.1 

35 )) 15 )) 391/4° 211 
u° 05:20:19 3 .5 

36 » )) » 391/1° 2 I V 2 0 22:48:20 3.4 

37 )) 16 » 38 9° 21 6° 07:12:27 3 .5 
38 » » » 39 90 21 8 ° 14:59:45 3.4 
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Continued 

N° Date <p A Origin Time Magnitude 
Ml 

39 Feb. 17 )) 39 1" 21 60 07:37:42 3 .7 

40 )) » )) 39 1° 21 7° 10:41:20 3 .8 

4J )) )) )) 39 0» 21 6° 22:04:09 3 .6 

42 » 19 )) 39 1« 21 5° 10:22:25 3 .7 

43 » 20 )) 39 2o 21 5° 08:44:24 3 . 5 

44 )) ) ) )) 39 4° 21 6° 09:10:53 3 .6 

45 )) 21 )) 391/4° 22 Oo 09:29:59 3 .6 

46 )) 22 )) 39 2° 21 2o 10:05:32 3 .8 

47 )) 25 » 39 2° 21 2o 02:46:30 3 .5 

48 )) ) ) )) 39 2o 21 Oo 12:36:21 3 .9 

49 )) 26 )) 39 1° 21 5° 02:39:18 3 .5 

50 )) 27 )) 39 2o 21 50 14:43:37 3 .6 

51 » )) » 39 1° 21 6° 19:39:16 3 .8 

52 )) 28 )) 39 Oo 21 9o 06:46:28 3 .6 

53 March 1 1906 39 2o 21 40 04:48:12 3 .6 

54 » 6 » — 08:51:54 3 .4 

55 » 8 » 39 2o 21 2o 18:51:39 4 .4 

56 9 » - 07:50:52 3 .7 

57 » 10 » 39 2° 21 lo 01:23:41 3 .8 

58 » » » 39 2o 21 1» 02:33:09 4 .0 

59 » 11 » 39 2° 21 30 20:19:10 4 .0 

60 » 12 » 39 0° 2174° 17:04:39 3 .5 

61 » 13 » 39 Oo 21 6° 19:35:49 4 . 0 

62 » 14 » — 14:07 3 .8 

63 » )) » 39 2° 21 40 14:08:34 4 . 0 

64 » )) » 39 5° 21 5° 14:16:05 4 . 0 

65 » 15 » 39 3° 21 2° 10:46:07 4 . 0 

66 » )) » 39 30 21 3° 12:18:32 4 .0 

67 » )) » 15:51 3 .4 

68 » » » 39 3° 21 30 21:02:52 3 .7 
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Continued 

N° Date V A Origin Time Magnitude 
Ml 

69 Marcii 17 » 383/4° 213/4° 19:25:22 3 .4 

70 » » » — 20:07 3 .4 

71 » 21 » 39 1° 21 .7° 14:32:31 3 .6 

72 » 26 » 38. 9° 21 .9° 20:17:28 3 .8 

73 » 28 » 39 4° 21 .4« 04:04:34 4 .0 

74 April 1 1966 39 2° 21 2° 13:14:55 4 . 4 

75 » 2 )) 39 2° 21 .4° 06:38:44 3 .4 

76 » 3 )) 39 2" 21 .3» 11:36:18 4 .6 

77 » 5 » 39 4° 21 .6° 08:07:20 4 .2 

78 » )) 39 2° 21 .3" 13:57:24 3 .8 

79 » 7 )) 39. 2° 21 .30 12:58:42 3 .6 

80 » 12 » 39 4 0 20 .3° 19:14:38 3 .6 

81 » 18 » 39. 1" 21 5° 08:37:05 3.7 

82 )) ) ) )) 39. 0° 21 7.° 09:59:15 4 . 3 

83 » 19 )) 39 0« 21 .5° 02:42:54 3 .4 

84 » 23 )) 39. 2° 21 .0° 1 1 :08:03 4 .2 

85 25 )) 39 2 ° 21 .3" 01:12:21 3 .6 

86 » )) )) 38 9° 21 .3° 23:18:09 3 .7 

87 26 )) 383/4° 2 1 V 2 ° 05:11:59 3 .6 

88 28 )) 39. 6° 21 .5° 01:54:19 3 .4 

89 » )) )) 39. 4 0 20 .9« 11:47:26 4 . 4 

90 May 1 1966 39. 0" 21 7° 15:52:25 3 .6 

91 » 3 » 39. 2° 21 .5° 12:52:35 3 .5 

92 3 )) 39. 3° 21 .3° 12:56:14 3 .4 

93 » 4 )) 39. 3" 21 .4" 01:16:33 3 .6 
94 )) )) » 39. 3» 21 .3" 06:36:50 5. 1 

95 )) )> )) 39 2 ° 21 .3° 07:38:50 4 .2 

96 » 8 )) 39 3° 21 4° 03:48:38 3 .8 

97 » 1 I » 39 4 0 21 0° 01 :07:27 3 .9 
98 » 12 » 391 / 0 / 4 21 1/ 0 

/1 21 :58:34 3 .6 
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Continued 

N° Date <P A Origin Time Magnitude 
Ml 

99 May 14 1966 39 V4° 21.0° 13:36:07 3 .4 

100 )) )) )) 39.0° 211/2° 15:11:14 3 .4 

101 )) )) ) ) — — 15:31 3 .4 
102 )) 15 )) 39.2° 21.0° 08:29:30 3 .9 
103 » )) )) — — 09:30 3.4 
104 » 22 )) 39.2° 21.0° 07:42:17 3 .8 
105 )) )) » 39.3° 20.8° 11:15:36 4 . 0 
J00 » 23 » 39. 1° 21.7° 01:15:57 3 .4 
107 » 26 » 39.0° 21.30 06:32:16 •3.8 
108 )) 27 » 38.9" 21 .70 23:14:24 3 .6 
109 )) 28 » 383/4° 2 I V . » 10:15:27 3 .4 
110 )) 29 » 39.3° 21.1° 18:38:29 3 .4 

111 June 1 1966 39 V2° 2 1 7 , 0 21:15:57 3 .4 

112 » 4 )) 39.0° 21.5° 07:06:19 3 .8 

113 » 11 )) 38.8° 21.5° 10:21:52 4 .2 

114 » 13 )) 39 V 2 ° 21.0° 11:44:52 4 . 0 

115 » 15 )) 39.0° 21.5° 01:46:27 3 .5 

116 » )> )) 383/4° 2 I V , » 05:21:54 3 .4 

117 » 23 )) 39.2o 22.1° 21:02:53 3 .6 

118 » 24 )) 39.2° 21.30 01:24:29 3 .8 

119 » )) )) 38.7° 21.60 22:34:24 4 . 4 

120 July 15 1966 3S. 9° 21.40 23:50:07 4 .2 

121 )) 20 » 39.0° 21.5° 10:16:02 4. 1 

122 )) 21 » 39.2° 21 . lo 03:56:44 3 .6 

123 )) )) » 39.4° 21.00 11:30:50 3 .4 
124 )) 22 )) — — 09:46 3 .5 
125 )) 23 » 89.0° 21 .8° 05:28:28 3 .7 
126 » 24 )) 38.8° 21 .90 01:27:39 3 .6 
127 )) 24 » 38.9" 22.0° 01:32:48 4 .4 
128 )) » )> 39.0° 22.0° 02:11:08 3 .6 
129 » 28 )) 39.2° 21 .3° 13:09:58 3 .8 
130 )) 30 » 393/4° 213/4O 08:35:37 3 .8 
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Continued 

N« Date <P X Origin Time Magnitude 
ML 

131 Aug. 7 1966 39 0" 21 0° 23:58:48 3 .5 
J 32 )) 8 )) 39 5° 21 30 11:07:32 3 . 5 

133 )) » )) 39 6° 21 0° 12:34:07 4 . 0 

134 )) 9 )) 39 5° 21 4° 20:20:48 4 . 0 
135 )) 11 )) 38 8° 21 7° 04:34:12 4 .2 
136 )> 12 )) 39 2° 21 2° 05:21:59 3 .6 
137 )) 16 )) 39 4° 20 5° 03:28:45 3 .5 
138 )) )) ) ) 39 5° 20 6° 13:46:26 3 .4 
139 )) 17 » 39 6° 20 5° 08:21:56 3 . 5 
140 » )) )) 38 8o 21 8° 16:16:26 3 .7 
141 )) ) ) ) ) 39 4° 21 30 19:02:01 3 .8 
142 » 20 » 38 6" 21 50 11:54:07 3 .8 
143 )) » )) 39 2° 21 40 19:49:38 3 .6 
144 )) 31 )) 39 Oo 21 5° 01:20:36 3 .4 
145 )> » » 391 / 0 / 4 203 

W 10:15:04 3 .4 
146 Sept. 9 1966 39 lo 20 90 11:34:39 3 .5 
147 » 14 )) 39 Oo 21. 30 14:42:44 3 .5 
148 » 23 )) 39 5° 20. 50 23:47:48 4 .2 
149 Oet. 3 1966 38 9° 20. 8° 13:15:29 3 .7 
150 )) 17 » 39 4° 20. 9° 12:59:45 3 .6 
151 )) 28 » 39 2° 21. 2o 09:52:47 3 .5 
152 » 29 » 38 8° 21. 0o 02:39:25 5 .6 
153 )) ) ) » 38 90 21 0° 03:05:20 3 .3 
154 » )) » 39 0° 20. 90 17:50:56 3 .6 
155 » 30 » 38 8° 21. 50 02:10:09 CO

 
<1

 

156 Nov. 2 1966 38 90 21. 1° 19:01:21 3 .2 
157 )) 15 » 38. 70 20. 8° 22:12:05 3.7 
158 » 16 » 38. 8° 21. LO 02:57:58 3 .7 
159 » 20 » 38. 9° 21. 1° 14:43:09 3 .6 
160 » 27 » 39. 5° 20. 8° 06:05:05 3 .8 
161 M » 39 5° 20. 50 10:46:17 3 .9 
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magni tudes of all shocks of the sequence wi th ML ^ 3.4, are listed 
in Table I . According to R o m n e y (''-) t he local magn i tude ML is 
related wi th the surface wave magni tude by Ms = ML + 0.44. F r o m 
t h e magn i tude of each shock the deformat ion has been calculated by 
using the formula : 

log D = 5.17 + 1.46 M [2] 

given b y B a t h and D u d a (13). 
F a u l t p lane solution of the main shock has been determined 

graphical ly by N. Delibasis b y using P wave da t a of 80 s ta t ions. 
Solution also has been found by using Wickens ' program in an I B M 
1620 computer . The two solutions are similar and we have finally 
adop ted the following one determined b y the computer . Nodal P l ane 
a (N 114°E, 76° dip), Nodal P lane b (N 8°W, 24° dip), P lane of act ion 
(N 30°E, 51° dip). La te r we shall present evidence t h a t plane (a) is 
t h e fau l t plane. The k ind of faul t ing is reverse and sinistral. 

All these observations have been used to find spatial, t ime, and 
magn i tude dis t r ibut ion and deformat ion characterist ics of the fore-
shocks and af tershocks of t h e sequence. Then, these da t a were com-
pared wi th theoret ical and expernnenta l results to present evidence of 
existing relat ion between the water reservoir and seismic act ivi ty . 

SPATIAL DISTRIBUTION OF FORESHOCKS AND AFTERSHOCKS. 

The epicenters of all ea r thquakes of the sequence wi th ML > 3.4 
are shown on the index m a p of F igure 1. The foreshocks are denoted 
by triangles, t h e af tershocks by circles and the late af tershocks by 
squares. By " la te af tershocks " we m e a n the ea r thquake of magni-
t ude Ml — 5.6 which occurred on October 29, 1966 (about nine mon ths 
a f t e r the ma in shock), as well as i ts own aftershocks. The epicenter 
of this large la te af tershock is close to K a t u n a about 55 km southwest 
of the epicenter of t h e principal ea r thquake . F r o m the dis tr ibut ion 
of the epicenters of the foreshocks and normal af tershocks we can 
safely conclude, t h a t the determined by first motions of P waves plane 
(a), which strikes N 114°E is t h e ma in faul t responsible for this se-
quence. This is an almost vert ical t h rus t faul t and the lake is on 
the sinking block. The str ike of this faul t is also indicated in 
Figure 1. The dis t r ibut ion of the epicenters indicates t h a t other 
minor faul ts gave some shocks. One of these minor faul ts is the 
fau l t of the la te af tershocks. This fau l t strikes in an almost east-west 
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direct ion. As we can see in F igu re 1 t h e a f t e r shock region of t h e 
la te a f t e r shocks do no t coincide w i th t h e region of t h e foreshocks 
and n o r m a l a f t e r shocks . No a c c u r a t e epicenter de t e rmina t i on was 

JO* 10' 21 * 21* 10' 7 J* 

Fig. 1 - Index map of the location of epicenters of foreshocks 
and aftershocks. 

possible fo r t h e smal l shocks of t h e sequence. Macroseismic evi-
dence indica tes t h a t m o s t of t h e small foreshocks were ve ry shal low 
and the i r epicenter were j u s t below or v e r y close t o t h e Cremas ta lake. 
This is s u p p o r t e d b y t h e f a c t t h a t m o s t of t h e ep icent ra l d is tances 
f r o m Y a l s a m a t a are a lmos t equa l to t h e d i s tance be tween t h e lake 
and t h e s ta t ion . 

As we h a v e a l ready n o t e d t h e exis tence of ve ry s t rong c rus ta l 
phases Pg, Sg in compar i son with Pn a n d Sn phases indicates , t h a t 
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t he foci of t h e shocks were not close to the Mohorovicic discont inui ty 
or in the man t l e . The t ime difference between Pn and Pg of the 
main shock measured on the same record a t t he s ta t ion in Athens is 
4.1 seconds, and t h e dis tance between Athens and epicenter is 220 km. 
Work on crustal s t ruc ture , carried out now in the region, indicated 
t h a t t h e m e a n crustal velocity of longitudinal waves is 6.2 km/sec 
and the Pn velocity is 7.9 km/sec. If we use these velocities and t ake 
the mean crustal thickness between epicenter and s ta t ion equal to 
40 km, we can apply the following formula for an approx ima te de-
te rmina t ion of the focal dep th of the main shock: 

where d is t he crusta l thickness, A the epicentral distance, 61 the 
t ime difference between Pn and Pg, v and vx t h e longitudinal crustal 
and Pn velocity, respectively, and It the focal dep th . Applicat ion 
of the formula gives a focal dep th equal to 23 km. 

A t en t a t ive empirical formula has been derived by Papazachos 
et al. ("), which relates the magn i tude of the main shock with the 
magn i tude of the largest normal af tershock and the focal depth of 
the main shock. This formula gives a focal depth equal to 24 km. 
Other t en t an t ive empirical relations have been derived, which connect 
the magn i tude of the ma in shock and the number of af tershocks or the 
pa r ame te r b' of the magn i tude dictr ibut ion wi th the focal dep th . These 
relat ions give a focal dep th even smaller. Macroseismic determinat ion 
of the focal dep th of the ma in shock also indicated t h a t t h e shock 
was shallow. W e feel t h a t we are r ight , if we say, t h a t the focal depth 
is of the order of 20 km. 

T I M E D I S T R I B U T I O N OF F O R E S I I O C K S A N D A F T E R S H O C K S . 

Mogi (15) showed t h a t the t ime dis t r ibut ion of af tershocks in t h e 
early stage a f t e r the ma in shock is expressed by the relat ion: 

where t is t he t ime measured f rom the origin t ime of the ma in shock, 
n(t) dt is t he number of af tershocks which occur between t and t + dj 

n(t) dt = n, t~" dt 0 < t < t, •0 [4] 
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and nx is a c i n s t a n t . Papazac l ios et al ( u ) de t e rmined t h e c u m u l a t i v e 
f r equency of m a n y e a r t h q u a k e s in t h e region of Greece: 

to 

N (t) = J n (t) dt 

and t h e y f o u n d t h a t f unc t ions of t h e fol lowing t y p e f i t t h e d a t a : 
N = tr" t < to. 

T h e m e a n va lue of the cons t an t s E fo r t h e region of Greece was 
f o u n d equal to 0.40. The cons t an t h a n d E depend p r o b a b l y on t h e 
viscosi ty of t h e ma te r i a l in t h e a f t e r shock region. 

Fig. 2 - Time distribution of aftershocks. 

T h e t i m e d is t r ibu t ion of t h e a f t e r shocks of t h e Cremas ta lake 
e a r t h q u a k e is shown in F i g u r e 2. 

T h e following re la t ion fit well t h e d a t a : 

n(t) = 134 <-o-'8 . 

The t i m e is measu red f r o m t h e m a i n shock. T h e t i m e in te rva l was 
t a k e n equal to one d a y . 

The t ime d i s t r ibu t ion of t h e foreshocks is shown in F igu re 3. 
A re la t ion of t h e f o r m [4] w i th pos i t ive exponen t fits t h e d a t a . If 
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we m e a s u r e t h e t u n e f r o m December 4 a n d consider t h e t i m e in t e rva l 
dt equa l to one day , t h e fol lowing re la t ion gives t h e n u m b e r of fore-
shocks which occurred in t h e tlh d a y : 

[ log «(<) = — 0.30 + 0.03 t . [5] 

Pig. 3 - Time distribution and deformation caracteristic of foresliocks, 
and variation with time of the water elevation of the artificial lake. 

9 14 19 24 

November December January February 

Main Shock 

Water Elevation 

Deforma tlon 

Number of 

T h e va r i a t ion of t h e de fo rma t ion in t h e foreshock region wi th 
t ime , ca lcula ted b y t h e f o r m u l a [2], is also p lo t t ed in F i g u r e 3. T h e 
wa te r level va r i a t ion in t h e l ake is p resen ted in t h e s ame F igure . W e 
see t h a t t h e va r i a t ion wi th t i m e of t h e pressure exer ted by t h e w a t e r 
on t h e rocks of t h e b o t t o m of t h e lake wras a lmos t l inear be tween 
D e c e m b e r 4 a n d F e b r u a r y 5, w h e n t h e ma in shock occurred a n d t h e 
f r e q u e n c y of shocks a n d de fo rma t ion increased a lmos t exponent ia l ly . 
The m a t e r i a l in t h e foreshock region is he te rogenous a n d br i t t l e , because 
s t rong evidence exists , t h a t t h e source of t h e foresliocks was shallow. 
If t h e lake has inf luenced t h e genera t ion of foresliocks we can t h e n 
conclude f r o m F i g u r e 3 t h a t , when t h e stress exer ted on he te rogenous 
b r i t t l e m a t e r i a l increases a t cons t an t r a t e , t h e f r e q u e n c y of shocks 
a n d t h e de fo rma t ion m u s t increase a lmos t exponen t ia l ly . I n f ac t 
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l abo ra to ry expe r imen t s carr ied o u t b y Mogi (16) has shown t h a t th i s 
is t rue . T h e change of s t r a in a n d f r e q u e n c y of elast ic shocks u n d e r 
an increasing s t ress a t a c o n s t a n t r a t e for he te rogenous b r i t t l e m a -
ter ia l , as i t is r epo r t ed b y Mogi, is shown in F i g u r e 4. T h e quali-
t a t i v e resemblance be tween our observa t iona l d a t a a n d Mogi 's 
expe r imen ta l resu l t s is obvious. W e shall discuss i t in de ta i l l a te r . 

Fig. 4 - Changes of the strain and frequency of 
elastic shocks under an increasing stress at a cons-
tant rate for crystalline rock speciemens (Mogi, 1962). 

T h e f r equency f u n c t i o n of t h e t i m e in t e rva l be tween successive 
e a r t h q u a k e s has been also inves t iga ted b y seismologists (Utsu (")) . 
T h e re la t ion: 

n (T) dt = Ae dr , [ 6 ] 

T Minutes 

Fig. 5 Frequency function of the time interval between successive 
aftershocks. 
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is appl ied in o rd ina ry e a r t h q u a k e s , a n d t h e re la t ion : 

n (r) (IT = a dr [7] 

in a f t e r shock sequences; T is t h e t i m e in t e rva l be tween successive 
e a r t h q u a k e s a n d A, X, a, ft a re cons tan t s . T h e f r e q u e n c y f u n c t i o n of 
t h e t i m e in t e rva l be tween successive a f t e r shocks in our case is p lo t t ed 
in F i g u r e 5. T h e d a t a are f i t t ed ve ry well b y : 

W(T) = 2 5 7 T ~ 0 - 8 1 . 

Fig. 6 - Frequency function of the time 
interval between successive foreshocks. 

I n der iv ing th is equa t ion t h e t i m e in te rva l was t a k e n equa l to 
one m i n u t e . 

T h e f r equency f u n c t i o n of t h e t ime in te rva l be tween successive 
foreshocks is p lo t t ed in F i g u r e 6. B o t h [6] and [7] were t r ied . I t 
was f o u n d t h a t for foreshocks a re la t ion of t h e t y p e [7] also applies . 

This re la t ion fits ve ry well t h e d a t a and is: 

n(r) = 357 T"0-72 . 

T h e t i m e in te rva l has been t a k e n equa l to 5 minu tes . 



5 6 I». COMMISAKIS - J . DRAKOPOULOS - G. MOUMOULIDIS - B. PAPAZACHOS 

F R E Q U E N C Y F U N C T I O N O F M A G N I T U D E . 

I t is well known t h a t the f requency func t ion of the magn i tude 
of ea r thquakes is expressed b y : 

log n = a + b (8 — M) , [8] 

given by Gutenberg and Ricli ter (1S). n is t he number of ea r thquakes 
confined to a certain domain and having magn i tude between M and 
M + dM and a, b are constants . The relat ion [8] holds for ordinary 
ear thquakes as well as for foreshock and af tershock sequences and 
for swarms. Many invest igators use t h e cumula t ive f requency funct ion 
expressed b y : 

log N = A + b'M , [9] 

where N is t h e number of ea r thquakes of magn i tude equal to and 
larger t h a n M and A, b' are constants . The cons tan t b of t h e re-
lat ion [8] or b' of [9], which expresses how m u c h larger is the number 
of small ea r thquakes t h a n t h e number of large ones, has been discussed 
and is related to tectonic s t ruc ture of the seismic region b y some 
scientists. Mogi (15) showed experimental ly, t h a t this constant depends 
on the homogenei ty of t h e mater ia l in the seismic region and on the 
dis t r ibut ion of t h e applied stress. The value of b increases as t h e 
degree of heterogenei ty increases and as t h e degree of s y m m e t r y of 
the applied stress decreases. Mogi found values between 0.5 and 1.0 
for elastic shocks in grani te speciments. A decrease of b wi th dep th 
has been found by several seismologists. K a r n i k (19) in s tudying t h e 
seismicity in Europe found evidence for a decrease of b wi th dep th . 
Galanopoulos (20) de termined cons tan t b' and found a value equal 
to 0.82 for shallow ordinary ea r thquakes in the region of Greece and 
a value equal to 0.42 for ea r thquakes wi th in termedia te focal dep th 
of the same region. Papazachos et al ( u ) s tudied af tershock sequences 
in the region of Greece and gave the following t en t a t ive relat ion 
between b' and dep th h: 

b' = 1.26 — 0.013 h 14 k m < h < 70 km , [10] 

h is measured in km. There is some evidence t h a t cons tant b' a t 
focal depths smaller t h a n 14 k m has even larger values t h a n those 
predicted by [10]. The p a r t y of the seismographic observat ion of 
Matsushiro Ea r thquakes (21) s tudied an ea r thquake swarm in Mat-
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sushiro. T h e y f o u n d a va lue equa l t o 1.34 for b. T h e m e a n focal 
d e p t h of these shocks is a b o u t 1 k m . Drakopou los d iv ided t h e region 
of Greece in several p a r t s a n d d e t e r m i n e d b' fo r each p a r t b y us ing 
m a n y a f t e r shock sequences for each case. H e f o u n d for a lmos t all 
p a r t s , va lues be tween a b o u t 0.1 and 1.5. This is an ind ica t ion t h a t 
b' var ies m u c h m o r e ver t ica l ly t h a n hor izonta l ly . 

I t has been f o u n d b y m a n y seismologists [Mogi (1 5 1 6), Suyehi ro ('--), 
P a p a z a c h o s et al ("J] t h a t t h e values of b or b' a re larger for a f t e r shocks 
t h a n for foreshocks. Mogi (18) showed exper imen ta l ly t h a t , w h e n 
foresliocks a n d a f t e r shocks come f r o m t h e same vo lume, t h e va lue 
of b is smaller for foreshocks t h a n for a f te r shocks , because t h e m a i n 
shock causes new cracks a n d t h u s t h e n u m b e r of i r regular p o i n t s 
increases. 

Pig. 7 - Cumulative frequency function of the magnitude of foreshocks. 

T h e loga r i thm of t h e c u m u l a t i v e f r equency f u n c t i o n N(M) of t h e 
m a g n i t u d e of t h e foreshocks of t h e Cremas ta lake e a r t h q u a k e is 
p l o t t e d versus M in F i g u r e 7. T h e following re la t ion fits t h e d a t a in 
t h e leas t squa re sense: 

log N = 6.17 — 1 . 4 1 ML . [11] 

This re la t ion fits well t e d a t a for m a g n i t u d e s larger t h a n 2.4. 
F o r M < 2.4 t h e n u m b e r of shocks is m u c h smaller t h a n t h a t expec ted 
b y [11]. This is p a r t l y due to t h e f a c t t h a t some of t h e shocks of 
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th i s r ange o£ m a g n i t u d e h a v e been o m i t t e d , because the i r recorded 
amp l i t udes were too small to measure . I t is, however , ve ry p r o b a b l e 
t h a t th i s d rop of t h e n u m b e r of shocks, for ve ry small magn i tudes , is 
pa r t i a l ly real . T h e va lue of b' is too large in compar ison wi th va lues 
de t e rmined for o the r foreshock sequences of t h e region of Greece or 
o ther regions. This is a n o the r evidence, t h a t t h e foreshock region 
of t h e Cremas ta lake sequence is ve ry shallow. T h e following re la t ion 
expresses t h e c u m u l a t i v e f r e q u e n c y f u n c t i o n of t h e m a g n i t u d e Ml of 
t h e a f t e r shocks of t h e Cremas t a lake e a r t h q u a k e : 

log N = 5 . 9 9 — 1 . 1 2 ML . 

Mt -

Fig. 8 - Cumulative frequency function of the magnitude of aftershocks. 

T h e d a t a a re p lo t t ed in F igu re 8. One can again observe, t h a t 
t h e po in t s for shocks of Ml < 2 .1 a re below t h e line, which fits t h e 
d a t a for Ml > 2.4. T h e same p h e n o m e n o n is observed in t h e f re-
quency f u n c t i o n of m a g n i t u d e , which is g iven b y t h e J a p a n e s e P a r t y 
of t h e Seismographic Obse rva t ion of Matsusl i i ro E a r t h q u a k e s (21)- T h e 
f a c t t h a t t h e change of t h e slope of the i r curve occurs a t a b o u t t h e 
s ame m a g n i t u d e , a l t h o u g h t h e y used d i f ferent i n s t r u m e n t s w i th diffe-
r e n t magni f ica t ion , p r o b a b l y suggests , t h a t th i s change is real . 
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The constant b' of the af tershocks has a value equal to 1.12, which 
is smaller by an a m o u n t equal to 0.29 t h a n the corresponding value 
for foreshocks. This is in str iking disagreement with w h a t is known 
up to now on this ma t t e r . The fac t t h a t the epicentral regions of 
the foreshocks and af tershocks are not different, suggests t h a t t h e 
larger value of b' for foreshocks m u s t probably be a t t r i bu t ed to the 
smaller mean depth of the foreshock volume t h a n the m e a n dep th 
of af tershock volume. The value of b' which has been calculated f rom 
da t a of ordinary shocks of this region (Galanopoulos, personal com-
municat ion) is 0.64. 

D E F O R M A T I O N CHARACTERISTICS. 

The cumula t ive deformat ion of the af tershocks is p lo t ted versus 
t ime in Figure 9. The release of s t ra in in two phases, t h e compres-
sional and shear observed by Benioff (23) and B a t h and D u d a (13) is 
not clear in this case. However we can m a k e some useful observa-
tions on Figure 9. 

The mos t p a r t of the energy has been released b y three af tershocks 
of Ml magn i tude equal to 4 .9 ,5 .1 and 5.6, which occurred 56 minutes 
98 days and 9 mon ths a f t e r the m a i n shock. The first two of these 
shocks came f rom the af tershock region of • t he ma in shock and the 
magn i tude of t h e larger one is equal to ML + 0.44 = 5.54. 

This is equal to w h a t was predicted b y t h e formula found pre-
viously by Papazachos et al. (14): 

= 1.07 + 0.71 M 

where M — 6.3 is t h e magn i tude of the main shock. 
The group for the s tudy of af tershock sequences in the region 

of Greece has observed a th i rd phase in t h e deformat ion curve in more 
t h a n 30 per cent of the 60 cases s tudied. The ear thquakes of this 
phase were named " la te af tershocks " . I t was found t h a t " the large 
late aftershocks have their own aftershocks. This indicates that the lar-
gest part of the aftershock region is not included in the aftershock volume 
of the main shock. This is supported by the fact that in most cases 
there is strong evidence that the epicenter of the large late aftershosk is 
out of the primary aftershock region. It is probable that the release of 
the main shock affects the state of the strained region of the large late 
aftershock and reduces the strength of the region by breaking through the 
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barriers of some of its locks " . A l a t e phase is observed in t h e p resen t 
case, too. T h e large l a te a f t e r shock of t h e Cremas ta L a k e e a r t h q u a k e 
is t h e e a r t h q u a k e of m a g n i t u d e Ml = 5.6. T h e epicenter of th i s 

14 x 10 

12 

X <-> 10 

• 3.4 < Ml <4.6 
® 4.9 < Mi < 5.7 

• M. = 5 . 5 

10"! 10"' 10° 10' 103 101 

Days after the main shock 

Fig. 9 - Deformation characteristics of aftershocks. 

shock is close to K a t o u n a , a b o u t 55 k m sou thwes t of t h e epicenter 
of t h e m a i n shock. T h e l a t e a f t e r shock has i ts own a f t e r shocks . 
These secondary a f t e r shocks a re d i s t r ibu ted a long a f a u l t which s t r ikes 
f r o m eas t to west a n d in te rsec t s t h e m a i n f a u l t close t o t h e Cremas t a 
d a m . Clearly, t h e la rges t p a r t of t h e a f t e r shock region of t h e l a t e 
a f t e r shocks is n o t inc luded in t h e m a i n a f t e r shock v o l u m e (Pig. 1). 
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As we have already seen, the deformat ion for the foreshocks 
(not the cumulat ive deformation) is p lo t ted against t ime in Figure 3. 
The following relat ion fits the da t a well: 

log D = — 2 . 9 8 + 0.07 t . 

The t ime in terval has been t aken equal t o five days. 

F U R T H E R E V I D E N C E FOR E X I S T I N G RELATION B E T W E E N W A T E R LOADING 

I N T H E CREMASTA L A K H AND E A R T H Q U A K E ACTIVITY. 

The Cremasta darn is an earth fill dam which reta ins a reservoir 
containing water of m a x i m u m weight of the order of 10° tons. The 
b o t t o m and top of the artificial lake is 144 m and 287 m above sea 
level, respectively. The lake lias been m a d e by damming the rivers 
Aclieloos, Tavropos and Agrafiotis a t their confluence point near 
Cremasta . The inpounding of the lake s ta r ted on J u l y 21, 1965 and 
on November 9, 1965 the surface of the water was 185 m above sea 
level. Af te r the middle of November a considerable change in t h e 
r a t e of water loading occurred. This is shown in Figure 3. The 
force exer ted b y t h e wate r on the rocks is small compared to the forces 
act ing a t t h e focal region of ear thquakes . However, t he tectonic 
equil ibrium was so delicate as to m a k e i t possible for the water load-
ing to ac t as a tr iggering force. On t h e other hand , it is possible 
t h a t the water under pressure was flowing in t h e f rac tures of the crust 
and reduced the fr ic t ional resistance. Thus the shear s t rength was 
reduced and movemen t of rock masses was faci l i ta ted. This, however, 
is only a possibility and no check is possible b y observation. Direct 
comparison of the available observations wi th results of exerimental 
and theoret ical invest igat ion of the f r ac tu re of mater ia l is necessary. 
Since foreshocks occurred in the uppermos t pa r t of the crust , com-
parison of observations m u s t be m a d e wi th results of experiments 
carried out on heterogeneous br i t t le mater ial . 

Mogi (10) defines t h e t rans i t ion probabi l i ty of f r ac tu re /i{t)dt as: 

where N(t) is t he cumula t ive t ime dis tr ibut ion func t ion . Mogi showed 
experimental ly t h a t : 

/i(t)=A m [13] 
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where a(t) is t h e stress and A, b cons tant . Fo r grani te he found 
A = 4.0 x 10-18 min- 1 and /S = 0.37 cm2 /kg. 

F r o m [12] and [13] we f ind: 

N (t) = No exp /I (t) dt] [14] 

and 

d N (t) 
n (t) = ^ = N0 fi (t) exp — J / i ( 0 dt [15] 

or 

(t) — N0 A • exp 
~ A S 

Jo(t) dt [16] 

No is the to ta l n u m b e r of recorded shocks. I n our case we can p u t : 

a(t) = (To + rt , [17] 

where a0 is t he stress due to tectonic forces plus the stress exerted 
by t h e water on the rocks of the foreshock region on December 4, 
1965. W e choose the zero t ime point a t t he beggining of December 
for two reasons. The first is t h a t a f t e r t h a t t ime the shocks became 
very f requen t and a representa t ive sample of ea r thquakes has been 
recorded. Af te r t h a t t ime the f requency of felt ea r thquakes increased 
and people worried much . The second reason is t h a t a f t e r t h a t t ime 
till t he origin of the ma in shock t h e wate r level var ied wi th t ime 
almost linearly and [17] is valid. Thus we avoid the applicat ion of 
numerical methods . 

F r o m [16] and [17] we receive: 

n(t) = + • exp A — (1 - e^) [18] 

or 
efoo 

In n(t) = In (AN0) + /3 {a0 + rt) + A 0 (1 — e^rt) . [19] 
P r 

The value of r is 0.067 kg/cm2 / f lay. Assuming wi th Berg (5) an 
upper l imit equal to abou t 30 kg/cm2 for the stress and tak ing into 



F O R E S I I O C K A N D A F T E R S H O C K S E Q U E N C E S , E T C . 0 3 

accoun t t h e va lues of A and ft g iven by Mogi we can wr i t e [19J in t h e 
fol lowing w a y w i t h o u t m a k i n g large error : 

log n (<) = log (iUVT„) + ftoo log e + ftxt /log e . [20] 

T h e las t r e la t ion der ived on t h e basis of theore t i ca l cons idera t ions 
and e x p i r e m e n t a l resul ts , indica tes t h a t , if t h e appl ied stress 011 
heterogeneous b r i t t l e ma te r i a l var ies l inear ly w i th t ime, t h e l oga r i t hm 
of t h e t i m e d i s t r ibu t ion of shocks m u s t v a r y also l inear ly wi th t ime 
u n d e r ce r t a in condi t ions . This means t h a t , if t h e w a t e r loading 
inf luenced t h e release of t h e foreshockes, a l inear re la t ion m u s t exist 
be tween t h e w a t e r level a n d t h e loga r i thm of n(t) a f t e r D e c e m b e r 4. 

Water Elevation meters 

Fig. 10 - Relation between frequency of foreshoeks and water elevation 
in the artificial lake. 

B o t h quan t i t i e s a re k n o w n a n d log n(t) is p lo t t ed versus w a t e r level 
in F i g u r e 10. T h e p lo t shows a ve ry s t rong l inear corre la t ion. A 
va lue equa l to 0.98 has been calcula ted for t h e corre la t ion ra t io . 

Compar ing equa t ion [5] w i th [20] we find: 

ftr log e = 0.03 , 
a n d 

log A + log N„ + (To ft log e = — 0.30 . 
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Since r is equa l t o 0.067 k g / c m 2 / d a y we find f r o m t h e first of 
these re la t ions t h a t fi — 1.10 cm 2 /kg . Us ing th is va lue of /? a n d t h e 
t h e va lue of A d e t e rmined b y Mogi a n d N0 — 740, we find f r o m t h e 
second e q u a t i o n t h a t a 0 = 37 kg/cm 2 . Since t h e stress exer ted by t h e 
water on December 4 had been abou t 8 kg/cm2 , t he stress in t h e foreshock 
region due t o tec ton ic forces was of t h e order of 29 kg/cm 2 a t t h e t i m e 
of d a m m i n g (end of J u l y ) . A f t e r t h e end of J u l y t h e r a t e of s t ress 
increased, due to i n p o u n d i n g of t h e lake, b u t shocks scaresly occurred 
till December 4, when t h e s t ress reached t h e va lue 37 kg/cm 2 . A f t e r 
t h a t t ime t h e r a t e of s t ress was c o n s t a n t and equa l to 0.067 k g / c m 2 / d a y 
and t h e n u m b e r of shocks increased accord ing to [20], as i t has been 
pred ic ted b y theo ry . J u s t be fore t h e occurrence of t h e m a i n shock, 
when t h e f r equency of foreshocks r e a d i e d i ts m a x i m u m value , t h e 
stress in t h e foreshock region was equa l to a b o u t 41 kg/cm 2 . I t m u s t 
be not iced, t h a t foreshocks occur a t s t r ac tu ra l ly i r regular po in t s in 
t h e e a r t h ' s c rus t , where stress concen t r a t i on t a k e s place and f r a c t u r e 
occurs a t a s tress lower t h a n t h e n o r m a l s t r e n g t h of t h e mate r i a l . 

L a b o r a t o r y expe r imen t s show t h a t t h e shear s t r e n g t h of t h e cru-
s ta l rocks is of t h e order of 100-400 kg /cm 2 ( Jaeger (24)). I t has been 
shown (Chil ton e t al (25)), t h a t t h e s t r e n g t h of rocks in situ is reduc-
ed u p t o 2 orders of m a g n i t u d e . W e see t h a t our resul ts a re con-
s is tent w i th these observa t ions . 

W e h a v e s tud ied all foreshock a n d a f t e r shock sequences (60 cases) 
of t h e large e a r t h q u a k e s ( M 6) which h a v e occurred in t h e region 
of Greece f r o m 1911, w h e n t h e first M a i n k a se i smograph was insta l led 
in Athens , t i l l now. I n 3 5 % of t h e cases of shal low e a r t h q u a k e s 
w i th M ^ 6 one or m o r e foreshoks, of m a g n i t u d e M > 3.5, were 
usual ly observed a few days before t h e m a i n shock. T h e n u m b e r 
of foreshocks was in all cases b u t t h r ee ve ry smal l a n d s t a r t e d a few 
days before t h e m a i n shock. W e h a v e f o u n d no o the r cases in which 
t h e recorded foreshocks were so n u m e r o u s as in t h e Cremas t a lake. 
This p r o b a b l y is p a r t l y due to t h e f a c t t h a t before A u g u s t 1965 
only t h e A t h e n s s t a t ion exis ted in t h e a rea of Greece (except one 
W i cher t se ismograph in P a t r a s since 1963) a n d before 1957 even this 
s t a t ion was equ ipped wi th low magni f ica t ion i n s t r u m e n t s . However , 
t h e n u m b e r of recorded foreshocks f r o m foci close t o A t h e n s or close 
t o t h e o ther s t a t ions is ve ry small a n d these shocks follow t h e general 
rule to s t a r t a f ew days before t h e m a i n shock, even a f t e r t h e instal la-
t ion of t h e h igh magni f ica t ion i n s t r u m e n t s . This is expla ined easily 
now. The f requency of foreshocks is small because t h e r a t e of in-
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crease of s t ress d u e to tec ton ic forces is small . T h e foreshock sequence 
of t h e Cremas ta lake e a r t h q u a k e is a n except ion because t h e n o r m a l 
r a t e of s tress increased r e m a r k a b l y due t o t h e wa te r loading. T h e 
f r equency of foreshocks for large a n d small stress r a t e is shown a f t e r 
Mogi (15) in F i g u r e 11. However , t h e foreshock sequences need f u r t h e r 
inves t iga t ion b y us ing records of ve ry small shocks because i t can 
even tua l ly con t r i bu t e to t h e p rob lem of e a r t h q u a k e pred ic t ion . 

Main Shock Main Shock 

Frequency of 

Shocks — 

Fig. I t - Generation of foreshocks for large stress rate (left) and small 
stress rate (right) after Mogi, 1962. 

W e bel ieve t h a t we h a v e n o w an in t e rp re t a t i on of t h e excep-
t ional ly large va lue of t h e p a r a m e t e r b' of t h e cumula t i ve f u n c t i o n of 
t h e m a g n i t u d e s of foreshocks. I t is k n o w n t h a t t h e va lue of th i s 

2 0 0 2 1 0 2 2 0 2 3 0 

Water Elevation 1 

Fig. 12 Relation between pressure exerted by the water on the bottom 
of the lake and deformation caused in the foreshock region. 
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paramete r increases not only with the heterogeneity of the mater ia l 
bu t also wi th the a symmet ry of the applied stress. The heterogenei ty 
of the mater ia l and asymmetry of the stress in the present case is due 
to the shallowness of the foreshock region and the almost vert ical 
direction of the force due to water loading, respectively. The value 
calculated for the focal dep th of the ma in shock and t h e smaller va lue 
of b' found for af tershocks indicate t h a t much energy was stored in 
a deeper region. 

The deformat ion as a func t ion of water level is p lo t ted in Figure 12. 
.Such a deviat ion f rom lineari ty of stress-strain relat ion is expected in 
the case of heterogeneous br i t t le mater ia l being under increasing wi th 
t ime stress or for plast ic mater ia l being under cons tan t or increasing 
stress. In any case, t he relat ion shows t h a t for large stress, small 
changes of stress produce large deformat ion. This means t h a t when 
stress exceeds some value (in the case of creep i t is called yield stress), 
the deformat ion depends much 011 the r a t e of stress change. 

T R I G G E R I N G O F T H E M A I N S H O O K . 

W e have ti l l now shown t h a t a s t rong correlation exists between 
the water loading and the occurrence of foreshocks. The occurrence 
of the principal shock at t h e t ime when the slopes of the f requency 
and deformat ion curves of foreshocks are ahnost ninety degrees, t he 
generat ion of foreshocks along the same fau l t as t h a t of the ma in 
shock, the dis tr ibut ion of mos t epicenters of foreshocks a round the 
epicenter of t h e ma in shock, and the evidence derived f rom the focal 
mechanism of the main shock, leave but l i t t le doub t t h a t the main shock 
was triggered by the water loading. These observat ions lead to t h e 
conclusion t h a t the water load on the surface and the foreshocks gen-
era ted a t relat ively shallow foci in the s t ra ined region triggered the 
elastic energy, which was stored in t h e area in which the foreshock 
foci were seated, b u t deeper in the ear th ' s crust . This energy was 
released by the principal shock and its af tershocks. This is strongly 
suppor ted by the fac t t h a t the mot ion a t the focus of the main shock, 
as i t has been determined by P waves, was m a d e on an ahnost vertical 
faul t in an almost vert ical direction. The lake was s i tuated in the 
sinking block of the faul t . 

The bri t t leness of the mater ia l decreases wi th the dep th a n d rat her 
creep deformat ion predominates to some degree a t t he dep th of the 
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focus of the m a i n shock. Since the stress-strain relat ion is a concave 
upward curve it follows t h a t the tectonic forces act ing in t h a t dep th 
increased t h e stress beyond the yield stress of the mater ia l and i t 
was then easy for a minor force of the order of 10,J tons exerted ver-
tically, wi th a relat ive large r a t e of increase on the one side of an 
almost vert ical fau l t , to bring the mater ia l to the f r ac tu r e point , e.g. 
to trigger the m a i n shock. I t is even possible t h a t the foci of some 
of the foreshocks, par t icular ly the larger ones, were a t in termedia te 
dep ths in t h e vert ical fau l t between the focus of the ma in shock and 
the shallower p a r t of t h e foresliock region and some chain triggering 
occurred, e.g. very shallow shocks were triggered first and these trigger-
ed others and so on till t he ma in shock finally occurred. 

Berg (5) assumes creep f rac tu re to explain the tr iggering of the 
Alaskan E a r t h q u a k e of March 28, 1964 b y low ocean t ide loads. I t 
is interest ing to note t h a t Berg assumed a value equal to 30 kg/cm 2 

for the stress, which is equal to the value Ave have obtained b y direct 
comparison of the observations wi th laboratory results on the assump-
tion t h a t t h e artificial lake influenced the generation of ear thquakes . 

There is no evidence for a n y correlation between the water load 
and af tershocks. As we have already pointed out the Cremasta 
af tershock sequence has the characterist ics of a normal af tershock 
sequence. 

The question, which has been p u t by the inhabi tans of the region 
is whether or no t the lake, and consequently the Electric Power Cor-
porat ion which inpounded the lake is responsible for the casualties 
and the p roper ty damages. Na tu r e is responsible for the destruct ion. 
N a t u r e produces the large forces which act ing for a long t ime in the 
region accumula ted energy. I t was jus t a coincidence t h a t the filling 
of t h e lake occurred when the stored energy was almost ready to be 
released. I t is even probable t h a t t h e lake has benefited the inha-
bi tans . If t he inpounding of t h e rivers had not been made more 
energy would have been stored in the region. This energy could 
have been released in a la ter t ime a t once by a larger shock wi th the 
consequence of increasing the destructiveness. This means t h a t the 
lake probably operated to some ex ten t as a " safe ty valve " . 

The phenomenon of ea r thquake occurrence due to anomalous 
crustal loading depending on the stress-strain condition of t h e area 
is not general and does not manifes t itself in a s t anda rd form. The 
case, for example, of the Mara thon lake, which was observed by 
Galanopoulos, differs f r o m t h a t of Cremasta by the fac t t h a t in the 
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region of the former no much energy was concent ra ted and a swarm 
of only small shocks occurred. I n other cases of artificial lake in-
pounding no shocks were observed. E ich te r (20) describing the phe-
nomenon observed in the lake Mead pointed out t h a t " The tectonic 
equilibrium teas sufficiently delicate to be desturbed by this comparatively 
minor additional load". Al though in a small number of cases 
such phenomena were observed, nevertheless this possibility mus t 
be taken seriously in to account in const ruct ing new dams. 

SUMMARY AND CONCLUSION. 

Empir ica l relat ions which describe t h e laws of magn i tude and 
t ime dis t r ibut ion as well as of the s t ra in release have been derived 
no t only for the af tershocks b u t also for t h e foreshocks of t h e Cre-
m a s t a lake ea r thquake , which occurred on F e b r u a r y 5, 1966. The 
space dis t r ibut ion of these shocks has been also s tudied. 

The dis t r ibut ion of epicenters indicates t h a t the ma in f au l t 
responsible for these ear thquakes strikes N 114 W . This is in agree-
m e n t wi th fau l t p lane solution found for the ma in shock. The fau l t is 
dipping ahnost vert ically and the direction of mot ion on t h e fau l t 
makes a large slip angle. The lake is on t h e sinking block of t h e 
fau l t . The focal dep th has been es t imated b y several methods . I t 
was found t h a t t h e depth of the ma in shock is of t h e order of 20 km. 
There are several evidence t h a t t h e foreshocks are very shallow. 

The value of the pa rame te r b' of t h e cumula t ive dis t r ibut ion of 
magni tude of af tershocks was found equal to 1.12, while the value 
of the same pa rame te r for foreshocks was found equal to 1.41. This 
is in str iking contras t wi th the results of previous investigations 
according to which b' is much smaller for foreshocks t h a n for af tershocks. 
This is a t t r ibu ted to t h e heterogenei ty of the mater ia l of the foreshock 
region due to i ts shallowness and to t h e a s y m m e t r y of the stress di-
s t r ibut ion owing to addi t ional force exerted b y t h e water loading of 
the Cremasta artificial lake. 

Deformat ion as a func t ion of t ime has been p lo t ted for foreshocks 
and aftershocks. Assuming t h a t t h e water loading of the lake influenced 
the generation of foreshocks we should expect an upward concave 
curve between deformat ion and wa te r level. P lo t of deformat ion 
versus water level shows qual i ta t ively t h e expected result . This 
curve shows why for stress beyond some value the r a t e of stress 
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is of decisive impor tance for s t ra in release and therefore explains the 
influence of t h e water loading on the generat ion of foreshocks. The 
compressional and " shear " phases are not clearly shown in the tie-
format ion characterist ics of af tershocks. However , these af tershocks 
have all t h e other propert ies of a normal af tershock sequence. The 
magn i tude Mx of the m a x i m u m normal af tershock is t h a t predicted 
by t h e formula Mx = 1.07 + 0,71 M, where M is t h e magn i tude of 
the main shcok. 

A large la te af tershock occurred abou t nine mon ths a f t e r the 
main shock. This ea r thquake was followed by secondary af tershocks. 
The space dis t r ibut ion of these la te af tershocks verifies our previous 
conclusion, t h a t the af tershock zone of the la te af tershocks is only 
pa r t ly included in the af tershock volume of the ma in af tershock se-
quence and t h a t the large la te af tershock is tr iggered by the shocks 
of the main sequence. 

The t ime dis t r ibut ion of foreshocks is expressed by the relat ion 
log n — — 0.30 + 0.03i and the f requency func t ion of the t ime be-
tween successive foreshocks by n(r) = 35 7 - 0-72. I t is shown, on 
the basis of exper imenta l and theoret ical results, t h a t if the wat r 
load of the artificial lake h a d influenced the generation of foreshocks, 
a l inear relat ion m u s t have existed between the pressure due to water 
and n(t). F requency of foreshocks versus water level has been p lo t ted . 
A very s t rong l inear correlation has been found between these two 
quant i t ies . B y comparison of theoret ical and exper imental results, 
wi th observat ional ones i t was found t h a t t h e stress before the in-
pounding of the rivers was of the order of 30 kg/cm 2 in the foreshock 
period. This value is of t h e order of the expected shear s t rength 
of rocks in their physical envi ronment (in situ). 

The t ime dis t r ibut ion of the af tershocks is expressed by n(t) = 
131 i~0-78 and the f requency func t ion of the t ime between successive 
af tershocks by n(t) = 257 ¿-°-81. 
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