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Iterative Deconvolution of Teleseismic P Waves 
from the Thessaloniki (N. Greece) Earthquake of June 20, 1978 

GEORGIOS N. STAVRAKAKIS, 1 AKIS-G. TSELENTIS 2 and  JOHN DRAKOPOULOS 2 

Abstract--Teleseismic long-period P waves from the June 20, 1978, Thessaloniki (N. Greece) earth- 
quake (M s = 6.4) were modeled in an attempt to extract information about asperities or barriers on the 
fault plane. The analysis is based on the inversion method of complex P waves developed by Kikuchi and 
Kanamori (1982). A far-field source time function with a rise time of 2 sec and a process time of 5 sec is 
inferred, corresponding to a source dimension of about 10 km when a rupture velocity of 2 km/sec is 
assumed. 

The source depth of this shock, estimated by matching synthetic seismograms to observations, is 
found to be 8 km. The sum of the seismic moments of the individual subevents amounts to 3.3 x 1025 

dyn-cm. 
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I. Introduction 

It  is widely k n o w n  that  s t rong  ea r thquakes  often consist  of a sequence of  smal ler  

mul t ip le  shocks (WYss and  BRUNE, 1967; KANAMORI and STEWART, 1978; KIKUCHI 

and StJoo, 1984; KIKUCm and  FUKAO, 1985). 

The  rup tu re  complex i ty  is a mani fes ta t ion  of a he terogeneous  d i s t r ibu t ion  of  the 

mechanica l  p roper t ies  a long  the fault  and  suggests the existence of relat ively large, 

isolated,  high-stress zones in the fault  plane. The  asperi t ies  o r  barr iers  are responsible  

for the rup ture  p r o p a g a t i o n  (AKI, 1979; LAY et al. 1982). They are  also responsible  

for the i r regular i ty  in the fault  m o t i o n  and thus con t ro l  s t rong g round  mot ions  

(MIKuMo and  MIYATAKE, 1978; KANAMORI, 1982). 

The  pu rpose  of this s tudy is to unde r s t and  bet ter  the deta i led sequence of events 

dur ing  rup ture  associa ted  with the Thessa lonik i  e a r t hqua ke  of June 20, 1978 (Ms = 

6.8). 

W e  appl ied  the i t e ra t ive -deconvolu t ion  m e t h o d  of  complex  P waves deve loped  
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by KIKUCHI and KANAMORI (1982) and recently reaffirmed by KIKUCHI and SUDO 
(1984) and KIKUCHI and FuI,:AO (1985). 

Nine WWSSN long-period seismograms are analysed, in the epicentral distance 
range of 45 ~ to 85 ~ for information about the rupture propagation and the distrib- 
ution of the asperities or barriers on the fault plane. 

2. Iterative deconvolution o f  complex body waves 

An earthquake source may be modeled as a series of double-couple point sources 
with the same focal mechanism (KI~ucHI and KANAMORI, 1982). Each point source 
is specified by the seismic moment m, the onset time s, and the coordinates (x, y) on 
the fault plane. In the following we take the x axis in the fault strike and the y axis 
in the dip direction. Hence, each individual subevent is specified by (m, s, x, y), and a 

sequence of double-couple sources is given as 

(ms, st, xi, Yl), i = 1, 2 . . . .  (1) 

Let wj(t; x, y) denote a synthetic wavelet from a unit point source located at (x, y) 

on the fault plane, and let Xj(t) denote the observed seismogram at the ith station. 
As the first step, the point source (m s, st, x~, Yi) is then determined, so that the 

residual error, 

A = ~ ~ [ X j ( t ) - - m l w j ( t -  s l ; x l ,  yl)]  2 dt (2) 
j = l  J 

is a minimum; M is the number of stations used in the analysis. 
As the next step, the observed record X(t)  is replaced by the residual waveform, 

given by 

Xj(t ) = X j ( t )  - mlwj( t  - sl; x l ,  Yl) ( 3 )  

and the second point source (m z, s z, x 2, Y2) is determined by the same procedure. 
After N iterations--until no more significant decrease in error occurs--we obtain 

N point sources, (ms, st, xi, y~), with i = 1, 2 . . . . .  N, and the source time function 

can be calculated by 
N 

S(t) = ~ mlu(t - st) (4) 
i = 1  

where u(t) is the unit ramp function and ms is the seismic moment of the/st subevent. 

The final approximation error is given by 

o 

AN = [Xj(t) -- Yj(t)] 2 dt = rx(O) - rw(O) ~ m 2 (5) 
j = l  i = 1  

which, when we use the normalized form to the zero-lag autocorrelation of the 
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observed seismograms, may be written as 

N M 

~N = 1 - ~ m{ ~ rwj(xi,yi)/rxj (6) 
i=1 j = l  

where rwj(x, y) = ~g [wj(t; x, y)]2 dt and rx~ = ~g [Xj(t)] 2 dt, and where rx and r w 
are autocorrelation functions of r(t) and r(t), respectively, N is the number of itera- 
tions, and M is the number of stations. 

The resulting synthetic form Yj(t), the moment rate function Mo(t), and the total 
seismic moment Mo are given, respectively, by 

N 

Ys(t) = ~ mlwj(t - sl;xi, yl) (7) 
i=1 

N 

Mo(t) = ~ miu(t -- sO (8) 
i=1 

N 

Mo = ~ mi (9) 
i=1 

2. The Thessaloniki earthquake of June 20, 1978 

On 20 June 1978 a moderate earthquake (O.T.20h, 03m, 21s, 40.7~ 23.2~ 
with h = 3.5 + 4.1 km, M b = 6.1, M s = 6.4; PDE) occurred in a valley located 
about 30 km east of the city of Thessaloniki in northern Greece; see Figure 1. This 
earthquake has been well studied by many investigators. CARVER and BOLLINGER 
(1979) suggested, from relocated aftershocks having an average depth of 8 km, that 
the fault plane dips northward at about 85~ MERCIER et al. (1979) found that in the 
investigated area reactivated faults striking 110 ~ to 130 ~ had sinistral normal motion, 
faults striking 60 ~ to 90 ~ had pure normal motion, and faults striking 60 ~ to 45 ~ had 
dextral normal motion. Properties of the Serbomacedonian geological massive are 
described by COMNINAKIS and PAPAZACHOS (1979). 

Fault-plane solutions based upon short-period and long-period data are given by 
PAPAZACHOS et al. (1979a, 1979b). SOUFLEmS and STEWART (1980) studied the source 
process of this earthquake on the basis of trial-and-error waveform modeling of 
teleseismic, long-period body waves. They obtained a mechanism characterized by 
normal, left-lateral motion on a fault plane striking 283 ~ and dipping 42~ They 
also found that synthetics for an 8-sec trapezoidal time function (4 sec of duration, 2 
sec of rise and fall time) at a source depth of 6 _+ 2 km provided the best solution. 
The complexity of this multiple event, however, could not be resolved. 

BARKER and LANCSTON (1981), utilizing the moment tensor formalism to tele- 
seismic P and SH waves, obtained a north-trending tension axis and a nearly vertical 
compression axis with the following double-couple source parameters: strike 
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Figure 1 
Tectonic setting of the 1978 Thessaloniki earthquake sequence. Faults and major geological contacts are 
from KOCKEL and MOLLAT (1977). Final USGS epicentres are connected to the final relocations of the 
same events. Surface ruptures which appeared during the mainshock and are likely to be of tectonic 
origin shown with heavy hatched lines on the down-thrown side. Preliminary locations for aftershocks, 
recorded by an array of portable stations, are shown as small solid circles. A fault segment active in 1932 

and reactivated in 1978 is marked '1932'. Taken from SOUFLERIS and STEWART, 1981). 

280 ~ • 7 ~ dip 55 ~ • 3 ~ rate - 6 5  ~ • 5 ~ seismic moment 5.7 • 10 z5 dyn-cm, and 

a skewed, triangular source time function with a rise time of about 1 sec and a 
duration of 6 to 8 sec. MALEY et al. (1979), on the basis of accelerograph records, 

suggest that the Thessaloniki earthquake was a complex rupture consisting of two 

or more events. 
The intent of this paper is to verify this event and to obtain more information 

about the rupture and the distribution of asperities or barriers on the fault plane. 
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Table 1 
Characteristics of the stations used 

Sta. Azim. Back Azim., Epicentr. Emerg. Geom. Atten. factor, 
code Magnif. deg. deg. dist., deg. angle, deg. factor T/Q 

MAT 3000 47.30 316,17 82.41 17.1 624 1.167 
SJG 700 283.53 50.76 77.84 18.2 412 1.157 

AAM 1500 312.55 48.94 73.92 19.3 423 1,176 
BAG 3000 72.84 311.04 84,74 16.5 402 1,469 
BLA 1500 306.76 49.61 75.24 18.7 488 1.164 
CAR 3000 278.09 49.68 83.28 16.9 434 1.182 
CDH 1500 332.24 84.62 47.76 26,4 622 1.426 
COL 1500 356.05 7.06 74.09 19,2 530 1.175 
OGD 1500 307.10 53.23 69.45 20.4 516 1.198 

3. Data analysis and results 

Nine selected long-period seismograms recorded at WWSSN stations are used in 
the epicentral distance range 45 ~ to 85 ~ for minimizing complications due to upper 
mantle structure and core effects. At ranges greater than 80 ~ the PcP phase arrives 
very close to the direct P, and it may affect the waveform. Only three stations 
between 80 ~ to 85 ~ were modelled successfully, however, without accounting for the 
PcP arrival. The characteristics of the stations used in the analysis are summarized 
in Table 1. From the Jeffreys-Bullen model of the Earth structure, the ray parameter, 

P = sin ih/Vph = sin io/Vpo (10) 

is calculated for each one of the ten stations used; here ih and io are the emergent 
and incident angles and Vph and Vpo are the P-wave velocities at the source and the 
surface, respectively. 

The effect of anelastic attenuation is taken into account by means of the Q 
operator of FUTTERIVIAN (1962), parameterized by the quantity T/Q,v (travel time 
divided by the average Q along the path). In this study a value of T/Qav = 1.0 is 
considered valid for P-wave analysis, but, for epicentral distances greater than 80 ~ 
T/Qav is no longer constant but increases rapidly up to 3.0 or even more and diff- 
raction effects around the core would be involved. 

Since the fault geometry of this event is known, we fix it in our inversion with a 
strike of 278 ~ and a dip angle of - 7 0  ~ (SoUFLERIS and STEWART, 1981); see Figure 1). 

The inferred fault length of 35 km from the aftershock distribution (SoUFLERIS and 
STEWART, 1981, CARVER and BOLLINGER, 1981) is divided into 8 discrete points in 
the strike direction with a spacing of 5 km, and the fault width of 12 km is divided 
into 4 discrete points in the dip direction with a spacing of 4 kin, so as to prepare 
synthetic wavelets from unit point sources at all possible source locations. Using 
Vp = 6.0 km/sec and p = 2.8 g/cm 3, and placing a double-couple point source at 
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a depth of 8 km in a homogeneous half-space, we deconvolved the ten observational 
seismograms into a sequence of subevents: 

(m i, s~, x i, Yi), i = 1, 2, . . . ,  32 

The deconvolution was repeated with 25 iterations for several combinations of rise 
and process (rupture) time in the least-squares sense. The best solution was obtained 
with a rise time of 2 sec and a process time of 5 sec; see Figure 2). The inferred 
source time function and the moment rate function 

)~Io(t ) = MT( t ;  z, to) 

are plotted in Figure 3, where M o is the seismic moment and T(t; z, tc) is the source 
time function. From their shape we can recognize that the initial rupture is followed 
by a quiescence, which lasts about 8 to 10 sec, and after this is followed by 6 or 8 
significant subevents. 

i \ 
2sec 5 s e c  ~ t 

Figure 2 
Source time function of the Thessaloniki earthquake of June 20, 1978. 

We identify subevents 1, 2 and 3 as marked in Figure 3a. From the shape of the 
moment rate function we can recognize that the initial rupture is followed by a 
quiescence, which lasts 8 to 10 sec, and after this is followed by 6 or 8 significant 
subevents. We conclude that subevent 1, 2 and 3 represent the real source complexity. 
MALEY et aL (1979) suggest, on the basis of accelerograph records, that the Thes- 
saloniki earthquake was a complex rupture consisting of two or more events, which 

are well resolved in our analysis. 
The spatial distribution of the individual subevents on the fault plane, as obtained 

by the inversion analysis, is shown in Figure 4. We tried inversions while changing 
the point of the rupture initiation, although it may be inferred from the first arrival of 
P waves. A reasonably good fit between the synthetic and observed waveforms is 
obtained for the case in which the rupture initiates from the point with co6rdinates 
(5, 4), as shown in Figure 4. The dimension of the squares is proportional to the 
seismic moment corresponding to each subevent. 

Table 2 gives the onset time s, the relative locations (x, y), the moment rate 
function _~Io(t ), and the seismic moment Mo~ of each individual shock, and also the 



Vol. 124, 1986 Teleseismic P Waves from the Thessaloniki Earthquake of June 1978 1045 

u I I ~ I 
8 4 0  sec 

(!) | | 

( a )  

( b )  

Figure 3 
Far-field-displacement source time function (a), as obtained after 25 iterations and moment rate function 
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Figure 4 
Spatial distribution of the individual subevents on the fault plane, as obtained by the inversion method. 
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Table 2 
Subevent sequence of the fault plane as obtained by the inversion method 

T, sec x, km y, km No rate M o 

1.6 10.0 0.0 0.9674E - 01 0.4837E + 00 
2.0 5.0 - 1 2 . 0  0.3087E - 01 0.1543E + 00 
2.0 5.0 - 12.0 0.1051E - 01 0.5253E - 01 
4.0 15.0 - 8 . 0  0.9223E - 01 0.4611E + 00 
7.2 - 2 0 . 0  0.0 0.5653E - 0.2 0.2827E - 01 
8.0 15.0 - 12.0 0.3218E - 01 0.1609E + 00 

12.4 10.0 - 4 . 0  0.1317E - 01 0.6586E - 01 
14.4 15.0 0.0 0.1399E - 01 0.6997E - 01 
17.2 5.0 0.0 0.7988E - 02 0.3994E - 01 
19.2 - 2 0 . 0  - 8 . 0  0.5735E - 01 0.2867E + 00 
21.6 - 2 0 . 0  - 4 . 0  0.1034E - 01 0.5172E - 01 
21.6 5.0 - 12.0 0.1892E - 01 0.9458E - 01 
22.0 10.0 - 4 . 0  0.4031E - 01 0.2016E + 00 
24.8 15.0 - 8 . 0  0.1676E - 01 0.8382E - 01 
27.6 - 2 0 . 0  - 1 2 . 0  0.2451E - 01 0.1248E + 00 
29.2 --15.0 - 1 2 . 0  0.4535E - 01 0.2268E + 00 
32.0 5.0 - 1 2 . 0  0.1441E -- 01 0.7206E -- 01 
32.8 5.0 - 1 2 . 0  0.1776E -- 01 0.8879E - 01 
34.8 15.0 - 12.0 0.2151E -- 01 0.1075 E +  00 
36.4 15.0 - 12.0 0.1380E -- 01 0.6898E - 01 
36.8 --20.0 --4.0 0.1465E -- 01 0.7323E - 01 
37.6 15.0 - 12.0 0.1654E - 01 0.8269E -- 01 
39.6 - 2 0 . 0  - 1 2 . 0  0.1735E - 01 0.8673E -- 01 
41.2 - 2 0 . 0  -- 12.0 0.1421E - 01 0.7104E - 01 
44.6 15.0 - 8 . 0  0.1898E - 01 0.9489E - 01 

Total Seismic moment:  0.3332E + 01 

t o t a l  s e i s m i c  m o m e n t  M o o f  t h e  m u l t i p l e  s e q u e n c e ,  in  E 2 5  ( G G S ) .  

F r o m  t h e  o n s e t  t i m e  s i a n d  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  s u b e v e n t s  i t  is c l e a r  t h a t  

t h e  r u p t u r e  p r o p a g a t e d  n o r t h e a s t w a r d  d u r i n g  t h e  f i r s t  s e v e r a l  s e c o n d s  a n d ,  a f t e r  a 

q u i e s c e n c e  o f  a b o u t  8 t o  10 sec ,  m o v e d  w e s t w a r d .  I n  F i g u r e  5 t h e  s y n t h e t i c  s e i s -  

m o g r a m s  a r e  c o m p a r e d  w i t h  t h e  o b s e r v e d  o n e s .  T h e  w a v e f o r m  m a t c h i n g  is  v e r y  

g o o d  a t  a l l  s t a t i o n s ,  w i t h  a f i n a l  a p p r o x i m a t i o n  e r r o r  A25 o f  27~o. I n  t h e  m u l t i s t a t i o n  

a n a l y s i s  d e s c r i b e d  a b o v e  i t  w a s  a s s u m e d  t h a t  a l l  s u b e v e n t s  h a d  t h e  s a m e  t i m e  h i s t o r y  

a n d  f o c a l  m e c h a n i s m .  

4. Discussion and conclusions 

T h e  p r i m a r y  c o n c e r n  o f  t h i s  p a p e r  w a s  t o  s t u d y  t h e  r u p t u r e  p r o c e s s  o f  t h e  T h e s -  

s a l o n i k i  e a r t h q u a k e  o f  J u n e  20,  1978.  F o r  t h i s  p u r p o s e  w e  a n a l y s e d  t e l e s e i s m i c  l o n g -  

p e r i o d  P w a v e s ,  u s i n g  a n  i t e r a t i v e - d e c o n v o l u t i o n  t e c h n i q u e  w h i c h  w a s  d e v e l o p e d  b y  
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Figure 5 
Observed and synthetic seismograms of the Thessaloniki earthquake of June 20, 1978. 

KIKUCHI and KANAMORI (1982) and recently modified by I(IKUCHI and SUDO (1984) 
and KIKUCHI and FUKAO (1985). 

The distribution of the individual events on the fault plane may be interpreted in 
terms of a complex source model in which rupture starts at a small asperity and 
then triggers the larger-scale rupture of a neighbouring prestressed region which is 

difficult to break. 
The far-field trapezoidal source time function used to model the point sources 

has an effective pulse width of 5 sec, which corresponds to a source dimension of 
about 10 kin. The inferred source time function shows that the source process of the 
Thessaloniki earthquake was a complex event and included three significant sub- 
events with different moments, onset time, and relative location on the fault plane. 
The total duration of the time function is quite long for an earthquake of this size. 
For  example, CIPAR (1980) modelled the Friuli earthquake (M s = 6.5, Mo = 
1.0 • 1025 dyn-cm) with a time function of 4.5 sec, and STEWART and HELMBERGER 
(1981), the Bermuda earthquake (M~ = 6.1, 3'/o = 3.4 x 1025 dyn-cm) with a time 

function of 3 sec. 
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The long duration and the low stress drop (Aa = 4 bar), as estimated by 
SOUELERIS and STEWART (1981), suggest an overall slow energy release during the 
Thessaloniki earthquake and may be due both to local reflections and to complexity 
of stress relaxation on the fault plane. Structural complexities near the source and 
along the propagation path are ignored, and the overall complexity of the observed 
waveforms is wholly attributed to the source complexity. 

The summation of the seismic moments of all individual subevents amounts to 
3.3 x 1025 dyn-cm, which is in a good agreement with the values obtained by 
SOUFLERXS and STEWART (1981) from body-wave analysis and by BARI~ER and 
LANGSTON (1981) from moment tensor inversion. 
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