
Geophysical Research Letters, 24(11), 1,303{1,306, June 1997.Geodetic Estimate of Seismic Hazard in the Gulf ofKorinthosP. J. Clarke,1 R. R. Davies,1 P. C. England,1 B. E. Parsons,1 H. Billiris,2D. Paradissis,2 G. Veis,2 P. H. Denys,3;4 P. A. Cross,3 V. Ashkenazi,5 andR. Bingley5Abstract. The recent 15 June 1995, M0 = 6:0�1018 N m, Aigion earthquakein the western Gulf of Korinthos has focussed attention on the seismichazard of the region. Although there have been few large earthquakes inthe region during this century, the historical record suggests that there mayhave been many large earthquakes there in the interval 1750{1900. Wepresent geodetic data that give estimates of the rate of extension of theGulf of Korinthos during this century and which suggest that less than halfof the elastic strain in the central and western Gulf of Korinthos has beenreleased by earthquakes during this century. In contrast, the seismic andgeodetic strains in the eastern Gulf of Korinthos are in agreement with eachother. If the discrepancy between seismic and geodetic strains in the westernGulf of Korinthos that has accumulated during this century is removedin earthquakes, the moment release will be equivalent to several MS>6.5earthquakes.IntroductionIn the past, most seismic hazard assessments havehad to rely on the record of seismicity in the region ofinterest. This record is patchy before the establishmentof the WWSSN in the 1960s, and is extremely unreli-able before the beginning of this century, except in afew places where record-keeping was exceptionally �ne.In consequence, all such seismic hazard assessments runthe risk of underestimating the long-term rate of earth-quake activity and, because the interval between succes-sive earthquakes on the same fault frequently exceeds ahundred years, seismic quiescence during this centuryis not a reliable indicator of future inactivity.For this reason, the measurement of the accumu-lation of strain over a region ought to form a cen-tral part of seismic hazard assessment, but such mea-surements have only become widespread with the re-cent development of GPS. Greece is unusual in hav-ing both a reliable record of seismic activity over this1Department of Earth Sciences, University of Oxford, U.K.2Higher Geodesy Laboratory, National Technical University ofAthens, Greece.3Department of Geomatics, University of Newcastle uponTyne, U.K.4Now at: Department of Surveying, University of Otago, NewZealand.5Institute of Engineering Surveying and Space Geodesy, Uni-versity of Nottingham, U.K.

century [Ambraseys and Jackson, 1990, 1997] and a re-liable �rst-order triangulation network from the 1890s,which has been re-occupied by GPS [Billiris et al., 1991;Davies et al., 1997]. This means that Greece is one ofthe few regions where it is possible to relate, on thehundred-year time-scale, earthquake activity to the ac-cumulated crustal strain. The Gulf of Korinthos is themost densely studied part of Greece, both seismicallyand geodetically. Comparison of geodetic and seismicstrain reveals that elastic strain has accumulated in thewestern Gulf that has not been released by earthquakesin the last 100 years.ObservationsOur geodetic estimates of the extension rate in theGulf of Korinthos come from two sources. The �rst setof estimates is based upon strain measurements derivedfrom the reoccupation, using GPS, of a 19th-century�rst-order triangulation network [Billiris et al., 1991;Davies et al., 1997] (Figure 1). The second set comesfrom repeated occupations, with GPS, of a modern net-work established round the Gulf of Korinthos in 1988[Denys et al., 1995].Figure 1 shows the relative motions across of mon-uments of the 1890s network that border the Gulfof Korinthos, and the principal strains derived fromthose motions for triangular regions spanning the Gulf.1
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10 ppm strain (dilatational)Figure 1. Relative motions of monuments surround-ing the Gulf of Korinthos that form part of the1890s triangulation network [Davies et al., 1997]; mo-tions are shown relative to the triangulation pillar onPanachaikon (PNCH). Cross symbols show the prin-cipal horizontal strains over triangles with vertices atthese pillars; thick lines are extensional strain, withscale give by bar below. Focal mechanisms are forearthquakes during this century having MS�5.8, forwhich the catalogue is believed to be complete [Am-braseys and Jackson, 1990]. Centres of symbols are onthe epicentres of the earthquakes; symbol area is pro-portional to scalar moment M0. Inset shows location ofplot.

The maximum extensional strains are all approximatelyalong 020�, perpendicular to the strike of the Gulf andin agreement with the strain shown in the focal mech-anisms of earthquakes [Ambraseys and Jackson, 1990].Displacements have been computed [Davies et al., 1997]by �xing a north-south baseline in the Peloponnisos toconstant length, and adopting an orientation constraintbased on the GPS-determined velocity �eld of Kastenset al. [1997]. The latter also allows con�rmation of scalecontrol. Within our reference frame, all sites on thesouthern coast of the Gulf of Korinthos (east of 21.5�E)exhibit negligible motion, whereas sites to the northof the Gulf show northward motion. We calculate therate of opening of the Gulf by taking the component ofeach site displacement along 020�, and dividing the re-sult by the interval (100 years) between the original tri-angulation (1890{1894) and its re-occupation in 1992.The rate of opening calculated from these observationsvaries from 11 mm yr�1 in the west of the Gulf to4 mm yr�1 in the east (Figure 3).These hundred-year estimates of extension rates re-fer to a network that extends several tens of kilometresto the north and south of the Gulf (Figure 1), and itis not clear from these measurements what fraction ofthe strain may have accumulated in the regions outsidethe Gulf itself. For this reason we make a second esti-mate of the rate of extension across the Gulf from themodern network, which includes sites very close to thecoasts of the Gulf. This network as a whole was occu-pied in 1991 and 1993; monuments used in this studywere also occupied in late June and/or October 1995,and in May 1996. All campaigns were carried out en-tirely with dual-frequency receivers, and processed us-ing version 3.4 of the Bernese GPS processing software[Rothacher et al., 1993]. Coordinate repeatability gen-erally improves in precision at successive epochs, re-ecting the improved satellite con�guration and longeroccupation times, and averages 7 mm.Temporally-uniform site velocities are calculated byapplying whole-network translations at each epoch,such that the deviation of each site's epoch-to-epochdisplacement from that due to constant velocity overthe interval 1991 { 1996 is minimised, in a least-squaressense. During the translation estimation, the veloci-ties of the northern Peloponnisos sites are constrainedto be zero. The �t of baseline length changes (Fig-ure 2) shows that the relative GPS positions at eachepoch change smoothly and so the data are compat-ible with this treatment. Coordinates obtained after15 June 1995 have had a correction applied to removethe elastic co-seismic e�ects of the Aigion earthquakeafter the model of Bernard et al. [1997]; this only hassigni�cant e�ect on three sites.Extension rates are calculated as the velocity com-ponent along 020�, as before. Despite the short times-pan, the modern network shows extension rates across
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Figure 2. Baseline (geodesic) length changes betweenCentral Greece Network sites around the Gulf of Ko-rinthos, 1991 { 1996. Error bars are �1�. The bestweighted linear �t to each set of baseline length obser-vations is also shown.the Gulf of Korinthos that are in remarkable agreementwith the hundred-year estimates (Figure 3). This resultis important in showing that short-term (a few years)measurements of strain may be representative of crustalstrain over a period that is comparable with the repeattime of earthquakes.The rates do not depend on whether sites are locatedclose to the coast, or well to the north, so we concludethat the deformation is predominantly localised withinthe Gulf. We divide the Gulf into two sections on thebasis of our geodetic measurements. Between 21.9�Eand 22.5�E, the rate of opening is de�ned by nine mea-surements averaging 12.7 mm yr�1. The rate of openingin the eastern Gulf of Korinthos, between 22.5�E and23.1�E, is de�ned by eight measurements of baselinelength changes averaging 6.4 mm yr�1.Comparison between geodetic and seis-mic strainsWe use the moment tensor { strain tensor relation-ship of Kostrov [1974] to express the seismicity over
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Figure 3. Rate of opening of the Gulf of Korinthos asa function of eastward distance along its length. Filledcircles show measurements over the period 1991{1995,and open squares show measurements over the period1892{1992. Error bars are �1�.the last century in the eastern and western Gulf of Ko-rinthos in terms of the equivalent rate of extension.We divide the Gulf into two sections along its lengthas above, the length along strike of each section being56 km. The vertical dimension of the region is given bythe thickness of the seismogenic layer. All large crustalearthquakes in the region nucleated in the upper 10 {15 km of the crust [Taymaz et al., 1991], so we takevalues of 10 km and 15 km for this quantity.The shallow earthquakes of MS�5.8 that have oc-curred in the Gulf of Korinthos during this century arelisted in Ambraseys and Jackson [1997]; this catalogueis thought to be complete, and the focal mechanismsof all earthquakes since 1970 have been constrainedby waveform modelling [Ambraseys and Jackson, 1990;Taymaz et al., 1991; Jackson et al., 1992]. For earth-quakes earlier than this time, the moments are less welldetermined, because of uncertainties in converting toM0 from the MSdeduced from felt intensities. We havecalculated scalar moments both from the local relationbetween M0 and MS[Ekstr�om and Dziewonski , 1988],and from the global relation, which almost certainlyoverestimates the moments of earthquakes of this re-gion [Ekstr�om and England , 1989; Jackson and McKen-zie, 1988a; Ambraseys and Jackson, 1990]. The di�er-ences between the two estimates of M0 is always lessthan 30%. Even for the events constrained by wave-form modelling, there is uncertainty in the moments.In order to estimate the maximum moment release forthe earthquakes in the Gulf during this century, we useM0 calculated from the global relation, for earthquakesbefore 1970; following Ambraseys and Jackson [1990],we allot a further 40% uncertainty to the moments ofall earthquakes.



4 CLARKE et al.With these assumptions, the seismic estimates ofrates of extension are 3�1 mm yr�1 across the west-ern Gulf of Korinthos (Table 1), and 4�1 mm yr�1 inthe east, for a 15 km thick seismogenic layer. Theserates should be compared with the actual measuredrates of 13�1 mm yr�1 in the west, and 6�1 mm yr�1in the east. The rate of extension across the Xylokas-tro Fault (38.1�N, 22.5�E) is estimated to lie between7 and 16 mm yr�1 [Armijo et al., 1996].Implications for seismic hazardThe total moment release by earthquakes of MS�5.8during this century in the Gulf of Korinthos is42�16 �1018 N m, if the global estimates of scalar mo-ment are assumed, or 37�15 �1018 N m, if the localestimates are used (Table 1). Geodetic measurementsshow that the Gulf is opening at an average rate of13 mm yr�1 in the west and 6 mm yr�1 in the east(Figure 3). If all this strain had been released in earth-quakes during this century, then the moment releasewould have been between 70 and 100 � 1018 N m. Inthe eastern Gulf of Korinthos the seismic moment re-lease during this century matches, to within observa-tional uncertainties, the rate that would be expectedfrom the geodetic strain. The principal discrepancy be-tween geodetic and seismic strain is in the Gulf west of22.5�E. In this region, the cumulative seismic momentfor this century is at most 50% of the moment expectedfrom the observed rate of opening, and may be as lowas 20% of that �gure (Table 1).We cannot be certain that all the de�cit will be ex-pressed in earthquakes. Aseismic strain is well doc-umented in other parts of the Mediterranean region[Jackson and McKenzie, 1988b]. However, the observa-tion that the seismic and geodetic strains in the east-ern Gulf of Korinthos are in agreement suggests thatit would be wise to estimate the seismic hazard in thecentral and western Gulf of Korinthos by determiningthe amount of seismic activity that would be requiredto remove completely the discrepancy between geodeticand seismic strain. The de�cit in seismic moment (Ta-ble 1) could be as high as 50�1018 N m: equivalent to�ve earthquakes of the magnitude of the 24 Feb 1981MS=6.9 earthquake, which is the largest earthquake ofthe region this century. When the lowest estimate ofgeodetic strain is compared with the highest estimateof seismic strain, we still �nd that the discrepancy isabout 20�1018 N m.The strain need not be released in large earthquakes,but could be released by many small earthquakes. Forthe regional moment { frequency distribution, eventsof MS�5.8 may add an extra 85% to the seismic ex-tension rates [J. Haines, pers. comm., 1997]. In thiscase, seismic strain release marginally outpaces geode-tic strain accumulation in the eastern Gulf, but a de�cit
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