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] AVERAGE REGIONAL SEISMIC STRAIN RELEASE
| _RATES IN THE PATRAHIKOS-SARONIKOS GULFS (CENTRAL GREECE)
BASED ON HISTORICAL INSTRUMENTAL DATA

B. C. Papazachos’, A. A. Kiratzi*, CH. A. Papaioannou* and D. G. Panagiotopoulos*

ABSTRACT
The seismic moment release in the area of Patrahikos to
Saronikos Gulfs (Central Greece) is determined on the basis of the
garthquakes which occurred over a period of about 240 years (1748-
1985) and have magnitudes MS>/6'2’ This time period is considerably
longer than the average return period of large earthquakes in this
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region (~35 years). The moment release rate (0.48 10 dyn cm yr-l

is then used to calculate the average seismic strain rate in the
whole area which was found equal to 6.1 1078 yr'l. Moment tensor a-
nalysis of 7 earthquakes of the period 1965-1981 revealed that tne
strain accumulation in the area is mainly taken up by north - south
extension and vertical movement. These results are in agrecment

with the regional stress field.

2 YNOWH

ALSetaL epunvela tTou pubBuol £kAuonc TNC OELOMLKAC POTAC
0Tn MepLoXn METAEU Twv peanBoLvav 21.5%9-23.79% «uu tov napaAAfAwy
37.7°4-38.5°N nou kaAdntouv tov Natpaikd, KopivOLakd katl Tapwvikd
:_X-éhno. To kKUPLO AVTLKELUEVO elvaL n epunvela otn oxéan weTall ™mg
qUXVOTNTAG TG VEVEONC TWV CELOYWY KAl TOv puBud Tng napappuon,
g€ YLa mepLoxh we TMOAAG pAyuata. 0 tedeutalog geLoudg otov MNatpaikd
KiAmo £yive To 1858 (MS= 6.8) kaL n miLBavotnta véEveang &evOC HEYAAU-
160U geLopol otTa emdpeva 20 xpévia civat moAU uynAn.

B MANAZAXOZ~-A.A KYPATZH-XP.A.NAITATQANNOY-A.T.NANATIQTONOYAQZ
JRYOC MaPAUOPPHONC KAL EKALONG OELOULKAG pomA¢ otov flarpalké-2apo-
d KOAmo (Kevtoikn EAAGSA) pe ceroporoyixkda dedoueva.
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Ta Bedouéva Mou XxpNoLUOTMOLABARKAY yLa Tnv £punvela grahikos, Corinthiakos and Saronikos Gulfs, is studied. Similar

pUBUOU MApapéPewone KAAUNTOUY pLa Neplodo 240 ethy (1748-1985)

Toy W
ydy has already been performed by Tselentis and Makropoulos (1986}

the Corinthiakos Gulf using only data of the last 22 years,.

The area of the Patrahikos-Corinthiakos Gulfs has been re-

LHEVEDN Mc26.2. H meplodog autn eivar afroonue{wta Heyaiitepn ang
tn uéon mepiodo-enavainbng Twv peyaiwv GeLopOY o QUTAV Tnv TEpLg.
xn (~ 35 étn). D puBUGC éKAUOﬂE TNG CELOULKAG POMAC yia Tnv ngp‘v:
XN auth Bpélnke (ooc ue .48 1OL5dyn cm yr_l.KaténLv 0 puBude Tapg.

Hopowong umoAoylotnke Kal Bpé@nke (goc pe 6.1 10_8 1.

gnized as a predominantly assymetric graben with antithetic fault-
g on the northern side (Jackson et al 1982, Papazachos et al 1984,
ng et al 1985, Vita-Finzi and King 1985). The last large earth-
ake in the Patrahikos Gulf occurred in 1858 (MS=6.8) and Papaza-
Tﬂs et al (1987b) have assigned the area the highest probability
r the occurrence of a strong event in the next 20 years. In 13881 a
quence occurred in the Corinthiakos Gulf with three shocks of mag-

yr’ OéAOthe
va efetdooupe Tov TPOTO Mapaudpguwong oTnV MepLoxf UNoAoyicaue T

i

KapTegLavéc guVLOTWOEG TOU TAVUOTH pOTMAC amd eNtd oeLouolq ue af~
OMLOTOUG Unxaviopale veEveong. Bpé@nke 0TL N ouTOLPEUTN TNC
otn MepLoxn ovelAetal kuplwg otnvy Umapin M-S EPEAKUTUOU KkalL I
KOpUQWY KLVATEwWV. Ta amotehéopunta elvaL oe oupQuWVLa HE TO VEVLKY ;&:ude. MS‘ 6.7, 6.4 and 6.3. Finally, further east, in the Saroni-

medlo TwV TAGEWV OTOV EUPUTEPO EAANVLKO XWpo . 5gg Gulf no earthquake with magnitude MS>6.8 has ever occurred and

e last event occurred in 1928 (MS:6.3) (Papazachos et al 1987b}).

THE DATA

INTR CTION .
NTRODUCTIOT Three sources of data were used in the present study. The

The present pattern of active tectonics in the Aegean Sea

. ) first was a catalogue of historical earthquakes covering the period
and adjacent areas is mainly attributted to the interaction

: 9 BC - 1900 AD (Papazachos and Comninakis 1982). The second source

ween the African and turasian lithospheric plates (Papazachos was an unpublished catalogue of historical earthquakes compiled over

Comninakis 1969, 1971). As a result of this collision, a number the last 10 years. The last source was the recently updated catalo-

tectonic features characterize the Aegean area (McKenzie 1972, 19 e of instrumental data (Comninakis and Papazachos 1986) for the

Papazachos et al 1986) and any possible geodynamic model prepased

. . , broader Aegean area.
has to interprete their existence.

A1l earthquakes with Mé)é.z (threshold for data complete-

In a previous paper (Papazachos et al 1987a), the Aeged ness of historical events) and MS>6.O (threshold for the present

area was divided into 19 so-called "fracture zones", along ntury seismicity). which have occurred in the area of Patrahikos -

the seismicity seems to be aligned. In order to identify these s rinthiakos - Saronikos Gulfs over a period of 240 years (1748-1985)

smic fracture zones both historical and instr tal ismicit hia , . .
al and instrumental selsmiCiLy S re depicted from the above mentioned catalogues and are listed in

been used. The dat Ha s Wi nitude . .
e a set was complete for earthquakes with mag able 1. The epicenters and the magnitudes of the historical earth-

M)6.2 for the last th i i : L .
57 ast three centuries, in average jiakes are estimated on the basis of the macroseismic information a-

The abudant available data spanning a long period of t1#§ Yailable for any one particular event. The epicenter represents the
(both in historical and present seismicity) for most of these 4 Croseismic epicenter with an estimated error of the order of Z5Km.
cFure zones, stimulate the interest to study the crustal deformd The ares of study has been always very densely populated, both in
tion caused by earthquakes in the Aegean area. The problem is . Mistorical times as well as in modern times. Thus there was abudant
relation between the frequency of occurrence of earthquakes and o8 ;nfurmation concerning macroseismic damage reports for each event of
rate of deformation of a region with many faults. n € historical times. For each case the intensities were estimated ,
In the present paper, the area bounded between the meri®

0 0 0 0 he €n the isoseismals were drawn and the macroseismic epicenter  was
dians 21.57E-23.7"FE and the parallels 37.3°N-38.5 1, covered by th€

termined. The magnitude for each event of the historical times was

226 227

Wneoiokr BiBAI0BrKkn "O€d Tunpa Mewloyiag. A.MN.O.



calculated using the following scaling relation proposed by Papajg_

annou (1984)

determination is no more than 0.4 of a magnitude unit,

I=6.59+l.18MS—4.50109[D+17)
where D is the distance in Km, This scaling relation was calibrg
using the most reliable isoseismals of the broader Aegean area
the .period 1901-1984. The estimated uncertainties in the

(1

magnityga

i

Table 1. Information on all the strong main shocks occurred in
: area of study during 1748-1985. i
Nivakag 1. ﬂapdusrpoL'dAmv Twyv peydAwy getopwuy tnv meplodo 1748-19ar
nou £yLvav oTnv UNG HEAETN MEQLOXN.
Epicentral M
N Date Coordinates 25 ° Haximum
2° 30 (*¥10°” dyn -cm) Intensity
N E
1 1748, May 14 “38.2 22.1 .6 4,42 IX (Aeghio)
2 1753, Mar. 7 38.1 21.6 .2 1.45 VIII (Zacholi)
3 1785, Jan. 30 38.2 21.7 .6 4,42 IX (Patras)
4 1804, June 8 38.2 21.8 .7 5.85 IX (Patras)
5 1806, 38.2 21.9 .3 1.92 VIII (Patras)
6 1817, Aug. 23 38.3 22.0 .9 10.21 X (Aeghio)
7 1837, Mar. 20 37.4 23.6 .2 1.45 VII (Hydra)
8 1858, Feb, 21 37.9  22.9 .8 7.73 X (Corinth)
9 1861, Dec. 26 38.2 22.3 .8 7.73 X1 (Valymitic:}
10 1870, Aug. 1 38.4 22.6 .0 13.49 X (Itea)
11 1876, June 26 37.8 22.8 2 1.45 VIII (Nemea)
12 1887, Oct 3 38.0 22.7 L2 1.45 VIIT (Xyloka=
stro)
13 1888, Sep. 9 38.1 22.1 L 2.54 IX (Valymitica) |
14 1889, Aug. 25 38.3 22.1 .5 3.35 VIII (Fteri)
15 1909, May 30 38.4 22.2 .2 1.45 VIII (Dafnocho=
ri)
16 1917, Dec. 24 38.4  21.8 .0 0.83 VIII (Naupaktos
17 1928, Apr. 22 37.9  23.0 .3 1.92 IX (Corithos)
228
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Epicentral MO Maximum
Date Coordinates M 25
) 0 9 (*10°7 dyn-cm) Intensity

y >
1930, Apr. 17 37.8  23.1 6.0 0.83 VIIT (Sofiko)
1965, July 6 8.4 22.4 6.3 1.92 VIII+ {Eratini)
1970, Apr. 8 38.3  22.8 6.2 1.45 VII (Antikyra)
1981, Feb. 24 38.2 23.0 6.7 5.85 IX (Perachora)

Table 1 lists information on all

the main shocks

which have 0cC-

ed in the area with magnitude MS)6.2, for a time period of 240

.QﬂSKn). The seismic moments listed in table 1

ling relation (Kiratzi et al 1985},

rs, nameiy 1748-1985. All events used in this study are

shallow

were calculated from

Figure 1 shows the epicenters listed in table 1. Black squa-

ny 20 225 20 uy
= T T T T )
T My 60606570
Jls'_(‘"\) o =24 3 O w man | Q| O EEY
\I,lI A ¥
S, e B 9 8Q  lmmie|e]
I e APy
PAIRAMINGS GLLF 4 -Lh,uff’?.,h i_ko o 23
N Q09 Oy LOg "oy Ly @
oo 3 0 o ~~\°“f'£\o:; @)
i ; 13 = i .
e o O%a™ L 4”“
T - 28 e
. PELOPONNESUS Sy R
\ o) on _
) wodds o
‘F"\\ l_\ "": SARONINDS
ek :‘\\/\ v T PRt
o U M K 07
St N o
. N R
e 2y [T 30 e

Geographical distribution of the epicenters of the histori-
cal earthquakes with M 36.2 and of the instrumental seismi-
city with M.26.0. Opencircles stand for the historical e-
vents, whiig black circles represent events of the present

century. Black squares correspond to two earthquakes of the
present century, with M.<6.0, of which only the focal me -~
chanisms were used, The available fault plane solutions for
seven earthquakes of the period 1965-1981 are also shown.
Mumbers 1-21 correspond to table 1.
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Ix. 1. lewypaolkh KaTavouh Twv eMLKEVTPWY TWV LOTOPLKOV CELOUQV Ue
Mc26.2 kal tng evbypavne geLoporoylac Me M 6.0. Avoixrgg
kUKAOL delxVoUv TOuG LOTOPLKOUG 08Lguolg €Vw oL palpot K
KAOL mapoucLagdouVv 'Toug geLououg Tou napdvra atava. Malgq
TETOAYWVG AVTLOTOLX0UV 0g BU0 0eLOUOUG TOU Mapdvia alwva ue
Mc<6.0 Twy omolwv oL unxaviopol vEVEONG XPNOLUOTOLABNKay Ed
nlang delxvovTalL oL JLaBE0LUOL UnxaviLopol yé&veanc vyia €ENTY
geLopolg tng mepLddou 1965-1981. Ta voluepa 1-21 aviLotor .
xolv gtov nmivaka 1.

res (events nno. 24, 25) correspond to two earthquakes of the present
century with magnitudes
table 1. Also not included in table 1 are the aftershocks of the
1981 Corinth earthquake marked with numbers 22 and 23. It is obse=
rved that in the present century the seismicity was restricted ip

less than 6.0, which are not included in

the northern part of the area. In the same figure the available fa-
ult plane solutions for 7 earthquakes are shown, which are all ba-
The mechanisms of the 19, 20, 24
events are determined by McKenzie (1972, 1978), the one of the 25
event by Ritsema (1974) and those of the 21, 22 and 23 events by

(1984).

sed on long period first motions.

Papazachos et al

ESTIMATION OF THE SEISMIC MOMENT RELEASE RATE
In order to calculate the seismic moment release in the
area, we followed a methodology by Molnar (1979). According to it,
the frequency of occurrence of earthquakes with different seismic
moments is expressed in terms of the rate of slip on a fault and
to the lTargest seismic moment likely to occur in the region. Begi-=
relating

nning from the Gutenberg-Richter empirical expression

recurrence of events with different magnitudes and using another
empirical relation between magnitude and seismic moment, the rela=
tive number of events with seismic moment greater or equal to Mo

is given by

. u-B
N(MO)— A Mo (2)
with
bd)
a+=
A= 10( ¢ and B=% (3)

where a,b are the constants from the Gutenberg-Richter relation and
and ¢, d the constants of the empirical moment-magnitude relation

. YOI .
The rate of occurrence of seismic moment, Mo’ is given by

il A (18 (4)
1-B max
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ynere "o 25
ghich

equd!
._-tion 4

the maximum possible seismic moment in the region,
dyn cm (event of August

M is
inmaxour case to 13.46-10
pPapazachos and Comninakis 1982). The values of ¢ and d are

Equa-

is equal
1 to 1.21 and 17.66, respectively (Kiratzi et al 1985).
is valid if B<l and if B£l (Molnar 1979).

o
o
o
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Plot of the logarithm of the cumuTative.norma1ized frequen-
cy of shocks, versus magnitude. Black circles correspond_to
the complete data set of the»are@ of study, for e*ents g;th
M)5.0. The slope of the solid line was found equal to 0,99,
ﬁgvdoLeuoc TnC GUOOWPEUTLKAG sEoua@uuévng guxvoIntag Twy
geLoplv o dgxéan pe to péyeBog. Maupol KUKAOL avTLoToLxolV
cc nmARon dedopéva TNG UMOUEAETN n;pLoxﬁc yLa ggLOUOUG He
MS)S.O. H xkAlon tnc ocuvexdc veauudc Beéénke lon ue 0.99.

Figure 2 represents the frequency magnitude relation for the
farthquakes of the area of study. In this plot, data of smaller e-
Vents occurred in tne area during the present century are also in-
tluded. The straight line, which has been determined by least squa-
"8s and fits the observations wiU1MS)5.O, has the equation

Tog N= 7.28 £ 0.27 - (0.99 + O.O4)MS (5)
“here 0,99 is the b value while the corresponding a value normalized
0 1 year is equal to 4.90.

For each sucessive year of an earthguake occurrence (data
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of table 1) the moment release rate, as determined by equation
was multiplied by the years elapsed since the previous event, Th:‘
incremental moment release rate was pletted versus the incremen£as
time. This plot revealed that the incremental moment release ]
was steady with a mean of 4.76 1024
viation equal to 0.73 1024

In figure 3 the cummulative seismic moment is

I‘ate

dyn cm yr-l and a standard gg
dyn cm yr-l

P](Jttgd

— " 1 i 1 " L i A
1750 1800 1850 1900 1950 2000
years

—_——

Fig. 3. Plot of the cumulative seismic moment of the strongest ear=

thquakes, versus magnitude for the Patrani i i
. anikas-Corinthiakos-
Saronikos Gulfs are The slope ¢f the ] i
solid 1 u=
nd equal to 0,43 1035 dyn cm yr"i fne was 78
3x. 3, ZuoowpeuTLkf gELOuLKA pom Twv peyaAuTépwv ogeLouav oe oxéal
ggp;sLﬁggsgoinvLa ﬁLchqspLoxéc twv MNatpatkol-KopivBrakol =
ou. kAlgn Tnc guvexod ¢ ppéc tan
ue 0.48 107 dyn cm yr'?. xobe veaufic poconke

versus time, It is clearly seen that the moment release jn this re-
gion has been stable for about 240 years. The straight line deter =
miTTd by linear regression has a slope equal to 0.48 1025 dyn €M
yr °, which is the rate of moment release by earthquakes in the &<
rea, The mean RMS value of the regression is 1.69 1025

dyn cm.
In order to examine any possible spatial varjation of the
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moment rate, the zone was divided inte 3 subregions covering the Pa-
grahikos (38.1°N-38.5°N, 21.5%-22.3%E), Corinthiakos (38.0°N-33,5%
22.3°€-23.1%E) and Saronikos (37.3%4-38.0%, 22.7%-23.7°E), Gulfs
respecively. Similar plots to the one shown in figure 2 were pro-

duced to determine the a and b values for eacn subregion. Equation

Table 2.Estimated moment rate values for each subregion
1l Lvakag 2.YmoAoyLouéveg Tiuég pubuol petaBorfic tng PomAg via kK&6e u-
MoNEPLOXN .

-
. a 2 g
Region a b M (*10 den-cm) MZ (*lOZden-cm-yr-l)
[ <]
max
Patrahikos Gulf 3.11 0.75 10.21 0.23
Corinthiakos Gulf 2.27 0.63 13.49 0.21
Saronikos Gulf 3.52 0.86 7.73 g.13

4 was used and the results are summarized in table 2. The moment ra-
te, 0.48 1025 dyn cm yr_l, determined for the whole area predicts

that an earthquake of magnitude 5.9 1is bound to occur every year.

AVERAGE REGIONAL SEISMIC STRAIN RATE
After seismic moment was recognized as the fundamental pa-
rameter that quantitavely describes the size of an earthquake, Bru-
ne (1968) and Kostrov (1974) developed methods for summing the sei-
smic moments of many earthquakes to estimate the cumulative slip on
a fault or the strain in a region, where earthquakes have occurved.
Kostrov (1974) considered a volume within which there is a
Spontaneous release of strain energy and the average deformation ca-
used by one or many events is pure shear, with no net rotation. How-
ever, Brune (1968) was not concerned with a volume but with a plane
8f finite dimensions and considered only the slip that rotates one
side of the fault past the other. Molnar (1983) modified Kostrov's ,
(1974) formula to determine the average rate of rotational strain re-
Sulting from faulting.
In the present study, Kostrov’s (1974) formulation is fol-
lowed to determine the strain rate £, since we have a volume and dis-
Crete slip on different earthquake faults within this volume. The
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strain rate € is given by

where ﬁg is the moment rate, V is the volume and y is the shear mo-
)
1 “ In our case the volume of the whole

dulus (=3 10 “dyn cm ). area
is equal ito 1171793 km3, (Papazachos et al 1987b), assuming a depth
of the seismogenic volume equal to 15Km. Aseismic strain is negle-
cted in thisistudy.

if the earthqua-
this
earth-

this formula can only be used
Unfortunately,

Obviously,

kes involved have similar focal mechanism. for

area we have only seven reliable fault plane solutions for

quakes occurred after 1964. All for these solutions, as shoun in

figure 1, imply normal faulting with the T axis trending in an al-

most north-south direction. In this respect, eguation 6 was used to

Table 3. Mean regional strain rates determined from eq, &
Nivakag 3. Mécog pudubdc napapdpouancg

Region £ (yr_l)
Patrahikos Gulf 7.93 % 1078
Corinthiakos Gulf 6.56 * 10-8
Sarouikos Gulf 3.13 * 1070
Whole area (6,07+0.71) * 1078

determine the average strain rates, due to earthquakes, in each a=
rea and the results are summarized in table 3.

It seems that the strain accumulation decreases by a fa=-
ctor of two as we go from west to east, namely from Pathrahikos t@0
Saronikos Gulfs. Indeed the reccurrence times for earthquakes with
MS)6.5 increase as we go from the western to the eastern parts of
this area (Papazachos et al 1987b).

The uncertainties introduced to the estimation of the
strain rates are estimated using equations 4 and A and the moment=
magnitude relation assuming a 0.4 error to the magnitude. In thi?

0.20€

way, it was found that the magnitude uncertainty results in a

uncertainty of the strain rate.
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Wishing to examine how the deformation is taken up in this
egion, we calculated the cartesian components of the moment tensor

ki and Richards 1980) for the seven earthquakes with reliable fa-

ylt plane solutions for the period 1965-1981. Kostrov (1974) sug-
sted summing moments for a group of earthquakes sharing the sa-
me source mechanism in a given volume, which is the case in the

present study, to find the total strain in the volume. In this ca-
ce equation 6 takes the form

By
E.. =

3 2uvTt

1 }]nij

2uv T

here EIMij is the sum of the moment tensor elements and T is the
duration of the time considered.

The second term of the product is equivalent to the sei-
;#1c moment tensor rate Mij and thus equation 7 can be written in
the form of

(8)

With the 1 direction pointing north, the 2 direction poi-
‘nting east and the 3 direction pointing down, the following cummu-

lative seismic moment rate tensor was obtained

0.28 -0.09 -0.12

&ij =| -0.09 0.10 0.08 |* 102 dyn-cm-yr b (9)
-0.12 0.08 -0.38

The corresponding strain rate tensor eij has as follows,

2.72 -0.87 -1.16

. -8 -1

€5 = 087 0.97 0.78 |* 107° yr (10)
-1.16 0.78 -3.69

The Targe values of Mll and M33 correspond to large val-

~Ues of extension in the north-south direction and contraction in
the vertical direction.

The average rate of north-south extension 2.72 1078 yr'l

" COrresponds to a velocity extension of 0.14 cm yr-l for a region
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with 50km width in the north south direction. ihe wvalues

of the moment rate and strain rate tensors show that the apmg.
unt of contraction in the north-south and vertical directions are
comparable, Therefore, if this tensor is proportional to the rate
of change of the strain field for this area, then the north - soyty
extension would be balanced by equal amounts of vertical motian
(either uplift of subsidence). The values obtained here are of ra.
ther qualitative interest, since we cannot assign a sensible quan-
titative value to their uncertainties, nevertheless they are in g,
good agreement with the regional stress field characterizing the
Aegean area (McKenzie 1978, Dewey and Sengor 1979, Papazachos et
al 1983, 1986, Rotstein 1985}).

CONCLUSIONS AND DISCUSSION

The rate of seismic moment release in the area of Patra=-
hikos-Corinthiakos-Saronikos Gulfs was calculated on the basis of
shallow historical and instrumental data covering the period 1748-
1985, It was found that over 240 years the moment release in the
area was remarkably stable with an average rate of 0.5 1025 dyn cm
yr_l.
this period of time was estimated to be equal to 6.1 10~
sidering the length of the time spanned by the data (240years) we
may conclude that this value reflects the general trend of defor=

The average regional strain rate caused by earthquakes for

Byr—l, Con-

mation in this particular region,

The pattern of deformation caused by the seismic slip was
further examined on the basis of the moment rate tensor and the
strain rate tensor. As one would expect from the knowledge of the
Aegean area, the analysis of the moment rate and strain rate ten=
sors revealed that north-south extension (crustal thinning) and
thus srbsidence are the dominant mode of deformation in the areaof
study. Recent geomorphological observations at the Corinthiakos Gu=
1f (Vita-Finzi and King 1985) show evidence of subsidence and up=
1ift (raised beaches). The uplift is presumably tha formation of a
saw tooth topography (caused by normal faulting) on a general sub-

sidence (caused by extension and thinning).
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