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BELESEISMIC P-WAVE SPECTRA FOR ‘THE KALAMATA
EARTHQUAKE OF SEPTEMBER 13, 1986

G. STAVRAKAKIS. J. DRAKOPOULOS, D. PAPANASTASSIOU. G.
DRAKATOS. ). LATOUSSAKIS *

ABSTRACT

Teleseismic P-wave spectra, interpreted in terms of the well

known Brune's model, are used to estimate the seismic source
parameters, such as seismic moment M_, source dimension r, fault
length L, average displacement on the fault plane <u>, stress
drop <5c> radiated energy E_, and apparent stress n<g> for the

Kalamata (southern Greece) earthquake of September 13, 1986.
The striking feature of the obtained source parametErS is the

low stress drop value by using Brune's model, Madariaga's model
gives higher wvalue, The other parameters are in agreement with
those obtained by other researchers on the basis of different

methodologies and field cobservations.
LYNOYH

Itny epyaglia auTH uvmoloylLovTaL To gacpata  Twy P-nupdtwy
peydine Tncpudbou Tou veLopoy TNg Kaiaudtas (13 fenteuBplouv 1986)
Rou €Youv WaTaypagcl O€ TNAEMNETPLWES anOOTHOELS. Bewpdvtng TO
HUKALKG MOWTEMO SudppnEng, Onwg £XEL tpotadel womd TOV BRUNE ,
UROAGYCOTNXav 0oL TGPEMETPOL TNS CELOULMAS Anyrig, Gnuws 7 GELOULHT
pomn, TO uWn®og 6udppn£ng, n uwféon pertatdaiLon oOto  eEnunedo Tou
piyuaTtag, n mpdon Tdong, N gcLoMLAT cvépycuu tov axTLuoBolelTal
vrd  Wopwrd ceLoupLxdv ruudTwy xou n galvducvn aTdon rdong.

To wipuo xupaHTanUTLNO yudpLopa Twy wRapop€Tpuy TNS geLopLung
£OTL&GS TOU OELouod  TNg Kahapdtag, dnws vnohoylotnxay HE T
PAOUATLRS wovtfio Tou BRUNE, efvair n xaunin ntdon tdong agT10

enincdo Tou priyuatog, repimnou 5 bars.

T. ITAYPAKAKHE I, APAKOTNOYACI, A. NATANAETALIOY, I'. APAKATOL,
: AATOYE&%HI - ddopata P - xupdTwy ond TNACUETALMES QUOOTHOELS,
tou ogeLvopoy Tng Kalaudrtag tng 13 Eenteufplouv 1986,

* National Observatroy of Athens, Seismological Institute, P.0.Box
20048, 118 10 ATHENS
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1. [TENTREDUOCTI ON

ThelKalamata earthguake of magnitude M _-6.0 occured on
September 18, 1986, in the sguthwestern part 6f the Hellenic Arc,
about 10 Jm north of the city of Kalamata.

The mainshock was followed by one large aftershock of local
maghitude M =4.9 fon September 15} and by a large number of
smaller afitdrshocks. Figurel .1 shows the epicentral location of
abeut 580 well 1located aftershocks of magnitude M >1.8 which
have«been recorded by /a. portable seismig petwork installed by the
Seismolopgical  ImEtitWte  of the National | Observatory of Athens in
collabopation  MWith, the Department.of . Geophysics of University of
Athens and the Institute of the Physics of the Larth (Paris).

The Kalamata earthquake has been interpreted as a normal
event (LYON-CAEN et al., 1987) along a fault plane oriented about
30°N and dipping westward at about 45°, DELIBASIS et a8l .y (1988)
based on P-waves first motions as reported by WWSSN-stations as
well as on short period vrecording frem the National Network of
Grecce, suggest also normal faulting along a plane striking N173°E
and dipping 50°su.

The main purpose of this study is to determine thé seismic
source parameters such as, the seismic moment, the source
dimension, the fault length, the stress drop, the radiated energy
and the apparent stress, by using the far-field displacement
seismic source model proposed DLy BRUNE (19%0, 1971). For this
purpose, long-period P-waveforms recorded at teleseismic distances
by WWSSH instruments have been anailysed to cbtain the spectrum at
each seismological station, considered in the analysis.

By wusing Brune's model a stress drop of about 5 bars is
obtained which is relatively low according to the constant stress
drop. model for interplate earthquakes (%30 bars) proposed by
KANAMORI and ANDERSON (1975).

On the . contrary, by applying Madariaga's mode l
( MADARIAGA, 1976) higher stress drop, of about a factor 3, Iis
obtained,

Finally, an attempt is alsc made to explain the low stress
drop value with respect to partial stress drop and to low
effective stress medels.

2. DETERMINATION AND INTERPRETATION OF BODY-WAVE SPECTRA

BRUNE (1970, 1971) proposed a relatively simple model of
faulting for calculating some of the source parameters (seismic

moment, source dimensicn, stress drop, averapge displacement}. One
of the important consequences of the model is that the spectrum of
the far-field displacement should be exhibit a long-period
spectral level f_, which {is proportional to the seismic moment,
and a corner frequency f,, which is proportional to the
reciprocical of the radius of a circular fault area.

According to this model and for the case of complete

effective stress drop, the radius r(S} of a circular source area
is given by

r{5)=2.34B/2nf,(5) (1)

350 WYneiakA BiBAIoBrkn "@edppacTog” - Turpa MewAoyiag. A.M.0.



21.7 21.8 2.1 22.3
57.3 ~+— + + 7.3
Dervn (Tn)
a < 5
o s <amp < 10
a e
% K= 4.0
K= 3.0
.1 1.
7.1 O Kk 2.0 7.1
o M= 1.0
0 10
L1}
38.9 A +36.9
3.7 + ~ t 36.7
21.7 21.8 22.1 2.3
KALAMATA AFTERSHIOCKS S1l Evewrs
Scare 1: 500000
a1, Kevcawvapn SO0 e viron vapiuy TO RO b bt e, b et e
(13 Evnv. . 1HHG)
Filg:l: PBistribution of 500 afteeshochs of Phee Ko bimato v Uhiiabe-

of Septomber 13, 106,

WnoiakA BiBAIoBNkn "OedppacTtog” - TuAua Mewloyiag. A.MN.O. 351



Jwhere. B[ A8 Lithe shear-wave. velocity (3.5 km/sec), and f5(S)is the
carner frgquéncy of +the §S-wave spectrum. By using the same
Spectrum,the seismic momenteis

- ; ;
By =oalt® pBSRY (ST CadiiRo 9 (s ) 3 (2)
g 1
where ; l
@ fis the long-period sgectral level of the S wave p is
tfle densigy (=2.7[gr/cm?)
C(4) 4is the geometrical spreading 'factor in a layered,

spherical earth
R9¢(S) is the radiation pattern for the § wave

HANKS and WYSS (1972) extented the model in an attempt to
relate the source dimension to a theoretical P-wave spectrum and
proposaed corresponding relationships, for +the ©radius of the
circular source area,

r(P) = 2.34&/2Kf0(P) (3)

where a is the P-wave velocity ( 6=km/sec), f (P) is the corner
frequency of the P-wave spectrum, and

M (P) =4xpa’2o(P)C(AIK/Ry, (P) (%)
for the seismic moment, where:

QO(P) is the long-pericd spectral level of the P-wave
P is the density

G(&) 1is the geometrical spreading factor, and
Ram(P)’ is the radiation pattern for the P-wave

The geometrical spreading factor is given by
G(a) = Rcosi sinA/cosihjl/2 {(5)

respectively,

where i _, i, are the incidence and take-off angles,
R is the radius

4 is the epicentral distance in degrees, and
(R=6371 km) of the Earth.
The stress drop Ag is given by

bto = 7H0/16r3 (6)

According to HANKS and WYSS (1972), the radiated energy is
given by 2 5 5 3 g

E_(P,S)=T(P,S)p(u,BIR (21} & " f, (P,8).(1/3+1/(2v~3))1/2R9yg

(B,5) (7)
with v»1.5, and I(P,S) is the spatial dintegration of the P-,
S-wave radiation pattern over the source.

The choice of P or 5 and a or g depends on whether Es is  to
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determined from the P o S phasel
|, «In the present” ‘study only ' P-waves have been used and the
spatigl integration of the P-wave radiatiocn _pattern about the
sounce isitaken egual to I(PJ=in/Us (WU} 1966).
} Knoewing the radiated/ epnerygy, the apparent stress n<g> is then
given by .
k

PR :
p<or = HUELVELY (8)
where.n 15 the seigmigegefficiency, <o>=(o.4#0,.0/2 lo. is the
Imitaial stress, 9, is thes ".final stress), s 4an u igs the shear
modul'us,

Finally, the average displaccment on the fault plane is given
by (Brune, 1970)

ot
<u> = <notP}>/nur‘(P) (9)

where <M _(P)> is the average of the seismic moments for the
stations considered in the analysis.

3. DATA ANALYSIS

Long-period scismograms from WWSSNH stations in different
epicentral distances have been selected to ebtain the far-field
shear displacement spectra. For each station, the epicentral
distance D ( in degrec), the cpicentral azimutn (AZME), the
back-azimuth (AZMS), the emergent angle i,, the incidence angle
ih‘ and the @geometrical spreading factor G(A4) have been
determined. All these parameters are summarized in Table 1,

The available scismograms were photographically enlarged and
manually digitized with a sampling frequency of 3 Hz. The time

windows are choosen so that to avoid contamination of the P-phase
with other phases,

However, due to shallow focus all analysed portions include
reflected phases and no  attempt has been made to introduce
correction for these phases.

The displacement spectra have bLeen computed by using the FFT

procadure. The obtained uncerrected spectra are shown in Tigure
2. In order to estimate the long-period constant level a (p),
all spectra presented here have been corrected for instrumental
response and for an average radiation facter 0.51 for P-waves
(FLETCHER, 1980).

Ope critical point is the correction of spectra for the
attenuation along the propagation path. Some researchers
(KULHANEK and MAYER, 1979; THATCIIER, 1972; HANKS and WYSS, 1972,
KULHANEX et al., 1983 ) have calculated spectra corrected for

anelastic attenuation by using curves from JULIAN and ANDERSON
{1968) or average Q-values according to ANDERSON et al.{(1965) and
IBRAHIM (1971), whercas others MODIANO and HATZTIELD (1982),
STAVRAKAKIS et al.,, (1988) preffered to measure the spectra
parameters on spectra uncorrected for attenuation.

This is due to the fact that Q varies with depth and possibly
with frequency (AKT and CHOUET, 1975; TSUIJRA, 18783 AKI, 1980),.
In the present study, the attenuation along the propagation path
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FAE BE N Ray 'Papameters for the Kalamata earthquake
of Sept. 13, 1986.

STARION D AZME AZME IQ Ir G(a)

CODE (o) (o) (o) i km
————--—:_—-—_--1 ________ _] —————————————————————————————————
WIN 59.80] 185.55 C g 23.9 28.19 8706
lsur 63.031 173.85 354.55%5 2F B 27.7 9072
....... 1 S, (S SnE S (ISR S| Seanar LR [N RN
WES 4 68.30 | 307.u8 59.05 21.4 25,9 I6h2

GRM T0.45 0 r e 356.30 20.8 25:.1 9876

KOD 56.32 103.61 307.96 24,9 30.2 8326
TABLE II: Spectral Characteristics of the Kalamata

earthquake of Sep. 13, 1986.

STATION | £ (P} | 2 (P) Moigg r(P) [ Eg 14

CODE (Hz) cm-sec xl0<2dyne~cm (km) x10" "erpgs
WIN 0.20 0.0015 1.88 12,68 0.4

SLR 0.17 0.0028 2.95 14.90 0.8
PR HE o] [ S gk i |G, (R SO S, ERE TSRS EICH (FNRSCRC t
WES 0.17 0.0012 1.3u4 14.90 0.9
SEEHEEEITE SR S SRS R (TSP Py IR N [N A—
GRM 0.20 0.,0028 3.28 16.27 1.7

KOD 0.19 0,0016 152 13.33 0.4
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is taken ‘inte account by ‘corrceting the spectra for Q according
to FUBRELRMAN _(1962).

The' corrected spectra for the imstrumental response and for
the ‘attenuatien fagrtoy 0 __are ‘alse _shown in figure 2,Comparing
the, ¢orrected spectra, it is evident that the spectral corner
frequency £, and the long-periocd spectral lavel Rb_ddes-not'change
very. machi

Talging a density p=3.0 gr/cma, a P-wave velocity a=6.8
km/secy and a frec-sufiface reflection fdcter k=0.5, and by using
thesprevious “mefitioned™ equations, theé §elismic source parameters
for. Kalamata earthquake . .of September 135, 1986 are determined.
Table 2 summarizes the obtained results. 25

The mean seismic moment is <M >z2,2x10 dyn.cm, and the
mean source dimension <r*z14.4 km. By wusing these values, the
stress drop Ao and the average displacement <u> on the fault plane
are obtained

4o = 4,5 bars
<u>= 11 cm.
In summary, the dynamic source parameters of the Kalamata

earthquake of September 13, 1986 are the following:
<L* -28.8 km
<HL>=2.2 x 1025 dyne.cm
<fg>»=4.5 ‘bars
<u> =11 cm

4, DISCUSSION AND CONCLUSICHNS

In the present study, teleseismic long-period waves are
processed to obtain the far-field displacement spectra of the
Kalamata earthquake of September 13, 1986. By using Brune's
model, the dynamic source parameters (fault length, seismic
moment, stress drop, average displacement on the fault plane)are
also determined.

The obtained spectra have been corrected for the instrument
response and for the anelastic attenuation along the propagation
path.

Althouph the effect of propagation path attenuation correctly
is complicated, the spectral corner frequency and the long-period
spectral level does not change very much. This is due to the fact
that the corner frequency is less than 0.2 Hz. However, for
higher frequencies, thc spectral shape changes (see fig. 2).

The estimated source parameters are in agreement with those
proposed by other researchers. LYON - CAEN et al; (1987) based on
about 500 precisely located aftershocks suggested that the
aftershock area extended about 8-15 km long north-southward and
10 km wide with a marked increase in the depth of the events from
eagt to west. The same authors obtained a seismic moment of 6-Bx
104" dyne.cm and a displacement of about 6 to 18 cm which is in
apreement with the observed displacement on the fault,

In «grder -to check the wvalidity of the ebtained source
parameters, we used a nomograph to calculate source radius and
stress drop from corner freguency, shear velocity, and seismic
moment as proposed by MAHDYIAR (1987). Figure 3 illustrates the
nomograph. For a corner frequency f,=0.186 Hz and for a shear
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velocity Wg=3¢S km/sec, ma straight line passing through these

yalues to source radius padius r=15 km, which |is in excellent
“agreement with the value of 1l4.4% km obtained in this study. Then,
wa'lineppasding .through this..r. value and H°=2.2x10?5 dyne.cm to

stress drop sgale reads A9=0.5 bars. This value, however is very
low _wWith respect teo our estimates.

It should be emphsasized, that the striking feature of the
determined seismic source jparameters is the loWw stress drop value

for the Kalamata'earthguake by ‘wusing. -  Brune's model.

BRUNE et al., (19B6) used two different .models to explain the
dow stpess dropl earthquakes. First, "partial stress drop"
earthguakes might oceur swhen the fault lockKs{itself socon after the
rupture passes so that the average slip’ over the fault cannot
reach a value corresponding to the average dynamic stress drop
over the whole fault, It might also cccur when the stress release

is not uniform and coherent over the wheole fault plane, but rather
is more like a series of multiple events with parts of the fault
remaining wunbroken.

The other dymamic model for explaining low stress drop
earthquakes is the "low effective stress model", Aceording to
this, the effective stress available for accelerating the fault is
at all times very low.

KIRATZI et al., (1985) concluded that the earthquakes
oceurred in the area of Greece are characterized by low stress
drop values. The same authors explained the low stress earthquakes
in Greece on the basis of the frequency content as it reflects in
body-wave magnitude. ARCHAMBEAU (1978) proposed that the ratio
Mg /my, may indicate the stress level at the source., For the area

of Creece, KIRATZI and PAPAZACHOS (1984) found that for a given Mg
the my is considerably smaller than that of other regions.

However, the my for the Kalamata earthquake was 6.0 { 10 obs)
and Mg=5.8 (18 obs) according to PDE.

The main question, however is whether the cobtained low stress

value for the Kalamata earthquake is source model dependend. If
the source radious is calculated according to the Madariapa's
model

r{(P)=0.328/F(P) with B8=3.33 km/sec
=0.,32x3.33/0.186=5.7 km
a value of 5.7 km is obtained. By using this value, a stress drop
of about 52 bars is obtained.
Therefore, the stress drep value 1s strongly source model
depended and much more data are needed to explain whether the
Kalamata earthquake was in reality a slow earthquake.
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