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Summary. This paper presents a detailed study of teleseismically and locally 
recorded foreshocks and aftershocks of the 1978 Thessaloniki earthquake 
sequence and discusses the relations between the locations and mechanisms 
of these shocks and the three-dimensional geometry of faulting in the source 
region. 

Sixteen teleseismically recorded events were relocated using a relative 
relocation method and positioned geographically using the accurate (locally 
determined) location of the largest aftershock. All these shocks had depths 
shallower than 15 km. The spatial distribution of the foreshocks showed that 
the activity was initiated at the central part of the epicentral region, pro- 
gressed westwards, and for about 20 days clustered in the region of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAimmi- 
nent mainshock. No teleseismically recorded foreshock was located west of 
the mainshock location. In less than 1 hr after the mainshock large after- 
shocks occurred west of it and, in later stages, spanned the entire western part 
of the epicentral region. No teleseismically recorded aftershocks were located 
east of the mainshock. 

Locally recorded aftershocks were accurately located and provided a more 
detailed picture of the seismic deformation. They occurred at depths between 
3 and 12 km and in three distinct clusters, separated by well-defined gaps. 

The largest foreshock, on May 23, had a moment of 5.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 1024dyne cm 
and a mean displacement of 31 cm. The mainshock, on June 20, had a 
moment of 5.2 x 1025dyne cm, a strain drop of 4.0 x (static stress drop 
of 12 bar) and a mean displacement of 64  cm. 

These values are for one of the two possible interpretations of the after- 
shock distribution, which suggests that the largest earthquakes of the sequence 
occurred on two different, but adjacent, fault segments. The first (Event 1, 
on May 23) occurred along the central fault segment and was followed 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/6
8
/2

/4
2
9
/6

9
2
6
5
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



43 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC Soujleris zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe t al zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
28 days later by the second (Event 2, on June 20) along a western fault seg- 
ment. Finally, 61 days later another smaller earthquake (Event zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 )  occurred 
along another fault, east of Event 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 Introduction 

In the spring and summer of 1978 the Thessaloniki region of northern Greece was severely 
affected by a series of earthquakes, with the largest (mb = 6.1) occurring on June 20. These 
shocks occurred along faults forming a graben structure at the northern end of the Aegean 
basin, which is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan area undergoing active extension (McKenzie 1978). 

Soufleris & Stewart (1981) and Soufleris & King (1981) have reported the relocation of 
the four largest events of the sequence and used wavefonn modelling to show that the largest 
foreshock and the mainshock had depths between 4 and 8 km, which are in agreement with 
teleseismic relocation results. Another 12 teleseismically recorded events of the sequence are 
relocated in the present report and their locations are discussed together with the locations 
of the locally recorded aftershocks. 

2 Teleseismic relocations 

Routine teleseismic locations are usually in error due to inadequate station coverage, syste- 
matic and random reading errors and bias due to the difference between the real Earth and 
the earth model used in the location. It is difficult to evaluate the contribution of each of 
the above error sources to the fmal mislocation. Large earthquakes are usually widely and 
clearly recorded so that errors due to poor station distribution and misreadings will be 
reduced. For these shocks the final error may be largely due to the assumed earth model. 
For smaller events poor station distribution and misreadings will introduce larger errors. A 
relative relocation scheme reduces the bias due to the assumed earth model. 

The relative relocation method of Jackson & Fitch (1979) which uses P and PKP arrival 
times was employed here and the 16 largest shocks of the Thessaloniki sequence were relo- 
cated. An initial location for the largest event (the mainshock of June 20) was assumed and 
the other shocks were relocated with respect to it. In this way bias due to the earth model 
used for the location of the reference mainshock became common to all the events. The 
pattern was then placed geographically using the accurate location of the largest aftershock, 
determined by a network of local stations by Carver & Bollinger (1981), thus removing the 
bias due to the earth model. 

Most of the relocated events were small (5.0 > mb > 4.4) and had not been well recorded. 
It is therefore possible that they lack information regarding certain of their parameters. Such 
a lack of information is shown by the presence of small eigenvalues of the observation equa- 
tion matrix and results in large standard error estimates (Crosson 1976; Aki & Lee 1976). 
The effect of small eigenvalues can be suppressed by using the damped least squares solution 
(e.g. Crosson 1976) which reduces the standard errors but also decreases the resolution. 
However, for well-recorded events there should be no significant differences between the 
damped and undamped solutions. The damped least squares solution was used here and con- 
vergence was usually achieved after no more than six iterations. Damping was performed by 
adding 02Z increments to the diagonal elements of the normal equations matrix (ATA), 
where B = l/u,. To evaluate the effect of damping on the final solution a range of damping 
levels was considered. The four basic damping coefficients zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu, were: 0.4 s for the differential 
origin time, 2 km for the length and 0.25 rad for the azimuth and polar angle of the vector 
from the master to a secondary. These are typical values of the standard errors, checked by 
chi-square tests, from the maximum likelihood (or undamped least squares) solutions of 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/6
8
/2

/4
2
9
/6

9
2
6
5
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



The I978 Thessaloniki earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .  Variation in the solution vector, the standard 
errors and the diagonal elements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof' the resolution matrix 
f o r  various levels zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof' damping. The four hasic damping 
coefficients (see text) are multiplied by t he  damping 
factor (D.1:. in column 1 ) .  Note that b y  increasing the 
damping factor (i.e. decreasing the damping) the errors 
become larger and so does the resolution. A resolution 
near 1 denotes a well-resolved parameter. I:or large d a m p  
ing iactors the undamped solution is obtained. (Length in 
kilornetres, azimuth and polar angle in degrees.) 

! ;" ldt lo" vec to r  st.  t:rrors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARrsolutlun 

3 . F .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL A?. P o l  L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA L  P o l  1. 4 z  Po! 

43 1 

EVENT 2 2 3 ,  No of stations = 248 
1 4 . 9  1 J L . 9  7 3 . 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.6 7.8 h . l  6 . 8 1 0 . 6 0 0 . 1 8  
2 5 . 1  1 3 3 . 7  8 9 . 5  0 . 7  9 . 4  1 3 . 0  0 .97  fl.88 0.67  
4 5 . 1  1 3 3 . 8  9 0 . 8  0 .7  l f l . 3  17.9 0 . 9 9  0 .97  0 .89  

10 5 . 1  1 3 3 . 8  9 8 . 8  0 . 7  i 8 . 6  2 0 . 0  1 .00  0.99 0 .95  
100 5.1 133.8 9 0 . 8  0.7 10.7  2 0 . 5  i . 0 ~  1 .00  1 .08  

EVENT 2 @ 4 ,  No of  ?tations = 1 4 8  
1 1 3 . 2 2 5 5 . 4  87.8 ll.7 3.9  5 . 4  0 . 8 4 8 . 9 2 0 . 7 4  
L 1 2 . 9 2 5 5 . 1  9 0 . 5  O . H  4 . 3  8 . 4  0 . 9 5 0 . 9 8 0 . 9 0  
4 1 2 . 9  2 5 5 . 1  90 .6  O . Y  4.4  9 . 7  0 .99  0 . 9 9 0 . 9 7  

I S  1 2 . 9  2 5 5 . 1  9 0 . 6  0 .9  4 .4  10 .1  1 .00  1 . 0 0  1 .00  

EVENT 312,  N o  of  stat10ns = 4 0  
1 1 0 . 7  111.9  61.4 0 . 9  7 . 1  5 . 4  1.54 0 . 5 6  0.58  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 11.0 1 2 8 . 9  5 8 . 5  1.6 1 0 . 7  l(1.1 0.77  0 . 8 3  0 .80  
4 1 0 . 9  1 2 3 . 0  59 .4  2 . 1  1 2 . 0  1 3 . 4  0 .92  0 . 9 5  0 .94  

lid 1 0 . 9  1 2 2 . 7  5'3.9 2 . 3  1 2 . 6  1 5 . 9  0 . 9 9  0.99 0 .99  
I l l0 1 0 . 9  122.7  59 .9  2 .4  1 2 . 7  1 6 . 3  1 . 0 0  1 .00  1 . 0 0  

EVENT 314,  NO O f  stations = 22 
1 1 1 . 4  1 1 9 . 5  67 .4  0 . 9  7 . 0  5 . 8  0.41 0 .50  0.55 
2 1 0 . 9  1 2 3 . 0  111.4 1.6 1 2 . 0  1 1 . 2  0 . 7 1  0 .77  0 .49  
4 1 1 . 9  1 2 3 . 5  1 2 2 . 0  2 .5  14 .8  20 .1  0 .84  0.93 0.80  

19 1 2 . 0  1 2 3 . 5  1 2 2 . 7  3 .8  1 6 . 3  2 8 . 6  0.96 0.99 0 .96  
1 0 0  1 2 . 0  1 2 3 . 6  122.8  1 . 4  16.8 3 3 . 4  1 . 0 0  1 . 0 0  1 . 0 0  

well-recorded earthquakes. Table 1 shows the solution vector. the standard errors and the 
diagonal elements of the resolution matrix for four representative events of the sequence. 
For well-recorded shocks (such as event 223) the solution vector is not significantly affected 
by variations in damping, but for earthquakes recorded by fewer stations (such as event 3 14) 
it may change significantly. Events of the latter type were excluded from the final analysis. 
A damping factor (D.F. in Table 1) equal to 2 gave well-resolved parameters and acceptable 
standard errors and was chosen for the final calculation. The location of the mainshock, on 
June 20, as relocated by Soufleris & Stewart (1981) was taken as the master (or reference) 
event and the other shocks were relocated with respect to it. Fig. 1 shows the epicentres and 
Tables 2 and 3 the hypocentral parameters of the relocated shocks after they have been 
placed geographically using the location for number 16 given by Carver & Bollinger (1981). 
The activity has been shifted about 8 km south-east of the ISC and USGS locations. 

The basic requirement of the relative relocation scheme is that a station can only be used 
if it has recorded both the master and the secondary events. This reduces the effective 
number of stations used for each relocation. However, the rms residuals, shown in Table 2, 
are smaller by a factor of 2 or 3 than those of the ISC 01 USGS (usually 1 to 2s) and it 
appears that the increased accuracy gained by the relative relocation outweighs the effect of 
the fewer stations provided that a good station coverage is retained. The above locations are 
likely to be accurate to within about 3-6 km. 

The relocated epicentres of the Thessaloniki sequence (Fig. 1 )  show an east-to-west 
migration. Evidence for such a migration also exists in the macroseismic data of Comninakis 
& Papazachos (1979). It is interesting that all the relocated foreshocks in May (numbers 
1-4) were east of the mainshock and all but one of the aftershocks were to the west of the 
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43 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASoufleris zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe t  al. 

a 0 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkrn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LO SO’ 015 

b 0 10 km 

C 0 10 krn 
I 

Figure 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUSGS (top), ISC (middle) teleseismic locations and relocated epicentres (bottom) for the 16 
largest events of the 1978 sequence. Old normal (hatched) and reverse (teeth) faults are shown without 
any reference to their age. The 1978 fractures (after Mercier et al. 1979) are the short densely hatched 
normal fault segments between the two lakes. Numbers are sequential and identify events in Tables 2 and 
3. Number 8 is the rnainshock of June 20. Inset shows the epicentral area of the 1978 sequence. 

Table 2. Relocation parameters and the corre- 
sponding diagonal elements of the resolution matrix. 
Azimuth (in degrees), polar angle (in degrees) and 
distance (in kilometres) of each secondary event 
are with respect to the master (event 8). 

R ~ S O ~ J ~ ~ O D  m a t r i x  

N O  ~7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOI L R M ~  n r . t  h2 p e l  I- 

1 
2 
3 
4 
5 
6 
7 
a 

1 0  
11 
1 2  1 3  

1 4  
1 5  
1 6  

128.9 5 8 . 5  11.0 
133 .7  89.5 5 . 1  
126 .8  65.7 15.2 
1 2 7 . 5  45.6 7 . 5  
207 .7  173.6 16.2 
172.2 35 .3  4.4 
i a6 .8  50.1 6 .1  

200.9 72.a 13.2 

Y A  
253 .2  3 8 . 3  16.6 
255.3 96.6 1 7 . 8  

171 .1  143 .9  15 .1  
272.3 123.9 1 5 . 9  
215.2 60.0 6.1  
264 .3  113 .6  16.2 
255.1 90.5 12.9 
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The I 9  78 Thessaloniki earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFinal hypocentre parameters for the relocated 
16 largest events of the sequence. To evaluate the 
quality of' each location the final hypocentre parameters 
must be viewed together with Table 2 .  Note that the 
above error estimates are a measure of internal consis- 
tency and provide no indication of the real mislocation 
errors. Origin time and magnitude are taken from the 
IS<' bulletin. 

S t .  E r r o r s  

No Date zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO r .  t .  L a t .  Lon. D mb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASt. L a t .  Lon. D 

433 

1 08-05-78 
2 23-05-78 
3 24-115-78 
4 24-05-78 

6 19-06-78 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 20-06-78 
R 78-86-78 

s az-06-78 

4 59-ah-78 
1 C  2e-06-73 

1 2  21-06-78 
1 3  21-06-78 
1 4  21-116-78 

:6 d4-07-78 

11 20-06-73 

15 23-06 -78  

1 4 3 9 0 0  
2 3 3 4 1 1  
021228 
055728 
223125 
183106 
104811 
280322 
204523 
205240 
215104 
a60005 
122943 
l a 5 2 0 6  
a15702 
222328 

mainshock. There was also a foreshock concentration in June (numbers 5-7) near the main- 
shock location. Almost all the relocated shocks had depths between 0 and 12 km. Event 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(an early aftershock, 42 min after the mainshock) was located at a depth of 15 km, but its 
distance L from the master was not well resolved (Table 2). The same applies for event 12 
which was located in the air. 

Most of the activity was north-west of the main surface ruptures of 1978 suggesting that 
the earthquake fault (or faults) dips northwards. 

3 Locally recorded aftershocks: instrumentation 

During the period July 20 to August 3 1 a variable number of portable stations were operated 
locally. Table 4 lists the coordinates of these stations and their period of operation and 
shows that eight stations were operating for most of the recording period. 

The instruments used were all smoked drum recorders (four Lamont type and four 
Sprengnether MEQ-800) and were coupled with Willmore MK I1 and Mark Product LA-C 
vertical component short period (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz) seismometers. The filter settings were adjusted to 
have a flat frequency response between 1 and 10 Hz. Amplifier gains were set to either 78 or 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. The local recording stations and their 
period of operation. The latitude and longitude 
are in degrees and minutes and the height H in 
metres. The time correction Dt  (in s) is the 
height difference from the lowest station di- 
vided by a P-wave velocity of 5.5 km s-'. 

s t a t .  L a t .  Lon. H D t  Operation P p r .  

PLA 
PR3 
KO L 
ARD 
VRY 

KNI 
ASK 

' m u  

REM 
VOL 
M I V  
LA1 
ARE 

4038.38N 
4042.44N 
4045.39N 
4fl36.10N 
4042.91N 
4040.38N 
4044.44N 
4044.838 
4047.36N 
4041.91N 
4040.98N 
4043.34N 
4046.51N 

2321.27E 
2317.  37E 
2309.04E 
2310.70E 
2322.96E 
2304.17E 
2323.46E 
2324.976 
2322.416 
2326.558 
2333.93E 
2259.80B 
23:s. 46E 

500 
30yI 
230 
350 
140 
160 
460 
540 
500 
100 
100 
220 
56 0 

0 . 0 8  
0 . 0 4  
0 . 0 3  
Q.05 
0 . 0 1  
6 . 0 1  
9.07 
0 . 0 9  
a .  08 
M.03 
0.09 

0 . 0 9  
a.02 

22 
7 0  
23 
22 
2 5  
22 
2 5  
22 
1 3  
23 
08 
2 3  
0 2  

JUL-29 
.lUL-29 
J u L - ~ ~  
J J L - 2 5  
AUS-29 
JUL-25 
AUG-29 
.JUL-l3 
RUG-29 
JUL-08 
AUS-14 
JUL-02 
AUG-11 

AUG 
A X  
RUG 
AUS 
hU5 
AUC 
A UG 
AUG 
RUG 
AJS.  
AdC ' 
RUG 
AUG 

14 Ads-24 R K  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
15 
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434 C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASoufleris et al. 

84db corresponding to a signal magnification from the ground motion to the trace on the 
record of 25 000 and 50000 respectively. The recorders were adjusted to rotate at  a speed of 
60 mm min-' for the MEQ-800 and 1201nnimir-~ for the big-drum Lamont instruments, 
which gave 2-day records for both types. Clock-drifts were checked every two days with a 
radio time-signal and were always found to be less than 0.05 s over the 2-day period. Time 
corrections added to the earthquake arrival times were linearly interpolated over the period 
between two checks. The positions of the stations were determined using topographic maps 
of I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 50000 scale and are believed to be accurate to within about 300m. 

The acquired data consisted of 150 seismograms, containing more than 12 000 P-arrivals 
in total. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAData reduction 

Despite the large amount of data it was decided that the analysis would be based on the 
locations of all the locatable events. In similar studies a magnitude cutoff is usually set and 
only earthquakes above that magnitude are considered. However, this analysis was concerned 
with the detailed seismic deformation in the source region and even smaller events, reflecting 
probable internal deformation of blocks, were considered of interest. Thus the cutoff level 
was defined by the inherent limitations in the data (i.e. events which could not be located 
because they were only recorded by three stations). In this way a more uniform dataset was 
secured, complete in the range of local magnitude M L  from - 1 to 4. Furthermore, the large 
number of located events allowed the selection of a large number of high quality locations 
for the final discussion. The procedure of reading arrival times and other pertinent data for 
each earthquake was automated with the help of a high resolution (0.025 mm) digitizing 
table. The automation process included the reading and storing of the arrival time data for 
each record, the grouping of the arrival times for the same event and the preparation of data 
for the location program. 

With a high resolution digitizer the reading accuracy of P- and S-phases depends on the 
accuracy of placing the cursor on the exact position of that arrival. Repeated tests showed 
that the reading accuracy of a P-arrival was consistently 0.1 mrn, which corresponds to a 
time accuracy of 0.1 s for the 60mm min-' records and to 0.05 s for the 120mmmin-' ones. 
The reading accuracy for the S-arrivals was lower because it was more difficult to pick the 
exact arrival time of the S-phase in the coda of the P-wave. However, S-phases were usually 
sharp and distinct in most cases and repeated tests showed that they could be read to within 
0.2 s. Based on the above reading accuracies the S-arrivals were assigned one-fourth of the 
weight of the P-arrivals for all the locations. 

In the next stage the arrival times for each day and for all stations were merged in one 
dataset and arrivals for the same earthquake were sorted and grouped together. Finally, 
arrival times and coda duration for each event were set up ready for the location program. 

Each station was assigned a time correction for its height difference from the lowest 
station. This difference was divided by a P-wave velocity of 5.5 km s-' which was assumed 
for the uppermost layer of the crust. Preliminary location tests for a group of well-recorded 
earthquakes gave station residuals of the order of 0.1 s, close to the reading accuracy of the 
P-arrivals. No station with consistently small or large residuals was found and for this reason 
no other station corrections were assigned. 

The magnitude of each earthquake was estigated from the signal duration of the event T 
(in s), at each station, using a formula similar to the one of Lee & Lahr (1975) but with 
different con st ants: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC +  3.281og T - 0.05 A 
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The 1978 Thessaloniki earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43 5 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA is the epicentral distance (in kin) and C is a constant, different for each station 
(B. Papazachos 1978, private communication). Four large aftershocks recorded by the local 
network had been assigned local magnitude M L  by the Athens Observatory. These events 
were used to calibrate the constant C for each station. 

All the earthquakes presented here have been located using the HYPO71 location program 
(Lee zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Lahr 1975). 

5 Velocity structure 

Information for a crustal model of the epicentral region is available from Makris & Moller 
(1977) who carried out a refraction experiment about 30 kin to the south. The purpose of 
that experiment was to determine the thickness of the nearby ophiolites. Their longest 
refraction line was 30 kin and their results showed that the ophiolites are 2.5 km thick and 
lie on a basement whose P-wave velocity is 6 kin s-'. 

6 Travel-time curves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Vp/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV,  ratio 

Travel times of earthquakes contain information about their locations and the velocity 
structure. In the present section information about the P- and S-wave velocities in the epi- 

b 
P 

- 

Figure 2. Travel-time curves for well-recorded aftershocks. In (a) and (b )  the steeper lines represent velo- 
cities used in the location and the shallower lines represent the best straight line fit to the travel times. 
Fig. 2(c) shows data points and theoretical travel-time curves for depths of 5 and 1 2  km with a P-wave 
velocity of 6 km s-', which was uscd for both the location and the calculation of the travcl-time curves. 
Note the decrease in scatter from (a) to (c). 
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43 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 

central region is extracted from 65 well-recorded events. Each of these events was located 
using at least seven P- and three S-arrivals. 

A homogeneous half space was taken as the starting model and the 65 events were located 
for different values of its P-wave velocity. Initially, the earthquakes were located with a 
P-wave velocity of 4 km s-l and travel-time curves were plotted (Fig. 2a). The points show a 
large scatter and the best straight line through them has a slope of 0.2 implying a P-wave 
velocity of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 km s-'. The new inferred velocity was used for the relocation of the same events 
and the new travel-time curves are shown in Fig. 2(b). They show a smaller scatter than in 
Fig. 2(a) and the best straight line through them has a slope of 0.18, implying a new P-wave 
velocity of 5.7 km s-'. The earthquakes were relocated once more using a P-wave velocity of 
6 km s-l and travel-time curves were again plotted (Fig. 2c). The new points show the least 
scatter and the best straight line implies a P-wave velocity of 6kms-'. This suggests that a 
P-wave velocity of 6 kms-' is a good estimate of the average P-wave velocity in the region 
and agrees with the results of Makris zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Moller (1 977). 

In the next stage rins travel-time residuals for individual events were examined more care- 
fully to see whether the shallower earthquakes had systematically better locations when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASoujleris et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.0 5.2 S!, 5.6 5.8 6.0 6.2 6.L k m s - 1  

b 

Figure 3. Kms time residuals versus P-wave velocities used for the location of selected events (a), and a 
histogram (b) showing the percentage of events and the velocity which resulted in their minimum rms 
residual. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA total number of 65 events was considered. 
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P-wave velocities smaller than 6 km zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs-' were used. No systematic trends were observed and 
the same velocity of 6kms-' resulted in the minimum rms time-residuals for shallow and 
deep events. Some events and their rms residuals are shown in Fig. 3(a). The histogram in 
Fig. 3(b) was used to calculate a weighted mean P-wave velocity of 5.9 km s-'. 

The V,/V, ratio was calculated using the same 65 well-recorded earthquakes. P-wave travel 
times were plotted against S minus P travel times (i.e. Wadati plots) and the results showed 
considerable scatter with no systematic trend. A mean value of 1.82 ? 0.12 was calculated 
and subsequently used for all the locations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 Location accuracy: the effect of the station distribution 

Both the network geometry and errors in the data affect the errors of an earthquake location. 
In h s  section the uncertainties in the solution vector are calculated from the covariance 
matrix C = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02(ATA)-', where A is the observation equation matrix and u2 is the variance in 
the data as evidenced in the travel-time residuals. The square roots of the four diagonal 
elements of the covariance matrix are the standard deviations of the four hypocentral para- 
meters (e.g. Jeffreys 1961). Matrix A depends only on the partial derivatives of the travel- 
time functions and, therefore, is a function of the ray geometry and the velocity structure. 
The covariance matrix Ccan be constructed from A ,  without actually performing the iterative 
procedure on real data, provided that there is an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa priori estimate of u2 (e.g. Peters & 
Crosson 1972). 

The covariance matrix C was computed for a number of fictitious earthquakes located on 
a grid covering the entire epicentral region. P- and S-arrivals were weighted according to the 
accuracy to which they were read (i.e. the weight of the P-arrival is four times the weight of 
the S-arrival). Standard errors in origin time, depth, latitude and longitude were calculated 
by multiplying the square roots of the diagonal elements of the covariance matrix by 
u =  0.15 s, which is a typical value of the standard deviation of travel-time residuals for good 
locations in the present dataset. Error contours were subsequently drawn and the effects of 
various station distributions were determined by comparing the contour maps for various 
combinations of stations and types of data. Fig. 4 shows results of this test in the form of 
contour maps for the case where eight stations with two S-arrivals were used. Errors in depth 
are low in the vicinity of the stations, especially for events just outside the network. Similar 
results were found by Peters & Crosson (1972) and Lilwall & Francis (1978). Errors in depth 
for the shallower events are larger than for the deeper events. This happens because, for the 
constant velocity model used here, the partial derivative of the travel time with respect to 
depth (cosi/v, where i is the ray take-off angle) tends to zero as the free surface is ap- 
proached. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a result, the column corresponding to depth in the observation equation matrix 
has near-zero values and the normal equation matrix becomes near-singular, resulting in large 
depth errors. 

Jackson (1980) and Ellsworth & Roecker (1982) found that in order to minimize the 
errors in depth and origin time, one must seek to maximize the variance of the ray take-off 
angles. This means that the inclusion of both up- and down-going rays improves the depth 
resolution. In the one-layer model used here, however, refracted (down-going) rays are pro- 
hibited. 

In conclusion, it was found that when six, seven or eight stations were used then two 
S-arrivals can ensure location errors of the order of 2 km in epicentre and depth for earth- 
quakes within the area covered by the network or about 6 km outside it. However, when five 
stations were used then three S-arrivals would ensure the same accuracy, and when only four 
stations were used then both P- and S-arrivals are required at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall stations. 
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L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI o a  

Figure 4. Location error contours in (from top t o  bottom) origin time (in seconds), depth (in kilometres), 
longitude (in kilometres) and latitude (in kilometres) for eight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP- and two S-arrivals. The numbers at the 
top  of' each column of contour maps denote depth (in kilometres). Stations are shown as triangles (filled 
if the station reports both P- and S-arrivals). The bottom left corner of each contour map is at 40" 32'N, 
22" 52'E and the area covered by each square is 48 X 35 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm. 

8 The effect of random noise 

The location errors described in the previous section were those predicted by the linear 
theory and it is not certain that the linear approximation holds for all parts of the epicentral 
region. To test the validity of the linear error estimates additional tests were carried out and 
fictitious events were relocated after their travel times had been contaminated by random 
noise. 

Travel times to eight stations were calculated for synthetic earthquakes in a homogeneous 
half space with a P-wave velocity of 5.9 k m s '  and a V,/V,  ratio of 1.82. Random noise o f a  
normal distribution, with zero mean and a standard deviation of 0.1 s for P- and 0.3 s for 
S-arrivals was added to the travel times and the events were relocated. The difference 
between the initially assumed location and the relocated position was taken as the mislocation 
error. The test was carried out for a variety of combinations of P- and S-arrivals. 

In general, the mislocation errors were in good agreement with the errors predicted by the 
linear theory in the previous section for earthquakes in areas surrounded by the network or 
6-10km outside it. 

A test with the standard deviation of the random noise increased to 0.2 s for P- and 0.6 s 
for S-arrivals increased the mislocation errors by a factor of 2 for earthquakes inside the 
network and by a factor of 2-4 for events outside it. In the same test it was also found that 
the depth resolution decreased and a large number of events were fured by the location 
program at 6 km (the starting depth in the computation). 
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centre zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 6 8 1 C  ‘ 2  J-31h im 

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Rms time residuals versus depth for selected real earthquakes in the eastern (a), the central (b) 
and the western (c) parts of the activity. A cross marks the depth calculated by the free solution. Note 
that several of the events in the east (a) have minimum rms residuals for shallow depths suggesting that 
activity there was shallower than the activity in other parts. For further discussion see text. 
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9 Depth resolution 

The final test was concerned with depth resolution only. To examine whether the conver- 
gence to the finally computed depth depends on the starting depth, hypothetical earthquakes 
were repeatedly relocated with the iteration process starting at a different depth. For earth- 
quakes located with P-arrivals only it was found that when the initial depth was too shallow 
(deep) the event was finally located shallower (deeper) than its real position, by amounts 
generally larger than the linearly predicted error. However, for earthquakes recorded by 
stations with a good azimuthal distribution and with two or more S-phases, the final location 
was generally close to the real location and within the error limits predicted by the linear 
theory. 

The computation convergence to the fmal depth was then more closely examined. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
HYPO'II location program solves for origin time, epicentre and depth by minimizing thesum 
of the squares of the travel-time residuals. The final hypocentre, therefore. must be at the 
position where the rms residual is minimum. But is this always the case? To test this a group 
of real earthquakes was futed at a certain depth and the program was made to calculate the 
best origin time and epicentre for each earthquake at that depth. The procedure was repeated 
for a range of depths and the resulting rms time residuals were plotted against the fixed 
depth. Such a plot must have a clear minimum and the depth which corresponds to this 
minimum should be the same as that calculated by the free solution. Fig. 5 shows that this is 
not always the case. There are two types of curves: type 1 curves have a clear rms minimum 
at a depth within the linearly predicted error of the depth found by the free solution. The 
depth of such an earthquake is well resolved. Curve type 2, however, is wider and sometimes 
shows (see curve 2, Fig. 5b) that the free solution locates the earthquake at a depth corre- 
sponding to a local minimum, missing the global minimum. It was generally found that well- 
recorded events in areas inside or up to 8 km outside the network had rm-depth curves of 
type 1, whereas poorly recorded events had broader curves of type 2, depicting poor depth 
resolution. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 Aftershock locations: epicentres 

In total, 1399 aftershocks were located and are shown in Fig. 6. East-west or north- south 
linear trends, passing near stations, occur for small and poorly recorded earthquakes, since 
the location program cannot resolve their longitude (or latitude) and holds it fixed. 

Fig. 7 shows the epicentres of 600 events which were recorded by at least five stations, 
with at least one station reporting both P- and S-phases. Three distinct areas of activity can 
be seen separated by gaps. This epicentral distribution suggests that seismic slip occurred 
either along different sections of the same fault or along different faults. Such complicated 
seismic faulting at depth is supported by the complex pattern of surface faulting observed 
after the mainshock (Mercier et al. 1979). In view of this it was decided that only good 
quality locations would be considered for the final analysis. 

The selection of the best locations were based on the results of the above location accuracy 
tests. The criteria for good locations were: 

(1) events recorded by six or more stations, with at least two S-arrivals; 
(2) events with errors in epicentre (ERH) and in depth (ERZ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 2 km; 
( 3 )  events with rms residuals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<O. 15 s; 
(4) events with at least one station at an epicentral distance smaller than their depth; 
( 5 )  events whose depth was not held f i e d  at 6 km (i.e. the starting depth in the com- 

putation). 
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I I I r 

23'10' 23 '20 '  23'30' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

. . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA:so 
.. . .(RE - < - *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 .  

.a .**. . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-8. . 

ho 35' KM 
0 3  

0 

M L o 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figue 6. Epicentral distribution of all the located event?. Filled triangles are recording stations. Not all 
these stations were operating simultaneously. The horizontal and vertical linear trends arc small, poorly 
recorded shocks whose latitude or longitude is held fixed by the location program. The size of the hexa- 
gons increases with magnitude (see lower right corner of the figure). 
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Figure 7. Epicentral distribution for the 600 events recorded by at  least five stations, with at  least one 
station reporting both P- and S-arrivals. 
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442 C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASoujleris et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 23'20 '  I 23'30' 

23'10' 

I I / I I I I 1 I 
Figure 8. Epicentres of the 297 best located aftershocks. The main geological faults (normal or reverse) 
are from Kockel & Mollat (1977) and are marked FlLF4. The 1978 fault-breaks which are likely to  be 
related to seismic movements at depth are shown as fault-segments densely hatched on the downthrown 
side. The slip-vectors are from Mercier zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. (1979) and the numbers near them denote average vertical 
displacement in centimetres. The stations shown as filled triangles were operating for most of the record- 
ing period. SK (Skolario), YE (Yerakarou) and ST (Stivos) are villages. 

Based on these criteria 297 accurately located aftershocks were selected and are shown in 
Fig. 8. Their magnitudes (ML) range between -1 and 3.8. This procedure has inevitably 
excluded from the fmal dataset some larger shocks for which S-phases were not clearly 
identifiable. 

The following discussion is based solely on these zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhigh quality locations; the rest of the 
located events provide only a general view of the aftershock distribution. 

The aftershocks are located to the north-east and north-west of the surface breaks. In the 
east all epicentres were to the north of the graben whereas in the west there was considerable 
activity within the boundaries of the graben. The epicentres shown in Fig. 8 show three 
distinct areas of activity similar to those of Fig. 7. These three areas are marked E (eastern), 
C (central) and W (western). Clearly defmed gaps separate these three clusters. The western 
part can be further divided in two parts, W1 and W2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 Hypocentres 

Fig. 9 shows two cross-sections of the seismic activity; one trending north-east is normal to 
the main north-west trend of the geological structures in the region, the other is parallel to 
this trend. The separation of the activity into three main parts is clear in Fig. 9 (bottom). 
A more detailed discussion of the hypocentral distribution of each region is given in the 
following sections. However, it is worth noting here that depths for the central and western 
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The 1978 Thessaloniki earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF2 F3 F4-ST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A 1 A 4 A A  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32 A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M l l m m r l  I R A l  tarn1 I& 

S W  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN E  

443 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 9. Two cross-sections trending north-east (upper) and north-west (lower) with no vertical exag- 
geration. Their positions are shown in FiK. 8. The scale is shown on the vertical axis in kilometres. The 
horizontal axis shows distance along the section. Faults are also shown as vertical bars, with a horizontal 
bar on the downthrown side. Open triangles are recording stations. 

parts extended from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 to 12 km, with a high concentration at 7-8 km (see also Fig. 10). By 
contrast, in the eastern part, most of the events were shallower than 6 km. 

Some aftershocks appeared to be shallower than 3 km, but had depth errors larger than 
2km and so were excluded from the present dataset. 

11.1 E A S T E R N  P A R T  

The eastern part of the activity (marked E in Figs 8 and 9) was an aftershock sequence on its 
own. It followed a magnitude ML = 4.2 shock, on August 21,89 days after the largest fore- 
shock and 6 1 days after the mainshock. The epicentre of this earthquake along with that of 
its largest aftershock are shown in Fig. 6 as filled hexagons. However, no S-phases for either 
of these events could be recognized on the records and their depths were not well resolved, 
SO they were both excluded from the high quality locations. 

This smaller aftershock sequence is significant, since it enlarged the focal region of the 
earlier part of the 1978 sequence. As already mentioned, these events appear to be shallower 
than those in the other parts of the aftershock distribution. This depth difference is con- 
sidered real because location tests with real and synthetic data showed that depth resolution 
is high in the vicinity of stations. However, in order to confirm this result and to check for 
false rms ininima a further test was carried out. Selected earthquakes of the eastern sequence 
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E A S T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10. Depth histograms of the best locations in the three main parts of the aftershock distribution. 
Depths (horizontal axis) are in kilometres. 

were located at futed depths of 1-12 km. The depths which resulted in the minimum rms 
residuals were found to be shallower than 5 km and not significantly (i.e. withm the 67 per 
cent level of significance) different from the depths of the free solution. This confirmed that 
the earthquakes in the eastern cluster were indeed shallower than those in other parts of the 
aftershock region. (In Fig. 7 another cluster of aftershocks can be seen north of the eastern 
activity. These earthquakes were not located accurately and are not included in Fig. 8. They 
occurred 10-15 days before the eastern activity discussed above but it is not clear how they 
relate to it.) Fig. 11 shows the positions of two cross-sections El-El’ and E2-E2’ and 
Fig. 12 shows the aftershocks projected on to these cross-sections. The small number of 
events limits any meaningful interpretation and it is not clear whether the activity is related 
to the east-west striking normal fault, downthrown to the south, which lies along the north 
edge of the lake. 

11.2 C E N T R A L  P A R T  

Fig. 13 shows two cross-sections of the central part of the activity. The positions of these 
two cross-sections are shown in Fig. 11. Cross-section CI-Cl’ is normal to the apparent 
north-west trend of the activity and cross-section C2-C2’ normal to the strike of the fault 
plane, as deduced from the P-wave fault-plane solution of the mainshock on June 20 
(Soufleris & Stewart 198 1). In both cross-sections the hypocentres of the largest foreshocks 
and the mainshock are also shown. 
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-1" - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. The same shocks as in Fig. 8, with the positions o f  six cross-sections shown. In addition, the 
epicentres of the 16 largest teleseismically recorded events of the sequence (Table 3) arc shown as filled 
circles. The numbers of  these events are the same as in Table 3. 

Figure 12. Two cross-sections for the 

NE t sw 

*t 

eastern part of the activity. Rest as in Fig. 9. 

A dense concentration of hypocentres defines a zone which dips by about 45" NE for 
both cross-sections and intersects the Earth's surface at the position of the surface break at 
Stivos, marked ST in Figs 11 and 13. The largest foreshock (number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 )  and the mainshock 
(number 8), both of which have depths constrained to 6 ? 2 km by waveform modelling 
(Soufleris & Stewart 1981; Soufleris & King 1981), lie close to this dipping zone. The 
proximity of these locations, and the fault plane dips of 49" NNE and 46" NNE for these 
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t- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs s w  . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. B  ..: 0 

3 0  

Figure 13. Two cross-sections for the central part of the activity. Cross-section C2-C2' is normal to the 
strike of the fault-plane, as deduced from the P-wave fault-plane solution (Soutletis & Stewart 1981). The 
tcleseismically recorded and relocated foreshocks and mainshock (from Table 3) are shown as filled circles. 
Note the  prosimity of events 2 (the larrest foreshock, on May 23) and 8 (the mainshock, on June 20) to 
the dipping zone defined by the main cluster. Event 5 was located in the air and it is not shown. Rest as 
for f:ig. 9. 

two shocks. deduced from their fault plane solutions, suggests that they may both be asso- 
ciated with slip along the same fault, which reached the surface at Stivos. If this is so, there 
is significant activity above the fault, which presumably represents minor faulting and 
internal deformation of the downthrown block, caused either by non-uniform slip on the 
main i'ault or curvature of the fault plane itself. 

The shocks directly below the surface break ST are deeper than most of the central 
activity and they do not appear to be related to the same fault (Fig. 13). The uncertainties in 
the hypocentres of the teleseismically recorded events in this group are greater than those of 
the locally recorded aftershocks, although some (e.g. number 6, Table 3) were recorded by a 
large number of stations and are expected to be accurate to within about 4 km. However, the 
microseismic activity clearly splits into two distinct groups, so it is quite possible that the 
teleseismic distinction is also real and that some of the foreshocks of the June 20 mainshock 
(notably number 6 of magnitude 5.3 on June 19) did not occur on the main Stivos fault. 

11.3 W E S T E R N  P A R T  

Fig. 14 shows two cross-sections of the western part of the activity together with the hypo- 
centres of the mainshock and the largest teleseismically recorded aftershocks. Here a more 
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The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI978 Thessaloniki earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA447 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14. Two cross-sections for the western part of the activity along lines shown in Fig. 11. The tele- 
seismically recorded and relocated mainshock and aftershocks (from Table 3) are shown as filled circles. 
Events 12 and 13 were located in  the air and are not shown. Rest as for l.'ig. 9. 

complicated pattern is seen, probably because more than one fault has been reactivated. In 
cross-section gaps divide the activity into three parts: the first consists of shallow earthquakes 
at depths between 2 and 6 km (below stations PLA and PRO, Fig. 14, top). It is difficult to 
establish whether this activity is associated with the reactivation of any of the nearby known 
faults. The second forms a tighter cluster, located at depths between 5 and 1 0 h ,  and 
contains most of the aftershocks in the western part. The third zone is a more diffuse 
pattern south-west of the main cluster. The aftershocks of the third zone are also projected 
on to another cross-section W2-W2' (Fig. 14, bottom), normal to its apparent east-north- 
east trend (see Figs 11 and 7). The largest aftershock (event 16) also appears to  be associated 
with this part of the activity. It is interesting that this cluster in map view defines a trend 
(see Figs 11 and 7) which intersects the fault F1 obliquely; there are no known faults with 
similar trends in that region. 

12 Fault-plane solutions 

During the recording period no more than eight stations were operating at one time and so in 
the optimum case no more than eight P-wave first-motions were available. This reduces the 
likelihood of well constrained fault-plane solutions, although in a few cases unique solutions 
could be obtained from only eight readings. In general, however, it was necessary to combine 
the data of more than one event in order to construct composite fault-plane solutions. 
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The basic assumption of a composite fault-plane solution is that the radiation pattern of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
all the considered events is the same. Under this assumption even a small number of record- 
ing stations can provide enough first-motion readings for an adequate coverage of the focal 
sphere, provided that these events are sufficiently far from each other. However, as first- 
motion readings of different events are combined, inconsistencies are introduced. The 
process of constructing a composite fault-plane solution is one of trial and error: fault-plane 
solutions for individual events are combined for a well-constrained focal mechanism, with as 
few inconsistent polarity readings as possible. 

Initially, we constructed individual fault-plane solutions for each of the 297 best located 
aftershocks. Of these only four (nos 3, 12, 16 and 23 in Fig. 18) were well constrained and 
the rest were combined to construct composites. To do this, fault-plane solutions of 2-5 
events, within well-defined clusters of 3 km3 and consistent with each other, were overlayed 
and two nodal planes were drawn, as if the total number of polarity readings were from a 
single event. In this way 24 well-constrained solutions were obtained and they are shown in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Table 5. Data for the fault-plane solutions (individual or com- 
posite). The numbers in the lirst column are the same as in 
Pigs 15, 17 and 18. The data ofeach composite fault-plane solu- 
tion are shown in line with the location of the largest event of 
the group. This location is followed by the locations of the other 
cvents of the group. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Day 40O 2 3 0  1st p l a  2nd p l a  P a x i s  T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa x 1 5  
No A u q  O.T ime  Lat.' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALon.' D. 42. D i p  A z .  D i p  A z .  Dip zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA L .  D i p  
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15. Aftershock epicentres and fault-plane solutions for the central part of the activity shown as 
equal area projections zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof  their lower hemisphere. Numbers below the mechanisms identify events in 
Fig. 18 and Table 5 .  The balloons are connected to  the location of  the largest event of the group of each 
composite fault-plane solution. Numbers in the dilatational quadrants denote depth (in kilometres). The 
mechanisms of the two largest foreshocks (on May 23 and June 19) and the mainshock (on June 20), 
obtained from teleseismic data, are also shown. 

Fig. 18. The orientation of the planes and other relevant data for each of these mechanisms 
are listed in Table 5. 

12.1 C E N T R A L  P A R T  

The eastern part of the aftershock activity occurred outside the network and all the stations 
plotted on one side of the focal sphere. It was thus not possible to obtain well-constrained 
fault-plane solutions for these earthquakes. 

Fig. 15 shows five fault-plane solutions for the central part of the activity and one (no. 6) 
for the deeper cluster directly below the surface ruptures, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAU these mechanisms show 
normal faulting. The cross-sections C1-C1’ and C2-C2’ in Fig. 13 define the north-east 
dipping plane to be the fault-plane. Solution no. 6 also exhibits normal faulting and the 
cross-sections in Fig. 13 show that it occurred on a different fault, though it is difficult to 
determine which is the fault-plane in this case. 
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N 

a 
N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 16. P-axes (closed circles), T-axes (open circles) and slip-vectors (smaller arrows) for the fault- 
plane solutions in the central part (top) and the W2 part (bottom) of the aftershock distribution. The 
mean slip-vector for the two largest teleseismically recorded foreshocks and the mainshock lire also shown 
as larger arrows. 

It is worth noting that none of the five fault-plane solutions of the central cluster exhibit 
the left-lateral component shown by the three largest events of the sequence, whose mecha- 
nisms were determined from teleseismic data (Fig. 15). The mean azimuth of the slip- 
vector for the fault-plane solutions of the central cluster is N30". This azimuth differs by 
about 60" from the mean azimuth of the slip-vector for the teleseismically determined focal 
mechanisms (Fig. 16a). The difference, viewed together with the hypocentres of the larger 
(teleseismically located) events at the western end of the fault segment suggests that, as far 
as the central part of the activity is concerned, the onset of slip occurred at its western edge 
and had a small left-lateral component. In later stages, as the slip extended towards the 
eastern part of the fault, it was mainly confined to pure dip-slip motion. 

12.2 W E S T E R N  P A R T  

Fig. 17 shows the fault-plane solutions for the western part of the activity along with the 
solution for the mainshock on June 20. Here again normal faulting is predominant but a 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17. As for Fig. 15 but for the  western part of the activity. An S after the event number denotes a 
fault plane solution for a single shock. 

more complicated pattern emerges. The activity can be further divided into two parts, W1 
and W2 (Fig. 17). 

The south-westem part (part W2 in Fig. 17) exhibits more consistent focal mechanisms, 
with the exception of mechanisms no. 12. Cross-section W2-W2' (Fig. 14, bottom) suggests 
that the north-north-west dipping plane may be the fault-plane. Fig. 16 (bottom) shows a 
compilation of the directions of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP- and T-axes and the slip-vectors for mechanisms of this 
cluster. These slip-vectors show a considerable scatter with a mean azimuth of N 9". 

Focal mechanisms 5, 18 and 20 have both their nodal planes subparallel to the north-west 
trend of the major faults in the region and their north-east dipping planes may be their fault- 
planes. Further east, solutions 2, 7, 8,9 and 2 1  exhibit anomalous patterns. It is interesting, 
however, that focal mechanism 1 1 shows strike-slip motion. If its north-north-east striking 
plane is its fault-plane then this mechanism is consistent with right-lateral slip of the western 
block with respect to the quiescent area which separates the central from the western part of 
the activity. 

In general, within the northern part of the western aftershock cluster there is a large 
variety of focal mechanisms reflecting a more complicated mode of seismic deformation. 
Such complex style of deformation is not unusual for aftershock sequences of large normal- 
faulting events (Pitt, Weaver & Spence 1979; Arabasz, Richins & Lauger 1981). 
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@ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 18. Polarity readings for the single (denoted by an S after their number) and the composite fault- 
plane solutions shown in equal area projections of their lower focal hemisphere. Open circles denote 
dilatations, closed compressions. Numbers below each solution identify events in Table 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
13 Source dimensions and fault parameters 

The data discussed so far, combined with information obtained from waveform analysis 
(Soufleris & Stewart 1981; Soufleris & King 1981) may be used to investigate the likely 
source dimensions, slip amplitudes and strain changes associated with the two largest events 
of May 23 and June 20. 

Let us initially assume that the fault area which ruptured during the mainshock of June 20 
is defined by the total area covered by the central and western parts of the aftershock distri- 
bution. (The eastern part of the aftershock activity, discussed earlier, was a separate sequence 
associated with an event two months after the mainshock.) The mean seismic slip is given by: 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu = -  
A 

where A is the fault area and, No is the geometric moment (King 1978; Kanamori & Anderson 
1975) which is related to the commonly quoted moment Mo by the shear modulus, p :  

=M,. 
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@ *L 

23 s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18 ~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcontinued 

For a value of M,  of 5.2 x 10’’dyne cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(cd~= 1.75 x 108m3, with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 3 x 1011dynecm-2) 
from Soufleris & Stewart (1981) and a fault area of 28 x 17 km2 (assuming a fault length of 
28 km and a down-dip width of 17 km from the aftershock locations) the mean displacement 
is 37 cm. Using these estimates the strain drop Ae, can be obtained from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CU 
Ae= - 

L 

where L is the shortest fault dimension and C is a non-dimensional shape factor. Shape 
factors have been calculated for circular and rectangular fault geometries which are either 
buried or intersect the surface (e.g. Kanamori & Anderson 1975). The present fault is appar- 
ently rectangular but only partially breaks the surface (with a 12 cm mean observable offset) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and thus none of these geometries is directly applicable. However the shape factor is near 
unity for all geometries and does not vary by a factor of more than about 2. Thus the strain 
drop is approximately 2.1 x 

The errors in these estimates are caused mainly by the shape factor assumption, errors in 
the estimate of M,, or in appropriately interpreting the significance of the aftershock region. 
Although the moment is averaged over alarge number of stations (Soufleris & Stewart 1981) 

which may be interpreted as a static stress drop of 6.3 bar. 
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it is still uncertain by a factor of 3. Little can be done about this, although the assumption 
that the mainshock fault area is 17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 8kmL may be questioned. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA down-dip length of 
17 km is the niaximuin likely and may be an overestimate as it assumes that the mpture 
reached the surface, where faulting was small and discontinuous. Moreover it is possible that 
some of the aftershock area is related to movement in the foreshock of May 23. This possi- 
bility is discussed below. 

The foreshock of May 23 was smaller than the mainshock with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmb= 5.7, M,= 
5 . 6 ~  1OZ4dyne cm, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdo= 1 . 9 ~  107m3 (Soufleris & King 1981) and can be considered as a 
square fault bounded by the medium (a circular fault gives a similar result). If it is assumed 
to have the same displacement to length ratio (or the same static stress drop) as the main 
event then the fault width, L ,  is obtained from: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CCdO ' I 3  
L =  (-- ) 

Ae 

which gives a value of 9.7 km, if C is taken to be unity and Ae to be 2.1 x lo-' as found 
earlier. This in turn gives a mean displacement of 20 cm. The length of 12 km and down-dip 
width of 17 km of the area defined by the central part of the aftershock distribution is in 
reasonable agreement with this estimate, especially since a down-dip width of 17 km is the 
maximum likely and assumes that the faulting reached the surface, which it scarcely did. 

-40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35' Q 2 "  4 6 8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 19. Epicentres of  the 297 best located aftershocks are shown along with those of the 16 largest 
teleseismically recorded (filled circles, from Table 3) events of the sequence and the three fault-plane 
solutions from Soufleris & Stewart (1981). Event 2 is the largest foreshock, on May 23 (mb = 5.7), event 8 
is the mainshock, on Junc 20 (rnb = 6.1) and event 16 is the largest aftershock, on July 4 (mb = 5.1). The 
numbers of the larger events are sequential in time. Numbers near the slip-vectors denote average vertical 
displacement in centirnetres. Inset shows a cartoon section of the faulting. 
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Table 6. Summary of fault parameters. 

Moment Static 
R u ptirre stress 

(m’) (dyne cm) (kin’) (cm) drop (bar )  

June zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 1.75 X LOx 5.2 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 0 2 5  28 X 17 36 2.1 x 10-5 6.3 
(bilateral rupture) 
June 20 1.75 X 108 5.2 x 1025 1 6 x 1 7  64 4.0X 10-’ 12 
(unilateral rupture) 
May 23 1 . 9 X l O ’  5.6 x 1 0 2 4  9.7 x 9.7 20 2.1 x 10-5 6.3 
(for bilateral 
June 20 shock) 

(for unilateral 
June 20 shock) 

* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMO area U Strain drop 

May 23 1.9 X 107 5 . 6 ~  1 0 2 4  7.8X 7.8 31 4 . 0 x 1 0 - j  12 

This agreement, together with the epicentral position of the May 23 foreshock, suggests that 
the focal region of this event was only the area east of the mainshock location. f i s  is sup- 
ported by the positions of shocks 3 and 4 on May 24 (Fig. 19). 

Although it is not clear whether both fault segments, west and east of the mainshock 
location, ruptured during that earthquake (in a bilateral fashion), it is tempting to suggest 
that only the western fault segment ruptured (unilaterally). The lack of substantial tele- 
seismically recorded aftershock activity east of the mainshock location supports this sugges- 
tion. In this case the length of faulting during the mainshock was only 16 km. The new fault 
length would yield a displacement of 64 cm, which in turn results in a strain drop of 4 x lo-’ 
and a static stress drop of 12 bar. If this new strain drop were used to recalculate the mean 
displacement of the May 23 shock, an increased value of 31 cm would be obtained, with a 
fault dimension of 7.8 km. 

The source parameters of the largest foreshock and aftershock are summarized in Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 

on the assumption that the mainshock propagated either bilaterally east and west or only 
unilaterally to the west. 

There are no reliable measurements of surface displacements following the foreshock of 
May 23. Local inhabitants, however, recollect that a crack with the north block downthrown 
appeared immediately after that event at Stivos (marked ST in Fig. 19). The same displace- 
ment was enhanced at the time of the mainshock, on June 20. This information suggests that 
the whole or part of the fault-segment that moved during the largest foreshock, on May 23, 
moved also during mainshock on June 20. 

Kulhanek & Meyer (1979, 198 1) used Brune’s (1 970, 197 1) model as applied by Hanks & 
wyss (1972) and calculated the source parameters for the mainshock from the P-wave 
spectra of five WWSSN stations. They found the moment to be 6.6 x lo2’ dyne cm, a static 
stress-drop of 6.6 bar and a mean displacement of 27 cm. Their fault length estimate of 
32 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm is compatible with the length of 28 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm suggested by the aftershock distribution, if 
both the western and the central aftershock clusters are taken to represent the area of faulting 
during the mainshock. However, if only the western cluster is considered to represent the 
mainshock fault area then their value overestimates the length of faulting by 100 per cent. 
such an overestimate is expected because they did not correct their spectra for the effect of 
the free surface. The surface reflectionspp and sP affect the P-wave spectra of shallow earth- 
quakes and may result in wrong estimates of the corner frequency if their effect is not taken 
into account (Langston 1978). 
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14 The Thessaloniki sequence: a triple event 

During the Thessaloniki sequence a series of earthquakes occurred along three different but 
adjacent fault segments. Using conventional terminology the series would be described as a 
complete sequence, of foreshocks (the largest being on May 23), mainshock (on June 20) 
and aftershocks (the largest on July 4). However, because the two largest events of the series 
and the smaller sequence to the east occurred on three different fault segments, the sequence 
can be described as a triple event (Das zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Scholz 1981). It had three mainshocks, the first on 
May 23, the second on June 20 and the third on August 21. Each one of them was preceded 
by its own foreshocks and followed by its own aftershocks. The three mainshocks are here- 
after called ‘Event l’, ‘Event 2’ and ‘Event 3’. The event sequence, therefore, occurred zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 
follows: The foreshock activity of Event 1 started in early May (foreshock no. 1 being its 
largest foreshock, see Figs 19 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20) and culminated on May 23, with the first mainshock 
of magnitude mb=5.7. This earthquake ruptured only the fault area as defined by the 
central part of the aftershock distribution (Fig. 19). The mainshock was followed by its 
aftershocks (shock nos 3,  4 and probably 5 being the largest). The high stress concentration 
induced by this earthquake at the two ends of its fault zone was later released seismically. 
Shock nos 5, 6 and 7 were the largest foreshocks of Event 2, which occurred on June 20 
(event no. 8 in Figs 19 and 20) and probably ruptured more than one fault segment in the 
westem part of the aftershock area. The second mainshock was larger than the first and it 
was followed by its own aftershocks (shock nos 9,  10, 11, 12, 13, 14, 15 and 16 being the 
largest). 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Rk zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 9  
16 

- 

4 -  
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8 -  

- 

12 - 

16 t 
Figure 20. Two cross-sections (shown in Pig. 19) for all the earthquakes i n  Fig. 19. Events 5, 12 and 1 3  
are located in the air and are not shown. 
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Figure 21. A cartoon showing the source regions for the three shocks of the triple event sequence. 

A similar process of stress accumulation due to  the movement of the central fault 
segment caused the smaller earthquake sequence to the east, 89 days after Event 1 and 61 
days after Event 2. The source region for that smaller sequence is defined by the eastern part 
of the aftershock distribution (Fig. 19). Fig. 2 1 shows a cartoon of the geometry of faulting 
during the entire sequence. 
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