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ABSTRACT

Immediately after the Itea earthquake (M, = 5.9) of
18/11/1992 (Gulf of Corlnth), we re-surveyed a part *of a geodetic
(GPS) network established in 1991. Our data show that between
September 1991 and December 1992, points S and V located in the
northern coast of the Gulf were displaced to the north 23 and 19
mm respectively with respect to point X located on the southern
coast. These values represent the sum of some amount of
continuous displacement over the 14 month period and the
coseismic displacement associated with the earthquake. In this
paper, we first present the characteristics of the earthquake
deduced from the body wave analysis. Starting with this
information, we estimate the ground displacement expected from
the earthquake in both cases allowed by the focal mechanism:
north-dipping fault plane or south-dipping fault plane. The value
of the seismic moment limits the predicted displacement at 18 mm
and 12 mm respectively in the two cases of orientation of the
fault. Although the coseismic displacements are very small and
close to the error bars, our results indicate that a fault plane
dipping south, antithetic to the main active faults, is the most
probable hypothesis. This conclusion is in good agreement with
the location of the damages reported after the earthquake.

O TEISMOZ THE ITEAXL (M~5.9) THZ 18ng NOEMBPIOY 1992:
XAPAKTHPISTIKA TOY KYPIOY SEIEMOY ANO THN ANAMAYESH
TON KYMATON XQPOY KAI THE EAASGIKHE [MAPAMOPSQIHST

Briole,P., Deschamps,A., Lyon-Caen,H., Papazissi,X.,
and Martinod,J.
ONEPIAMHVYH
Apéowg petd TOo ogLoud tng Itéag (M, 7 5.9) =tng l8ng
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NoeuPpiov 1992 (KdAmog tng Kopivbou), Eavapetpibnmue €va THAUG TOL
yatwdeTLnod Biutlou (GPS) Tou eynaraoTddnue To 1991. Ta dedouéva
de{yxvouv oTL peTafil Touv SemtepPpiov 1991 naL Touv BensuPpiov 1992,
Ta onueia S xar V mouv PBplonovial otn Pdpera anTh Tow HSATOUL
HeTaTton{ofnuav mpog TO Poppd xatd 23 wuat 19 mm, aviioToiLxa de
ox€on pe to onuei{o X mou PploxeTal oTv VOTLA axTh. RUTEG OL TLUEG
AVT LTIPOCWTEVOLY To dBpoLopa evég Togol guVeEXOUG HETATETLONG nATE
To &cdoTnua Twv 14 pnudv xabdg xaL TNV PETATSTLON TOL OPe (AeTal
oto  ogiloud. Ztn epyacia  auth, TAPOLOLAJOVUE  TPWTA  TA
XAPARTNPLOTLHAE TOU Telopol Smwg TPOHUTTOLVVY Amo Th avdiuon Twv
MOPETWY YWpov. Me PBdon Ta otolLyxeia aqutd vNMoAoyloape TNV £daPLmn
HETATSTLON TOUL AVAUEVETAL yLd HV0 MEPLMTWOELG: YLd €va pRyHa Tou
nAivel mpog To Poppd maL yLa E€va pRypa mouv uAivel mMpog To VETO,
H Tty Tng geLopLuig pomric mepLopilet TNV mpoPAenduevn HeTATSTLON
ge 18mm  »aL 12mm  avtigTtotya yLa TLg dUO  TMEPLTTWIELG
TMPOTAVATOALTOUOU TOUL PHYHATOG. AV Al ©L HETQTON(OELg nATE TNV
SLdprela Tou gelLopod elval TOAL HULMPEG HAL HOVIE OTA SpLa Tov
OPpAAPATOG, Ta AQmoTeAeopata delyxvouv STL €va priyua To omolio xAivel
Tpog TO VETO, uaL sival avtLBeTiund pe ta ndpLa evepyd PAYHATA TNng
meploxic, elval To mMLo MLHavé. AUTS TO TUNMEPACUA ELVAL OE HAAT
oUHPWV I PHE TNV MATAVOUN Twv PBAafudv mouv Tpofipdav ano To Jeloud.

INTRODUCTION

The Gulf of Corinth is one of the most seismically active
areas of Greece. Since ancient time, large earthquakes are known
to have occurred around the Gulf, however only the 1981
earthquakes near Corinth have been studied in detail (Jackson et
al., 1982; Xing et al., 1985), giving information on the
deformation mechanism of the Gulf. The structure of this graben
is asymmetric, the main active normal faults being located on the
southern side of the Gulf and dipping north (figure 1). The
extension rate across the Gulf has been estimated to be 1-1.5
cm/yr (Billiris et al., 1991; Rigo et al., (1), this issue) The
M, = 5.9 Itea earthquake of November 18, 1992 occurred in the
central part of the Gulf close to the eplcenters of the 6/7/1965
(m, = 5.8, Ambraseys and Jackson, 1990) and 8/4/1970 (m = 5.8,
Liotier, 1989) events (figure 1). Although the location of the
main shock is not very precisely known due to the lack of a close
station, both the USGS and Thessaloniki Observatory locate the
event off shore close to the northern border of the Gulf (figqure
1), just in front of one of the most prominent active faults, the
Xylokastro normal fault. The fact that no surface faulting has
been observed, that the event was essentially felt in the
northern side of the Gulf where all the damage has been reported
(in particular Galaxidi and Itea) and that a small tsunami wave
{a few decimeters high) has been observed in the Galaxidi
harbour, point also to a location off shore but close to the
northern border.

In this paper we present the results of body wave inversion
to retrieve the fault plane parameters and of deformation studies
for the main shock, taking advantage of microseismic and geodetic
observations obtained through a multidisciplinary study of the
Patras-Aigion area (Rigo et al., (1-2), this issue). We use this
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information to present a model of faulting for this earthquake.
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Fig.l. Regional map of the Gulf of Corinth. The two larger
earthquakes that occured in the region during the last 30
years are reported in place with their focal mechanism
(Ambraseys and Jackson, 1990; Liotier, 1989). Triangles are
the 18th November 1992 event’s epicenter determinations
from USGS and Thessaloniki Observatory. Focal mechanisms in
the wupper right corner are 1) Harvard moment tensor
solution, 2) body wave solution from this paper. Small
full diamonds represent the geodetic network measured in
1991].

FOCAL MECHANISM AND SEISMIC MOMENT

We inverted ground displacement obtained from teleseismic
records of worldwide broad-band stations to determine the focal
mechanism, the centroid depth and the seismic moment of the event
using McCaffrey and Abers’s (1988) PC version of Nabelek’s (1984)
inversion program. Broad band records allow to constrain well the
shallow depth due to the presence of high frequencies, the
seismic moment and fault ©plane parameters ©being better
constrained by the low frequencies.
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We retrieved seismograms from the IRIS-DMC and GECSCCPE
centers and selected P waves between 30° and 85° and SH waves
between 40° and 70°. At these distances body waves travel mostly
in the lower mantle and synthetic seismograms can easily be
computed.

We thus selected 20 P and 11 SE waves. Most of them belong
to the Russian and Chinese network since a lot of stations
recording on local trigerring did not record the event which was
not very large or recorded only the $ wave. At some other
stations, the intermediate period noise was quite large and did
not allow to recover the ground displacement in the usefull
frequency range (i.e. SUR). The azimuthal coverage is thus rather
poor with only two P waves (BNG: D = 34°, f = 187° ; MBO: D = 42°,
f = 246°) and one S wave (MBO) in the southern part of the focal
sphere.

The inversion was performed using displacement waveforms
sampled at 4 and 2 points per seconds for P and S waves
respectively. 10 parameters are determined (strike, dip, slip,
centroid depth and the amplitudes of 6 1lsec long triangles
describing the source time function). We used the velocity model
obtained by Rigo et al. (2) (this issue) from a microseismicity
study in the area, adding a 0.5 km thick layer of water (table
1) since most probably, as discussed in the introduction, the
epicenter was located in the Gulf of Corinth, south of Galaxidi
and not on shore.

Table 1. Velocity model used in waveform modelling.

h (km) vp (km/sec) vs (km/sec) r (kg/dm3
< 0.5 1.5 0. 1.03

0.5-4.5 4.9 2.7 2.6
>4.5 5.4 3 2.7

The final solution is presented in figure 2. The centroid
depth (7.41 km} is well constrained and is compatible with the
depth distribution of microearthquakes recorded in 1991 (Rigo et
al. (2), this issue) as well as with the observation of a tsunami
in the Galaxidi harbour during the earthquake. Due to the poor
azimuthal distribution of data, the fault parameters are less
well constrained, in particular the slip. Key observations are
the clear nodal dilatational P wave at BNG and the SH wave
recorded at MBO. The obtained solution (strike= 80%10°,
dip=60%3°, slip= -95%10°) represents almost pure normal faulting
on an ENE striking plane and is similar to the fault plane
solution of the 1965 Eratini earthquake (Ambraseys and Jackson,
1990) and that of 1970 (Liotier, 1989). The seismic moment
(5.2-107 Nm) is clearly released in two different sub-events
represented on the source time function by two lobes, both of
them having almost the same amplitude and the same duration of
2 sec. However the relative position of these two sub-events
cannot be resolved by this data set. In the following, we suppose
that all the displacement and moment release took place on the
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same fault plane. The relation between the seismic moment Mo, the
fault surface S and slip d (M= mSd) implies some bound on the
amplitude of slip and on the surface of the fault. We use these
constraints to interpret the geodetic observations discussed
below.

o
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Fig.2. Body wave modelling : P (a) and SH (b) displacement

waveforms are presented with the focal sphere. Continuous
lines are observed and dashed 1lines are synthetic
seismograms corresponding to the preferred solution (focal
depth 7.4 km, dip = 60° strike = 80° slip = -95%°. All
amplitudes are normalised and directly comparable. The
source time function on the left shows the double pulse
clearly observed on almost all the data.

GPS DATA ANALYSIS

GPS observations were performed immediately after the
earthquake between November 27 and December 5, 1992, taking
advantage of an already existing network measured by GPS in 1990
and 1991 (figure 1l). We occupied a network of 13 points (figure
3), 6 located in the northern part of the Gulf and 7 in the
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south, with three Ashtech PXII receivers. 12 points were already
existing GPS marks, established during one or several previous
campaigns:

- ¢, D, 8, V, U, T, X, Y during our 1991 campaign (see Rigo et
al. (1), this issue).
- A, C, D during our 1990 campaign.

- A, U, V, 31, 44, 62 during two greek-english campaigns in 1989
and 1991.

In general, the GPS data were collected during two daily
sessions from 07:00 to 10:00 UTC and from 11:00 to 19:00 UTC. In
this paper we deal only with the data collected at points of our
1991 GPS network and occupied at least twice C; D; Sz Vy X, Y
We processed the data using the GAMIT software. We used the
orbits transmitted by the satellites and the meteorological data
measured in the field. The 1992 relative positions were then
obtained from a three dimensional adjustment of the baselines.
The RMS in this adjustment was 7mm, a value larger than the 3-4
mm average scatter on the baselines lengths found in 1991 (Rigo
et al. (1), this issue). However, this RMS includes the vertical
component, in general 3 times less accurate than the horizontal
ones. Thus, we estimate that the horizontal accuracy of our 1992
network is 4-5mm; this value is in good agreement with the
repeatability of the baselines measured two or three times in
1992 (Sbis-X : 0 mm, Sbis-D : 1 mm, Sbis-S : 6 mm, Sbis-V : 3 mm,
X-Y : 1 mm). The accuracy on the displacement vectors presented
hereafter is then expected to be in the 6-7 mm range, assuming
a quadratic summation of the individual errors of each campaign.

To compare the two data sets, the adjusment of the 1992 data
was done fixing one or several points at its 1991 position. Three
different adjustments were done to check the stability of our
solution:

- case 1: X fixed, all other free ("free" adjustment).
- case 2: X, D, Y fixed (i.e. southern coast fixed).
- case 3: D, Y fixed.

Table 2. Observed displacement of geodetic points under three
different assumptions on the points supposed fixed at the
two epochs. GAMIT software was used to process the GPS

data.
Point Case 1 Case 2 Case 3
dx (mm) | dy(mm) | dx(mm) | dy(mm) | dx(mm) | dy(mm)

C 0 7 -1 6 -1 6

D 0 0 fixed fixed

S -1 24 0 22 0 20

v -2 20 -1 17 -1 16

X fixed fixed 0 -3

Y 1 | s fixed fixed
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Fig.3. Observed (thick arrows) and predicted
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{thin arrows)
displacements of the geodetic points, assuming a south

dipping fault (3a} or a north dipping fault (3b). The
corresponding dislocation plane is drawn in projection; the
dashed line represents the intersection of this plane with

the surface. Predicted displacements at points W and 31 are
also plotted.

303
WYnoeiakn BiBAI0BAKN Oed@paacTog - TuAua MewAoyiag. A.M.O.



The displacement vectors in each case are summarized in
table 2. The clearest feature in table 2 is the fact that the
points § and V are displaced by 720 mm to the north, almost
independently of the choice of fixed points in the southern part
of the Gulf. Then, it is possible to consider that the southern
part of the Gulf remained relatively undeformed between the two
campaigns with respect to the deformation that occurred across
the Gulf itself. Moreover, the displacements of D and Y in case
1 demonstrate that there is no significant scale and orientation
error in the comparison, so we conclude that the displacements
found for S§ and V are significative both in amplitude and
orientation. The displacement vectors used in our model (next
section) are those calculated assuming D and Y fixed (table 2,
case 3) and are presented in fiqure, 3.

In the following section, we present the model of
dislocation used in this paper, and calculate our best solution
in the two cases allowed by the focal mechanism: fault plane
dipping north (low dip), fault plane dipping south (high dip).

MODEL

To calculate the displacement vectors, we used a simple
model of dislocation on a rectangle in an elastic half-space,
following the formalism of Okada (1985). In this model, a fault
is described by 9 parameters:

- location of the center of the upper edge of the fault (2
parameters)

~ depth of this upper edge, width, length of the fault (3
parameters)

- strike and dip angles of fault plane (2 parameters)

- slip vector on fault plane: direction and amplitude (2
parameters)

These 9 parameters cannot be well resolved using only the
geodetic data. Thus, using the focal mechanism (figure 2)
discussed above we fixed three parameters: the strike and dip of
fault plane and the slip direction. The number of remaining
parameters is then 5. An additionnal constraint given by the body
wave modeling is the value of the seismic moment Mo. This value
is linked to the surface of faulting S and the amplitude of slip
d by the relation Mo = mSd, with an uncertainty ranging usually
between 30% and 50%. Because the fit with our geodetic data was
better, we use in the following two dislocation models, a value
of 6 10 Nm for Mo, 15% larger than that deduced from seismicity,
but in the range of the possible errors.

" FAULT PLANE DIPPING SOUTH

In this hypothesis, the fault plane has a relative high-dip
(60°) and the earthquake is supposed to have occurred on a fault
antithetic to the main active faults that dip north (figure 1).
We fixed the width of the fault at 8 km assuming that the upper
bound was at 2 km depth {(no surface breaks known, moderate
damage), and that the lower bound was located at about 9 km
depth, at the intersection with the north dipping discontinuity.
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This geometry is inferred from the results of a seismicity study
further west (Rigo et al. (2), this issue). We used an amplitude
of 120 mm for the slip vector because we found that this value
was relatively stable (between 100 and 130 mm) when the other
remaining parameters (location of the fault and length) vary. The
length of the fault (20 km) was simply deduced from the relation
between the seismic moment, the surface of the fault and the
displacement. Finally, we found the most probable location of the
fault by inversion of the geodetic data. Table 3 shows the final
parameters of our fault model and table 4 and figure 3a the
corresponding observed and predicted displacements.

FAULT PLANE DIPPING NORTH

Using the same procedure, we also tested models with the
fault plane located on the main north-dipping structure. This
type of models create displacements always lower than the south
dipping models. The parameters of the north dipping model given
in table 3 correspond to the model giving the largest
displacements. The corresponding displacements are listed in
table 4 and drawn in figure 3b.

Table 3. Parameters of the best fault model in the two hypothesis
for the fault plane.

South-dipping fault North-dipping fault

Location (center of the E 22°28' E 22925

upper edge of the fault) N 38°18' N 38°14'
Length 20 km 20 km
Width 8 km 10 km

Upper limit 2 km 4 km
Slip amplitude 120 mm 100 mm
Dip-angle 60° 30°
Orientation of fault trace N8OE N260E
DISCUSSION

The data and results presented above are not sufficient to
choose between the two possible solutions for the fault plane
(figure 4). The principal arguments for a fault plane located
close to the north coast and dipping south are the following:
(a) the earthquake was felt much strongly along the northern
coast of the Gulf than on the southern coast.

(b) the azimuth of the fault given by the focal mechanism is not
in good agreement with the general orientation of the southern
structures (figqure 1).
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{c) the displacements predicted with a fault plane dipping south
are in better agreement with the observations than those
predicted with a fault plane dipping north.

Table 4. Observed and predicted displacements in the two
hypothesis for the fault plane

Observed Predicted (south-dipping | Predicted (north-dipping
fault) fault)

Point dx (mm) dy (mm) dx (mm) dy (mm) dx (mm) dy (mm)
C -1 6 0 0 -1 2
D fixed 0 0 1 0
S 0 20 -4 16 -1 10
v -1 16 2 11 1 3
X 0 -3 0 -2 4] -2
Y fixed 1 -3 1 -2
W not measured in 1992 -9 4 -3
31 1991 data not yet available -1 1 -4

«—X
—

(&) N/ (

Fig.4. Cross section of the Gulf of Corinth at the longitude of
points X and S. The two possible models for the earthquake
(a and b) are plotted and refer to figure 3a and 3b.

Arguments (b) and (c) however should be discussed :

(b) : in the region of Derveni, the southern fault enters off
shore with an azimuth compatible with the focal mechanism (figure
1)

(c) : although the observed displacements suggest a south dipping
fault, this result was obtained neglecting the contribution of
the continuous opening of the Gulf in the total deformation over
the period 09/91-11/92. As none of our models for the earthquake
predict displacements in C larger that 2 mm, we consider that
the 6 mm displacement observed may be due to the continuous
opening of the Gulf. The corresponding rate (5 mm/yr} is in
relative good agreement with the rate deduced from the comparison
of our measurements in 1990 and 1991 on the same line C-D : 8
mm/yr (10 mm/16 month). This value is lower than the value of 10
mm/yr obtained over 100 year by Billiris et al. (1991}, and lower
than the 15 mm/yr given by Rigo et al. (1) with data covering 720
years. Although there is a discrepancy between the rate of 10-15
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mm/yr found on long term data and the rate of 5-8 mm/yr found on
our two series of measurements across the Gulf (1990-91 and 1991~
92), it seems that this last value (5-8 mm/yr) represents the
present opening across the Gulf (in the C, D area). Extrapolating
this wvalue in the X, S area may explain guite well the
discrepancy between the observed displacements and those (lower)
predicted by our preferred model. This conclusion is however
speculative due to the small amount of displacements, close to
the error bars, due to the small number of geodetic points, and
due to the uncertainty on the seismic moment Mo. Further
measurements on point W (displacement predicted : 11 mm, with an
angle significantly different from that due to the continuous
opening in the case of a north dipping fault) and analysis of the
data of point 31 {no displacement expected from the earthquake
on a south dipping fault, 8 mm in the case of north dipping
fault, and some amount of displacement expected in both cases due
to the continuous opening) should be extremely important to
provide additional information on this earthqguake.

CONCLUSION

Two different and complementary techniques are used in this
paper to characterize the earthquake (M, ~ 5.9) that occured on
18/11/1992 in the Gulf of Corinth. The focal mechanism of the
earthquake corresponds to pure normal faulting on a plane roughly
oriented EW and dipping either north or south. Although our data
are not sufficient to rule out definitively the hypothesis of a
north dipping plane, we consider that the most probable
hypothesis is that the earthquake occured on a plane dipping
south, on a fault located c¢lose to the northern coast of the
Gulf, antithetic to the main active faults. This solution is in
better agreement with the geodetic data, and is more compatible
with the fact that the earthguake was felt much strongly along
the northern coast of the Gulf than along the southern coast.
Moreover, even 1f the earthquake occured roughly at the same
distance of the two coasts, more destructions should be expected
in the south where the villages are built on recent marine
terrasses than in the north where, except Itea, the villages are,
in general, located on limestone.

Both hypothesis for the fault plane, predict displacements
smaller than the observed values. This discrepancy is low in the
case of a south-dipping fault (18 mm of extension predicted
between X and S, 23 mm observed), a few mm higher in the case of
a north-dipping fault (12 mm predicted), and may be explained in
both cases by some amount of continuous opening of the Gulf in
the total deformation. This continuous opening is found to range
between 5 and 8 mm/yr as measured by us between points D and C
on a 2.5 years period (5/90-11/92). Further measurements in point
W and data processing for point 31 are expected to give more
constraints on the 1992 earthquake and more information on the
seismic and aseismic parts of the deformation in the short term
(1990-1993}) across the Gulf at the Derveni-Itea longitude. Our
future GPS campaigns planned in this area, are also expected to
allow a reexamination of our present results in a more general
description of the superposition of seismic and aseismic
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deformation in the Gulf of Corinth area.
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