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Α Β S Τ R Α C Τ 

Source parameters, such as source dirnension, stress drop, 
effective tectonic stress, dynarnic energy release I have been 
estirnated using the source-tirne functions and seisrnic rnornents 
obtained by inversion of body waves of sorne large and rnoderate 
earthquakes in Greece. The cornputatians were rnainly based οη the 
characteristic tirne and total duration of the source tirne 
function. 

Earthquakes that occurred in Ionian Sea (western Greece) and 
in the southern part of the Hellenic arc are characterized by low 
stress drop, whereas earthquakes in the Gulf of Corinth and in 
Aegean Sea show relatively higher values. However I in all cases 
the obtained stress drop values are in deviation of the "constant 
stress drop rnodel". Αη atternpt is rnade to explain this fact in 
terrns of the "partial stress rnodel" proposed by Brune et al. 
(1985) . 
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Π Ε Ρ Ι Λ Η Ψ Η 

Παράμετροι της σεισμικής πηγής, ό~ως διαστάσεις της ~ηγής, 

πτώση τάσης, ενεργός τάση, δυναμική ενέργεια έχουν υ~oλoγιστεί 

χρησιμοποιώντας τις χρονικές συναρτήσεις της ~ηγής και τις 

σεισμικές ροπές ~oυ υ~oλoγίστηκαν από αναστροφή κυμάτων χώρου 

μερικών ισχυρών και ενδιαμέσου μεγέθους σεισμών σε διαφορετικές 

~εριoxές στην Ελλάδα. Οι υπολογισμοί είναι κύρια βασισμένοι στη 

διάρκεια της χρονικής πηγής. Σε όλες τις περι~τώσεις σι τιμές της 

πτώσης τάσης αποκλείνουν από το "μοντέλο σταθερής πτώσης τάσης". 

Στην εργασία αυτή γίνεατι ~ρoσπάθεια να εξηγηθεί το φαινόμενο 

αυτό με βάση το μοντέλο "μερικής τάσης" που προτάθηκε από τον 

Brune και τους συνεργάτες του (1985). 

INTRODUCTION 

It is generally assurned that ground rnotion results frorn 
unstable slip accornpanying a sudden drop in shear stress οη a 
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geological fault. Seismic radiation is the rnain source ο! 
inforrnation οη the faulting processes ο! earthquake phenornena. 
The radiation can be computed by a space-tirne convolution ο! a 
slip function with a Green's function. The slip function 
describes the fault displacement during an earthquake as a 
function ο! time and position οη the fault plane, while Green's 
function represents the Earth response to the slip. 

One ο! the rnost irnportan~ development in the understanding 
ο! the earthquake source in the last years is the documentation 
of the complexity ο! earthquake rupture. This complexity can be 
due to geometrical complexities ο! the fault plane or 
heterogeneities in the fault strength or tectonic stress. 5everal 
studies suggest that srnall areas of high stress drop are embedded 
in larger, low stress drop areas. 

The high-frequency radiation cornes from these small areas, 
although they contribute only a fraction ο! the total seismic 
mornent. The rnost important source parameters for the dynarnic 
process of fault motion are the effective tectonic stress and the 
fracture length. The forrner one is defined as the static 
frictional stress minus the sliding frictional stress. The later 
one is defined as the static frictional stress minus the initial 
stress (ΥΑΜΑ5ΗΙΤΑ, 1977). Although the effective tectonic stress 
is the simplest gross parameter, its determination has a dual 
importance in seisrnology. First, the effective tectonic stress 
with the stress drop deterrnines how much ο! the effective stress 
is released, as a stress drop during an earthquake. Οη the other 
hand, the stress drop in the rnain earthquake determines the 
principal characteristics ο! the aftershock sequences. Gibowicz 
(1973) has shown that a low stress drop mainshock leads to high 
magnitude of the largest aftershock and conversely. From 
sophisticated waveform rnodeling using far-field source time 
functions it is possible to cornpute the source parameters as well 
as the effective tectonic stress. 

Ιη the present study, we use the source-tirne functions 
obtained frorn inversion of long-period teleseisrnic body waves ο! 

sorne large and rnoderate earthquakes in Greece to cornpute the 
source parameters. Α cornparison is also made between these 
parameters and those revealed using spectral theories. 

5YNTHETIC 5EI5MOGRAM5 

5everal methods have been proposed to cornpute synthetic 
seismograrns ο! body-and surface waves. The most comrnon one is 
based οη a trial-aπd-error fit ο! syπthetic seisrnograms 
calculated for a point shear dislocatioπ source to observe Ρ and 
5 waveforms (e.g. Helmberger, 1974; Langston and Helmberger, 
1976). Το compute synthetic seismograms, the direct Ρ and two 
free- surface reflected rays, ρΡ and sP, are coπsidered for the 
Ρ wave, and the direct 5 and free- surface reflected s5 are also 
considered for the SH wave. Theπ, the synthetic seisrnograrns for 
Ρ waves are calculated by a series ο! coπvolution (*) operations 
accordiπg to the formula: W=R (5* Τ* Q* Ι), where W is the 
vertical displacement at theP2receiver, R is the receiver 
function, 5 is the response ο! the source sfructure to a poiπt 
double couple ο! specified orientatioπ, Τ is the source-time 
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function, Q is the Earth's attenuation, and Ι is the instrument 
response. The procedure used to compute S is the modification of 
the Thomson- Haske11 1ayer matrix method by Harkrider and 
Anderson (1966). The detai1s of the method are summarized in 
Langston (1976). Synthetic seismograms for SH waves are generated 
in the same way using the appropriate shear-wave receiver 
function, source structure response, and attenuation operator. 

Another usefu11 method for computing synthetic seismograms 
is that proposed by Kikuchi and Kanamori (1982). Ιη this method, 
body waves are deconvolved into a multiple shock sequence. The 
fault plane is divided into Ν χ Μ discrete points in the strike 
and dip directions in order to compute Green's functions al all 
possible locations. Then, for each subevent, a set of parameters 
(m., Χ., Υ., t.), i=1,2, ... ,Ν, is computed, where m. is the seismic 
mo~ent, (Χ., Ύ.) is the re1ative 10cation of the 1 i th subevent οπ 
the fault plaIΊe and t. is the onset time. The revealed sourc,e, 
time function reflects to the comp1exity of the rupture 
propagation. Details of the method are given by Kikuchi and Sudo 
(1985), Stavrakakis et a1. (1987). Here, some resu1ts of this 
method obtained for the Chephalonia earthquake of Jan.17, 1983 
will be used to compute source parameters Όf this event. 
Nowadays, the most popular methods for computing synthetic 
seismograms are, that proposed by Nabelek (1984) and that which 
is based οη moment tensor solutions (Dziewonski et al., 1981; 
Dziewonski and Woodhouse, 1983, Giardini et al., 1984). 

SEISMIC SPECTRA 

The spectral shape, either of far-field or near-field body 
waves is often utilized to obtain source parameters of 
earthquakes by using the spectral model proposed by Brune (197 Ο, 

1971) or that proposed by Madariaga (1976). The main difference 
between the two models is that in Madariaga's model the slip 
increases linearly after rupture, so that the final slip is 
greater than that expected for a static solution. Consequently, 
the stress drop for a dynamic solution is larger than the 
effective stress considered by Brune. 

However, the source parameters obtained by using both models 
are based οπ three independent spectral parameters: the long­
period spectral level Ω, the corner frequency f, and the 
parameter ε which contr~ls the high-frequency de~ay of the 
displacement spectrum. Brune's model considers that for a 
circular fault the source radius is r=2.34α/2πf, where α is the 
Ρ wave velocity, and f is the corner frequency. Οη the other 
hand, Madariaga (1976)° proposed for the source dimension the 
relation r = Ο.32β/f, where β is the shear wave velocity. 
Assuming the ratio t(P)/f (S)=1.5, Brune's model computes a 
radius of about two €imes \hat calculated using Madariaga' s 
model, but gives a stress drop that is about six times lower. 

ESTlMATION OF SOURCE PARAMETERS 

Once the synthetic seismograms or the spectra of body waves 
have been computed, several source parameters can be obtained, 
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such as seismic moment, source dimension, stress drop, effective 
stress and the radiated seismic energy. 

Ιη the present study, we use the seismic moments and the 
source time functions obtained in inversion of body waves to 
compute the source radius in two different ways. Ιπ the first 
model, we consider a circular fault in which the rupture 
initiates at a point and then propagates out in every direction 
οη the fault plane with a constant rupture velocity. Assuming 
that the radius of the circular fault is proportional to the 
product of the rise time and the shear-wave velocity at the 
source, then the fault radius a is given (Geller, 1976) by 
a=28πβΤ Ι(35π+16.17πsinδ+64) where Τ is the total duration of 
the far~field source time function an~ δ is the angle between the 
normal to the fault plane and P-ray direction. 

Once the source radius has been computed, the stress drop 
can also be obtained by the relationship Δσ=Ο.44Μ ia3 , where Μ 
is the seismic moment. Then, the source area i\ s=πaΙ , th~ 
rupture velocity U =<U>T «u> is the average displacement οπ the 
fault plane equal to Μ ΙμS) and Τ is the rise time. Finally, the 
effective stress is nd f =μ<u>Ιβ. 

Ιπ the second moJe\, we use the characteristic time t of 
the source-time function (Pacheco and Nebelek, 1988), tha{ is 
defined as the time at which half of the total moment is 
released. Assuming an approximately circular rupture that 
propagates at a velocity υ=Ο.75β, and the time of the rupture 
growth approximately equalrto the time at which 50 per cent of 
the seismic moment is released, then the source radius is r=Urt . 
Then the stress drop is Ο.44Μ Ir 3 • The dynamic energy release is 
computed following Vassiliou °and Kanamori (1982). According to 
them, for a given source time function, the dynamic energy 
release, Ed , can be estimated through the relationship 

E =2KM / {χ ( Ι-χ) ΙΤο
3 } , where

d z

Κ = {(lΙ15πρα5 ) + (IΙΙ0πρβS}}, Μ is the seismic moment, Τ is the 
total duration of the source-t1me function, χ is the r~tio of 
rise time to total duration (Χ=Ο.2), α, β are the velocities of 
Ρ- and S-waves, respectively and Ρ is the density. 

Finally, the radiated seismic energy can also be determined 
from the energy-magnitude relation (Both, 1977), 
logE",=l. 44M +12. 24. s 

SOURCE PARAMETERS FOR SOME LARGE ΑΝD MODERATE EARTHQUAΚES 

ΙΝ GREECE 

As we mentioned above, the source radius of a circular fault 
can be estimated using two different models. Ιη the following, 
we compute the source parameters for those earthquakes in Greece 
for which the source time function is available. 

(i) Ionian Sea rWestern Greece) 

Ιπ fig. 1 the fault plane solutions and the source time 
functions of some large earthquakes occurred in Ionian Sea are 
shown (after Ioannidou, 1989). It should be mentioned that 
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sev@ra1 fau1t p1ane solutions for earthquakes occurring in this 
region are avai1ab1e (McKenzie, 1978; Drakopou1os and De1ibasis, 
1982; Papazachos et a1., 1986; Anderson and Jackson 1987; 
Papazachos et a1., 1991). Much attention has been paid to the 
source process of the mainshock of January 17, 1983 (Μ =7. Ο) 

(sς:οrdi1is et a1., 1985; Stavrakakis et a1., 1989b; Ioanriidou, 
1989; Kiratzi and Langston, 1991). It has been conc1uded that 
thrusting in the western He11enic subduction zone terminates in 
this region against a strike-s1ip fau1t striking NE-SW. Using the 
source time functions i11ustrated in figure 1, and based οη the 
formulae mentioned in the above sections, the source parameters 
are estimated (Tab1e 1). 
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Fig.1. Fau1t p1ane solutions and source time functions of sorne 
earthquakes occurred in Ionion Sea. The shaded area and 
the dashed 1ine represent the two point sources used for 
inversion ( after Ioannidou, 1989). 

The first va1ues of the source radius R and stress drop Δα, 

are based. οη the characteristic time t of the source tirne 
function, whereas the second ones (in par~nthesis) are based οη 
Ge11er's rnode1. The obtained stress drop va1ues are 10w with 
respect to those expected frorn the constant stress drop rnode1 
proposed by Kanarnori and Anderson (1975) for interp1ate 
earthquakes. It is a1so interesting to note that the effective 
tectonic stress is higher than the stress drop indicating that 
the remaining tectonic stress in this region is a1so high. This 
fact might p1ay an important ro1e οη the aftershock activity 
fo11awing the mainshack. 
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Far-field displacement spectra are available only for the 
Cephalonia earthquake of January 17, 1983 (Stavrakakis and 
Blionas, 1990}. These authors obtained a stress drop of 14 bars 
and 167 bars using Brune's and Madariaga's models, respectively. 

(ii} Southern Hellenic Arc 

Figure 2 shows the fault plane solutions and the source time 
functions obtained from inversion of body waves of some large and 
moderate earthquakes occurring in the southern part of the 
Hellenic arc (from Taymaz et al., 1990}, and Table 2 sumrnarizes 
their source parameters. 
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Fig.2. Fault plane solutions and source time functions of some 
earthquakes in the southern part of Hellenic arc (after 
Taymaz et al.,1990) 

(iii) Gulf of Corinth (Central Greece) 

Figure 3 shows the fault plane solutions and the source time 
functions of some large and moderate earthquakes occurring in the 
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Gu1f of Corinth (after Ioannidou, 1989). Tab1e 3 surnrnarizes their 
source pararneters. 

Severa1 authors (Jackson et a1., 1982; Papazachos et a1., 
1984b; Kirn et a1., 1984; Stavrakakis et a1., 1986) have studied 
the foca1 process of the earthquake sequence of Feb. 24, 1981. 
Tab1e 4 surnrnarizes the obtained source pararneters. 

Οη the other hand, te1eseisrnic P-wave spectra for this 
earthquake sequence have a1so been cornputed (stavrakakis et a1., 
1991) using ΡΡΤ and iterative rnaxirnurn entropy techniques, and a 
stress drop of 58, 17, 16 bars for the rnain shock of Feb. 24, 
1981 and its 1argest aftershocks of Feb. 25 and March 4, 1981 has 
been obtained. These va1ues are srna11er than those obtained by 
Stavrakakis et a1., (1988) using Geller ι s rnode1. 

Fig.3. Fau1t p1ane solutions and source tirne functions of sorne 
earthquakes ίη the Gu1f of Corinth. The dashed 1ine 
represents the second point source used for inversion. 
(after Ioannidou, 1989). 

(ίν) North Aegean Sea 

Figure 4 shows the fau1t p1ane solutions and the source tirne 
functions of sorne 1arge and rnoderate earthquakes occurring ίη the 
broad region of North Aegean Sea, as obtaided frorn inversion of 
te1eseisrnic body waves (Tayrnaz et a1., 1991). Tab1e 4 surnrnarizes 
the obtained source pararneters. Foca1 rnechanisrns and source 
process of sorne 1arge earthquakes occurred ίη Northern Aegean Sea 
have been studied by Papazachos et a1., 1984a, Ionnidou et a1., 
1986; Kiratzi et a1., 1991. 

Te1eseisrnic long-period disp1acernent spectra are avai1ab1e 
on1y for the earthquake of August 6, 1983 (Drakopou1os and 
Stavrakakis, 1991). For this event a stress drop of 8.5 bars is 
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obtained using Brune's model. 

DISCUSSION - CONCLUSIONS 

Ιη the present study, the source time functions, and seismic 
moments obtained from inversion of teleseismic body waves of some 
large and rnoderate earthquakes in Greece have been used to 
estirnate their source parameters: source dimension, stress drop 
and effective tectonic stress. 

λ 
ο Η-ι 

1975032ί 

;..., 
19650309 

:.' / :ιι.Ι 

~ \ .......... 
ό 8. STF Ο 8. STF 
197906 14 198112 Τ9 

~ 
Ο 8. STF 
1981 1227 

Fig.4. Fault plane solutions and source tirne functions of some 
earthquakes in the northern Aegean Sea (after Taymaz et 
al' f 1991} 

These pararneters are also compared with those obtained by 
using spectral rnodels f for events for which far-field 
displacement spectra were available. 
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However, the difference in the present rnodel is that the 
source radius r is obtained frorn the characteristic tirne t of 
the source tirne function and not from the re1ationship r=2.34/2f 
(f is the corner frequency of the far-fie1d displacemen~ 
sp~ctra). For the stress drop the sarne relationship, that is 
Δσ=0.44Μ Ir3

, has been used. t 
Ιη ~ost cases, the stress drop obtained using Brune's model 

is very 10w and is in deviation frorn the constant stress drop 
rnodel proposed by Kanarnori and Anderson (1975) for interplate 
earthquakes. Low stress drop values have a1so been obtained for 
sorne 1arge earthquakes in Greece (Kulhanek and Meyer, 1979; 
Soufleris and Stewart I 1981; Kirn et a1., 1984; Kiratzi et a1., 
1985; Stavrakakis et al., 1989a; Karakaisis, 1990). Thus, a 
question that has to be answered is whether the earthquakes in 
Greece are actua11y low-stress events or the revealed values are 
rnode1 dependent. 

One possib1e reason for the re1ative1y 10w stress drop 
values rnay be the presence of softer (low strength) rnaterials 
near the source region. Το accept this, however, additional 
geophysical data are needed. For instance, low electrical 
resistivity would indicate high ternperatures at certain depths, 
or gravity data rnight suggest the occurrence of sha110w 10w­
density rnateria1 near the focal region. The low stress drop 
values can a1so be exp1ained in terrns of the frequency content 
of earthquakes. For instance, anorna1ous rn

b 
versus Μ re1ation has 

been interpreted as the re1ative enrichrnent of S short period 
waves, which rnay resu1t frorn short rupture duration or srna11 
source dirnension (Kirn and Nuttli t 1977). For earthquakes in 
Greece, it has been found (Kiratzi and Papazachos, 1984) that for 
a given Μ the m

b 
rnagnitudes were considerab1y srna11er than those 

οί other Sregions. Furtherrnore, considering that the ratio Μ Irn
b 

rnay indicate the stress leve1 at the source (Archambeau I 197Έ), 
events with a sma11er rnb , for a given M would indicate a lowsI 
stress drop. 

For the present, we exp1ain the 10w stress drop values 
obtained, in terrns οί the "partia1 stress rnode1" proposed by 
Brune et a1. (1985). According to these authors, partia1 stress 
events might occur when the stress re1ease is not uniforrn over 
the fault p1ane. Thus, if we consider an asperity rnode1 whereby 
a fau1t is composed bf blocks of high and 10w stress, then the 
fracture of high stress asperity wi11 produce a high stress drop 
at that point οη the fau1t. However, the radius of the 
dis1ocation rnay inc1ude b10cks which have moved with very 10w 
stress drop or slips. The pararneters derived therefore using the 
conventiona1 Brune ι s rnode1 are genera1 οί the actua1 fau1t 
rnovernent and shou1d be considered as an average estirnate οί the 
stress drop. Ιη the fo11owing, we give an exarnp1e which indicates 
that the partia1 stress rnode1 seerns to be va1id for some 1arge 
earthquakes in Greece. 

The source radius of the Cepha10nia earthquake of Jan. 17 ι 
1983 can be estirnated frorn the source tirne function shown in 
Fig.5. (Stavrakakis et a1., 1989b). Using the concept οί the 
characteristic tirne t (see previous section) and assurning that 
a circu1ar rupture p~opagates at a ve10city ν=0.75β (β is the 
shear wave ve1ocity, 3.5 km/sec)ι then a sourc~ radius equa1 to 
13.2 km is obtained for t =5 sec. For a seismic rnoment 

c 
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Μ =7. 33ΧΙ025 dyn. crn (Kiratzi and Langston, 1991), the average 
stress drop is 14 bars. Notice that a value of 23 bars is 
obtained ίη the present study for the sarne event using the source 
tirne function of Fig.l. 

a 

b 
4 5 

c 
3 

! 
4 
ι 

5 
\ 

Fig.5. (a) Source tirne function used as input for inversion, (b) 
source tirne function revealed frorn inversion of the long 
period P-waves of the Cephalonia earthquake of Jan.17, 
1983, and (c) rnornent rate function. 

The difference between the two source tirne functions is the 
inversion procedure applied by Stavrakakis et al. (1989b) and by 
Ioannidou (1989). However, the source tirne functions of this 
event indicate that the total seismic rnoment was released ίη 

three rnain, distinct phases, corresponding probably to three 
asperities. 

For the first asperity, during which approxirnately 20 per 
cent of the total moment is released, the rise tirne is 1.0 sec 
irnplying a radius of 2.6 krn, and a stress drop of 355 bars. For 
the second asperity, a stress drop of 263 bars is obtained by 
assurning that about 50 per cent of the total rnornent is released. 
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For the last one a value of 67 bars is obtained corresponding to 
30 per cent of the total moment and to a rise time of 2 sec. 

The revealed values indicate that the stress release is not 
uniform over the fault plane but performed in a series of 
multiple events, with parts of the fault remaining unbroken. Each 
subevent ση the fault plane may be associated with large 
displacement and large stress drop, but between the areas of 
individual events, slip may be small. Ιη other words, small areas 
of high stress drop appear to be embedded in larger, low stress 
drop areas. This has also been proposed by Mori and Shimazaki 
(1984) (among others) by inverting strong motion records. 

Thus, the value of 23 or 27 bars obtained in the present 
study may be regarded as an average estimate. It should be 
mentioned that our analysis is limited to the WWSSN-data used to 
derive the source time function. Of cource, if additional broad­
band data had been used, then a more detailed source time 
function, therefore more details of the rupture propagation would 
have been obtained. 

One, also important parameter estimated in the present study 
is the effective tectonic stress. When this parameter is of the 
same order wi th the stress drop, then i t ind icates that the 
earthquake rupture represents an almost complete release of the 
tectonic stress accumulated in the focal region. Ιη such cases, 
ησ large aftershock is expected. Οη the contrary, if the stress 
drop is small in comparison to the effective stress, then a large 
aftershock might occur. For instance, the stress drops of the 
main shock of the Cephalonia island earthquake of Jan. 17, 1983 
and the Gulf σ! Corinth of Feb. 24, 1981 were estimated to be 23 
bars and 170 bars, whereas the effective stress equal to 83 bars 
and 249 bars, respectively. Ιη both cases, large aftershocks 
(Μ=6.2 and Μ=6.4, respectively) followed the main shock. 

The agreement of the stress drop and effective tectonic 
stress of the earthquakes in the southern Hellenic arc suggests 
that these events represent a complete release of the tectonic 
stress. Actually, these events were not followed by intense 
aftershock activity. The same conclusion is made for most 
earthquakes occurred in Aegean Sea. 
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