
Accepted by Geophysical Journal International, May 1998.Crustal Strain in Central Greece from Repeated GPSMeasurements in the Interval 1989{1997P. J. Clarke,1 R. R. Davies,1;� P. C. England,1 B. Parsons,1 H. Billiris,2 D.Paradissis,2 G. Veis,2 P. A. Cross,3;y P. H. Denys,3;z V. Ashkenazi,4 R. Bingley,4H.-G. Kahle,5 M.-V. Muller5 and P. Briole61Department of Earth Sciences, University of Oxford, Parks Road, Oxford OX1 3PR, U.K.2Higher Geodesy Laboratory, National Technical University of Athens, 15780 Zographos, Athens, Greece.3Department of Geomatics, University of Newcastle upon Tyne, Newcastle NE1 7RU, U.K.4Institute of Engineering Surveying and Space Geodesy, University of Nottingham, Nottingham NG7 2RD, U.K.5Institut f�ur Geod�asie und Photogrammetrie, ETH H�onggerberg, CH-8093 Z�urich, Switzerland6Institut de Physique du Globe, 4 Place Jussieu, 75252 Paris Cedex 05, FranceSUMMARYA 66-station GPS network spanning central Greece, �rst observed in 1989,has been occupied fully on three occasions: June 1989, October 1991 andMay 1993. Subsets of this network bounding the Gulf of Korinthos havealso been occupied in June 1995, October 1995, May 1996 and Septem-ber/October 1997. The �rst three occupations were processed using a�ducial GPS methodology, whereas later surveys were processed usingCODE precise orbits. Combination of data from di�erent surveys toyield smooth site velocities requires global network translations at eachepoch to compensate for errors in realisation of the reference frame. Thismethod provides a posteriori estimates of the relative coordinate errorsand reference frame noise. Only one earthquake, the 15 June 1995 Egionevent, has caused signi�cant local co-seismic displacement, and its e�ectson the inter-seismic velocity �eld are removed using an elastic dislocationmodel.We constrain the orientation of the hundred-year triangulation{GPS ve-locity estimates of Davies et al. (1997) using fourteen sites common to thetwo networks. The goodness of �t of this transformation indicates thatthe short-term and hundred-year geodetic estimates of deformation arehighly compatible. We infer that short-term geodetic studies are capableof determining longer-term deformation rates provided that transient, lo-cal e�ects can be modelled. From the combined velocity �eld, we estimateprincipal strains and rigid-body rotation rates at points on a regular gridusing data from neighbouring sites. Strain rates are high within the Gulfof Korinthos and much lower elsewhere. The extension rate across theGulf of Korinthos increases from east to west. Comparison of the exten-sion rate with historical and recent rates of seismic release of strain revealssigni�cant medium-term seismic hazard in the western Gulf of Korinthos,and may also indicate long-term aseismic strain.Key words: GPS, Greece, velocity �eld, strain, seismic hazard.
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2 CLARKE et al.INTRODUCTIONThe Eastern Mediterranean is one of the most tectoni-cally active areas on the Earth's surface (e.g. McKen-zie, 1972; McKenzie, 1978), as is demonstrated by itsseismicity (Figure 1). Deep seismicity under the Seaof Crete is related to the subduction of northward-moving (relative to Eurasia) African oceanic litho-sphere; whereas shallow seismicity throughout the AegeanSea and mainlandGreece is related to the south-westward(again relative to Eurasia) extension of Aegean conti-nental lithosphere driven by a combination of gravi-tational spreading of the Anatolian continental litho-sphere from the east and roll-back of the subductingAfrican plate to the south (Le Pichon& Angelier, 1979).The tectonic evolution of the region has been cov-ered extensively elsewhere (McKenzie, 1972; McKenzie,1978; Dewey & S�eng�or, 1979; Le Pichon & Angelier,1981; Angelier et al., 1982; Armijo et al., 1996) and sois not elaborated upon here; the purpose of this paperis to present recent space-geodetic data that constraincurrent deformation rates in central Greece, and com-pare them with longer-term geodetic data.Crustal movement within the Aegean region is ac-commodated on a large number of known faults, andprobably also many unmapped ones. Because thesefaults encompass a wide variety of orientations, geome-tries and faulting styles, the deformation of the zone atlength-scales much larger than a single fault is best de-scribed as a continuum (Jackson & McKenzie, 1988b).Sub-regions within the zone probably deform at leastpartially aseismically e.g. the Hellenic Trench (Jack-son & McKenzie, 1988a), and some show no seismicexpression of strain e.g. the Sea of Crete. At smallerlength-scales, opinion is divided as to whether the defor-mation is best described by oating-block or slat mod-els involving large arrays of faults (Taymaz, Jackson& McKenzie, 1991) or whether it is concentrated on afew narrow, more intensely-deforming zones e.g. theGulf of Korinthos (Armijo et al., 1996). For this rea-son, and because the 30-year period since the incep-tion of the World-Wide Standardised Seismic Network(WWSSN) may be too short to characterise the seis-micity within small sub-regions (Jackson & McKenzie,1988a; Jackson, Haines & Holt, 1992; Ambraseys &Jackson, 1997), geodetic measurements provide an es-sential complementarymethod of quantifying the defor-mation. This approach also has the advantage that itis possible to make estimates of regional medium-termseismic hazard based on the di�erence between geodeticdeformation and that predicted from the seismic release�Now at: Research School of Earth Sciences, Victoria Univer-sity of Wellington, New Zealand.yNow at: Department of Geomatics, University College Lon-don, Gower Street, London WC1E 6BT, U.K.zNow at: Department of Surveying, University of Otago, NewZealand.

of strain using the method of Kostrov (1974).Previous geodetic work in the Aegean was initiallyconducted on a large spatial scale or over long time-scales. Satellite Laser Ranging (SLR) measurementshave been made at six sites within the Aegean re-gion since 1986 (Noomen, Ambrosius & Wakker, 1993;Robbins, Smith & Ma, 1993). Jackson, Haines &Holt (1994) compared the SLR site velocities with thoseexpected from seismic strain release in the period 1911 {1992, and concluded that seismicity can account forat most 50% of the deformation in the Aegean, al-though the e�ects of additional uncatalogued smallerearthquakes may account for some of the discrepancy.Other workers (Kastens et al., 1989; Gilbert et al., 1994;R. Reilinger, pers. comm.) have obtained velocity es-timates at similar length-scales in the Aegean region,using GPS data from 1988 { 1996.At a smaller scale, Billiris et al. (1991) and Davieset al. (1997) have re-analysed hundred-year-old triangu-lation data from southern and central Greece and com-pared them with data from a partial reoccupation ofthe original network using the Global Positioning Sys-tem (GPS). These data span a much longer time-scalethan can purely space-geodetic experiments, and thussample a larger deformational signal, but this advan-tage is counteracted by the lower precision of triangu-lation measurements (roughly 3 p.p.m. compared with0.05 p.p.m. for GPS). Even at this scale of observationDavies et al. (1997) were able to distinguish zones withvery little deformation (e.g. the central Peloponnisos)from zones with far higher deformation (e.g. the Gulfof Korinthos).The advantages of modern GPS { GPS velocity �elddeterminations over triangulation { GPS methods are(1) that there is no longer a need to make scale andorientation assumptions to generate a unique velocity�eld; (2) the network can be designed with geodynamicstudies in mind rather than station intervisibility re-quirements; and (3) stations can be sited more denselythan the old �rst-order triangulation pillars. Kahleand colleagues (Kahle et al., 1993; Kahle et al., 1995;Kahle, Muller & Veis, 1996) have occupied sites from a46-station GPS network in western Greece, the IonianSea and Crete up to four times over the period 1989{1994. They conclude that the north-eastward subduc-tion of the Mediterranean sea-oor is taken up along theKephalonia Fault Zone in the Ionian Sea. This networkabuts the western side of the Central Greece network;7 sites (including 3 SLR sites) are common to both ex-periments. Agatza-Balodimou et al. (1995) have alsoreported some initial results from a GPS network span-ning the Gulf of Korinthos, which has some sites incommon with the Central Greece Network.The Central Greece Network (CGN) was establishedin 1988 for the purpose of studying present-day crustalmotions in the region surrounding the Gulfs of Ko-
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Figure 1. Large-scale tectonic features of the Eastern Mediterranean. Arrows show approximate plate motionsrelative to stable Eurasia. Shallow (<40 km) earthquakes of magnitude Mb > 4.5 from the ISC catalogue 1964 {1993 are shown as dots. Topographic shading increases at 500 m vertical intervals, and in addition seaoor below2500 m depth is shaded.rinthos and Evvia (Figure 2). The majority of sitemarkers take the form of brass pins glued into (usuallylimestone) bedrock. In addition to the primary mark,two or three witness marks were installed at each siteto permit reconstruction of the primary in the eventof damage. Local site ties have been determined byoptical surveying. Three sites (54, Dionysos, Dion;16, Xrisokellaria, Xris; 18, Karitsa, Krts) form partof the WEGENER/MEDLAS network and have alsobeen occupied with SLR at various times since 1986(Noomen, Ambrosius & Wakker, 1993; Robbins, Smith& Ma, 1993). Seven stations (11, 13, 21, 44, 48, 49, 59)are concrete triangulation pillars forming part of theHellenic Army Geographic Service (HAGS) network; ofthese, sites 44, 48 and 59 correspond to sites VALT,MKPG and CLMU of the 1890s �rst-order triangula-tion network (Billiris et al., 1991; Davies et al., 1997),and sites 11 and 21 are eccentric pillars of the 1890ssites SKOP and KNIM.

GPS OBSERVATIONSThe CGN has been occupied fully three times: June1989, October 1991 and May 1993. In addition, severalstations around the Gulf of Korinthos have been occu-pied immediately after the 15 June 1995 Egion earth-quake, and again in October 1995 and May 1996. A fur-ther subset of the network, predominantly those sitessurrounding the Gulf of Evvia, was occupied during twosuccessive campaigns in September and October 1997.All campaigns were referenced to the GPS/SLR siteat Dion. In 1989, a mixture of single-frequency anddual-frequency receivers was used; in later epochs dual-frequency receivers were used throughout. CGN sitesare spaced 10 { 20 km apart, and daily networkswere designed to include a range of processed baselinelengths to aid integer ambiguity resolution. The vari-ety of observing strategies described below reects thedi�ering constraints encountered at each survey epoch.In June 1989, six dual-frequency receivers (4 LeicaWM102, 2 Trimble 4000SLD) and six single-frequencyreceivers (2 Leica WM101, 2 Trimble 4000SL, 2 Trim-
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Figure 2. Sites of the Central Greece Network. Triangles indicate sites also occupied with SLR (see text). These,and sites shown as squares, were occupied with dual-frequency receivers in 1989, 1991 and 1993; other sites wereoccupied with dual-frequency receivers in 1991 and 1993 only. Markers bordering the Gulf of Korinthos have alsobeen occupied in 1995 and 1996, see Figure 3 and the text, and a selection of sites mainly around the Gulf ofEvvia was observed in September/October 1997, see Figure 4.ble 4000SX) were used to measure the network. Dion(point C) was occupied for �ve hours each day usinga dual-frequency receiver. Other sites were occupiedfor �ve-hour sessions on two days; 36 sites had oneor more sessions with dual-frequency receivers. TheWM101 single-frequency data proved exceptionally un-reliable and had to be discarded, leaving 60 sites. Datafrom International Terrestrial Reference Frame (ITRF)sites at Herstmonceaux (Hers), Onsalla (Onsa) andWettzell (Wett) were available, but not on a 24-hourbasis.The survey of October 1991 took advantage of im-provements in the satellite constellation in July { Au-gust 1991. Eleven dual-frequency receivers (5 AshtechLM-XII, 4 Leica WM102, 2 Trimble 4000SST) wereused to occupy CGN sites for seven-hour sessions ontwo days (with Dion point C being occupied daily).Data from ITRF sites Hers, Madr (Madrid), Onsaand Wett were available on a nominal 24-hour basis,

but still with signi�cant outages.In May 1993, 18 dual-frequency P-code receivers (10Ashtech LM-XII2, 5 Leica SR299, 3 Trimble 4000SST)were used to observe nine-hour sessions on two days ateach CGN site. Dion (points A,C,D) was occupied con-tinuously with one receiver of each type, so that single-receiver-type daily networks could be formed. Fiducialdata from ITRF sites Hers, Madr, Onsa and Wettwere available virtually continuously.Fourteen sites from the CGN (Figure 3), and othernewly-established sites, were occupied between 5 and 11days after the 15 June 1995 Egion earthquake (MS =6:2, M0 = 5:1�1018 Nm, Harvard CMT), to provide thebasis for future measurements of post-seismic strain.Observation sessions adhered to no �xed timetable; lo-cal base stations either side of the Gulf operated contin-uously so that short baselines could be formed radiallyfrom these sites. Each CGN site was occupied for a min-imum of 4 hours, using Ashtech LM-XII2 (L2-squaring,
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Figure 3. Location of the 15 June 1995 (M0 = 5.1�1018 N m) Egion earthquake. Triangles denote sites occupiedin June 1995, circles denote sites occupied in October 1995, and squares denote sites occupied in May 1996.because of Anti-Spoo�ng) or Z-XII (full-wavelength L2)receivers. Trimble 4000SST data from the new perma-nent GPS pillar at Dion were available for part of thecampaign.In October 1995, points from the Egion post-seismicnetwork, including 12 CGN sites (Figure 3) were oc-cupied with a total of 30 Ashtech Z-XII, Ashtech LM-XII2 and Trimble 4000SSE receivers. As in June 1995,no common session timetable was observed, but lo-cal base stations operated continuously throughout thecampaign. CGN sites were occupied for a minimumof 24 hours each, comprised of two or three indepen-dent sessions. Dion (Trimble 4000SST GPS pillar)data were available continuously during the campaign.The post-seismic network was surveyed again inMay 1996. 23 CGN sites, not all of which form partof the Egion post-seismic network, were measured dur-ing the survey (Figure 3). 14 Ashtech Z-XII receiverswere used to observe 7- to 24-hour sessions, with sitesalso in the post-seismic network being occupied two orthree times. Dion (point C) was also occupied con-tinuously with an Ashtech Z-XII. Supplemental datawere gathered at sites Dion and Xris during June andSeptember 1996.A campaign was carried out in September 1997 withthe purpose of re-measuring sites throughout Greece

that formed part of the �rst- and second-order trian-gulation of Greece in the 1970s. Several of these sitesare in the subset of the 1890s triangulation network re-occupied with GPS in 1992 (Davies et al., 1997) or arewithin a few kilometres of monuments in the CGN (Fig-ure 4). In the latter case, the CGN site was occupied si-multaneously with the triangulation pillar, using eithera LM-XII2 or Z-XII Ashtech receiver, for a period ofat least four hours which was split into two or three in-dependent sessions where this was logistically possible.In October, 1997 a new dense network was establishedaround the Gulf of Evvia consisting of a mixture of ex-isting CGN sites, triangulation pillars from the 1970snetwork, and new monuments (Briole et al., manuscriptin preparation). Other CGN sites in the region (Fig-ure 4) were also occupied, using dual-frequency Ashtechand Trimble receivers, for between 6 and 120 hours inup to 11 sessions.GPS PROCESSINGAll GPS surveys have been processed at Oxford usingVersion 3.4 or Version 4.0 of the Bernese GPS Pro-cessing Software (Rothacher et al., 1993; Rothacher &Mervart, 1996). The 1989, 1991 and 1993 surveys havealso been processed at the University of Newcastle upon
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Figure 4. GPS sites in Greece reoccupied during the September and October 1997 campaigns. Triangles denotesites from the 1890s triangulation network previously occupied with GPS in 1992; circles denote CGN sites.Tyne, using the same software, and at the Universityof Nottingham using the GAS (GPS Analysis Software)package (Stewart et al., 1995). Relative coordinate re-peatability between di�erent solutions at each epoch isat the level of 5 mm r.m.s. per coordinate for 1993, al-though larger for earlier surveys. Detailed comparisonsof the processing methods and coordinate results aregiven elsewhere (Denys et al., 1995; University of New-castle upon Tyne, 1994); hereafter the solution referredto is that of Oxford.All surveys were processed on a daily basis. Base-lines, chosen so as to minimise length, maximise com-mon observations, and avoid receiver- and antenna-type
mixing where possible, were cleaned of cycle slips man-ually to ensure reliability. Carrier phase ambiguity biasparameters were �xed with typical 99% success overall,except for 1991 for which an ambiguities-unresolved so-lution was used. Integer ambiguity �xing was achievedusing wide-lane (L5) followed by ionosphere-free (L3)daily network solutions. Earlier whole-network surveysused a single-layer ionospheric Total Electron Contentmodel to aid ambiguity �xing, whereas later Gulf of Ko-rinthos surveys had shorter individual baselines and sodid not require this. Zenith tropospheric delays at eachstation were estimated for 4{6 hour time windows in allnetwork solutions. Using the ionosphere-free double-



STRAIN IN CENTRAL GREECE 7di�erence phase observable, �nal daily network coor-dinates were then estimated, relative to Dion whichwas �xed at its ITRF92 position (Boucher, Altamimi& Duhem, 1993) for the survey epoch. Fully weightedcoordinates were then combined using the L3D networkadjustment package (Cross, 1990) to produce campaigncoordinate solutions; for 1989, two sets of campaign co-ordinates were estimated, one based on dual-frequencyGPS data only, and one with all usable single- and dual-frequency data. The reference frame of each coordinateset is determined by the choice of satellite orbits.Fiducial orbits (1989, 1991, 1993)The �rst three GPS surveys were processed using a�ducial GPS method (e.g. Ashkenazi et al., 1993) todetermine precise satellite positions, because the pre-cision available using broadcast orbits or NGS preciseorbits in 1989 and 1991 was not su�cient for our pur-poses, and we wished to maintain a common, clearly-de�ned reference frame between the three main sur-vey epochs. In �ducial GPS, satellite orbits are cal-culated using data from sites bounding the region ofinterest, which are �xed to precisely-known a priori co-ordinates determined by SLR, VLBI or continuous GPSmeasurements. To ensure internal consistency, we usedthe same �ducial sites (Dion, Hers, Madr, Onsa,Wett) at each epoch, with the exception that Madrdata were unavailable in 1989. Site coordinates wereexpressed in the ITRF92 system (Boucher, Altamimi& Duhem, 1993).The choice of �ducial site velocity model is critical tothe reference frame. All sites lie on the stable Eurasianplate, except Dion which lies within the deforming re-gion of interest. Although ITRF92 incorporates a ve-locity model, for stable Eurasian sites we have usedthe NNR{Nuvel-1 velocity model (Argus & Gordon,1991; DeMets et al., 1994) because it represents in prin-ciple a more stable long-term determination of platemotions. To apply our model, we �rst restored theITRF92 positions from their quoted epoch (1988.00) totheir estimated mean epoch of measurement (1992.50)using the ITRF92 velocity model, to undo the e�ectsof the latter, then applied the NNR{Nuvel-1 veloc-ities. In practice, the di�erence between our referenceframe and ITRF92 is insigni�cant at the scale of theCGN for all our survey epochs, but our reference frameis in principle independent of year-to-year revisions ofthe ITRF velocity model that have recently occurred.Because Dion lies within a deforming plate boundaryzone, the NNR{Nuvel-1 plate model is inappropriatefor this site and so we used the ITRF92 velocity modelonly for Dion.Orbits were determined in two- or three-day arcs,chosen so as to minimise the e�ects of periods of �ducialdata unavailability, using the ionosphere-free double-di�erence phase observable. Data from �ducial sites

and dual-frequency CGN sites were used; �ducial sitecoordinates were held �xed and CGN site coordinateswere estimated. Eight orbital parameters per satel-lite per arc (six osculating Keplerian elements, plusdirect radiation pressure and Y-bias) were estimated,and also site zenith tropospheric delay parameters. In-teger phase biases were left unresolved at this stage,and so the real-valued ionosphere-free ambiguities wereestimated as nuisance parameters.Precise orbits (1995 and thereafter)Recent improvements in precision of available post-processed orbits, especially since the GIG'92 campaign(Blewitt et al., 1992) allowed us to process the more re-cent GPS surveys using precise orbits determined else-where. At Oxford, we have used precise orbits fromCODE (Beutler et al., 1994). Since 1995, these areexpressed in the ITRF93 reference frame (Boucher, Al-tamimi & Duhem, 1994). Global rotational and scaledi�erences between the ITRF92 and ITRF93 frames areof the order of a few parts per billion and so do not af-fect our determination of the relative positions of sites,on the scale of the CGN.Coordinate reliabilityWe obtain a measure of the reliability of our coordi-nate estimates from the residuals of daily coordinatesets to each campaign solution (Figures 5, 6 and 7).With the exception of the 1989 survey, r.m.s. horizontalresiduals are generally of order 10 mm per coordinateor better (15 mm r.m.s. for 1991); vertical residualsare 2 { 3 times higher. In 1989 the e�ects of shortobservation times, poor �ducial data quality, receivertype mixing and long baselines combine to increase theresiduals to the order of 40 mm for the ionosphere-free solution (and even higher for the combined solu-tion), so this survey adds little information to short-term crustal deformation studies. In June 1995 andMay 1996, r.m.s. horizontal residuals are arti�cially lowbecause most sites were only occupied once, althoughthe session may have been split for daily network post-processing resulting in multiple daily coordinates for asingle setup. A better measure of typical day-to-dayrepeatability arises from the GPS occupations of theSLR sites Dion, Krts and Xris in the 1993 campaign:each site was occupied on all ten days of the campaign,and r.m.s. residuals at Krts and Xris are 10 mm,5 mm, and 22 mm in east, north and up componentsrespectively. We �nd that the formal a posteriori coor-dinate variance-covariance matrix estimated during thecampaign network adjustment accurately reects sitecoordinate repeatability as de�ned above, unlike dailycoordinate variance-covariance matrix estimates fromthe GPS parameter inversion.
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Figure 5. Residuals of daily coordinate sets to campaign solutions 1989 { 1993, in the local coordinate frame.Horizontal and vertical scales vary from epoch to epoch.
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STRAIN IN CENTRAL GREECE 11SMOOTHED VELOCITY FIELDWe use the time series of coordinate sets obtained aboveto determine the inter-seismic velocities at each site,i.e. the velocities that would be measured in the ab-sence of any earthquakes. Over times that are largecompared with the repeat times of large earthquakes,upper crustal strain is accommodated, for the mostpart, discontinuously by slip on faults. Because of theshort time-scale of our geodetic observations, we areincapable of measuring directly this long-term uppercrustal strain. In the absence of large earthquakes,what is measured geodetically at the surface will re-ect the long-term deformation of the underlying (litho-spheric) material, irrespective of whether that defor-mation is continuous (e.g. Bourne, England & Par-sons, 1998) or discontinuous (e.g. Savage & Burford,1970). The determination of this underlying veloc-ity �eld is a major reason for studying crustal veloc-ity �elds. Our measurements correspond closely to thezero-earthquake condition: only two earthquakes withMb �5.8 have occurred in the survey area between 1989and 1997 (see below). As post-seismic and precursorydisplacements are expected to be small compared withco-seismic displacements (e.g. Rundle, 1982) we canobtain inter-seismic velocities uniformly over the regionby removing the co-seismic site displacements due tothese large earthquakes. In addition, we must estimatethe linear velocity of each site in a way that mitigatespossible systematic errors in individual surveys. Onlyhorizontal velocities are considered, over the interval1989 { 1997.Elimination of co-seismic e�ectsBetween 1989 and 1997, only two crustal earthquakesof magnitude Mb � 5.5 have occurred in the surveyarea, both in the Gulf of Korinthos. The �rst wasthe 18 November 1992 Galaxidi earthquake (Mb = 5.8;M0 = 0.85�1018 N m), the second was the 15 June 1995Egion Ms = 6.2 event (and its main Mb = 5.5 after-shock). Co-seismic displacements due to the Galaxidiearthquake, calculated using the elastic forward modelof Okada (1985), are of order 2 { 3 mm, with the ex-ception of one site (CG32), which is predicted to havebeen displaced 10 mm. Even the largest displacementhas marginal e�ect compared with the expected geode-tic error over the interval 1991 { 1993. We therefore donot apply speci�c corrections for the Galaxidi earth-quake or smaller events, as they will at most causemarginally-signi�cant displacements at individual sites.In contrast, the much larger M0 = 5.1�1018 N mEgion earthquake caused signi�cant co-seismic displace-ments at several sites. We have used the source modelof Bernard et al. (1997), which is based on a combi-nation of SAR, GPS, local seismic and teleseismic dataand is independent of our dataset. Bernard et al. (1997)

propose two models: their Model A is based on bothgeodetic and seismological data, whereas their ModelB is a better �t to the geodetic data but is inconsis-tent with some of the seismological and tectonic ob-servations. Because our purpose here is to correct forgeodetic co-seismic displacements only, we use ModelB which best reproduces the horizontal surface move-ment. According to this model, sites CG30, CG31 andCG43 were displaced signi�cantly, by amounts of or-der 40 mm; other sites have displacements of order15 mm or less. We apply corrections to all sites sur-rounding the Gulf of Korinthos using the elastic modelof Okada (1985). The model displacements are compat-ible with our uncorrected observations over the interval1993 { 1995, which must include both co-seismic andinter-seismic components; if anything we �nd that themodel slightly over-compensates for the co-seismic ef-fects, in that the model displacements (which includeco-seismic motion only) marginally exceed our observeddisplacements over the interval May 1993 { June 1995(which include both co-seismic and inter-seismic mo-tion).Figure 8 shows changes in baseline length 1991 {1996, after co-seismic corrections have been applied,between pairs of the most frequently-occupied sites,spanning the Gulf. The smooth changes in baselinelength demonstrate that our reference frame is main-tained from epoch to epoch without scale errors. How-ever, this alone is insu�cient to demonstrate that inter-seismic site velocity vectors are also uniform with time.Linear site velocitiesFor epoch campaigns processed using relative GPS, asigni�cant part of the coordinate error at each epoch isdue to random (human) error involved in setting up theantenna over the marker. For the vast majority of sites,we have reduced the e�ect of such errors by performingtwo or more independent setups during each campaign,but in the surveys of 1993 and later, the base station atDion was only set up once and operated continuouslythroughout the campaign. Thus each campaign coordi-nate set may be subject to a small global o�set causedby setup errors and short-term local perturbations atDion, and also systematic medium-term tidal, ground-water and atmospheric e�ects, and errors in local siteties at Dion. A simple attempt to �t a uniform velocitythrough these coordinate sets will therefore be in error.Instead, we estimate a global network translation ateach epoch, except for one reference epoch (in our case1993 because it is the most accurate and complete sur-vey). This procedure introduces two more degrees offreedom per epoch, a small increase on top of the fourdegrees of freedom per site for velocity determinations.To distinguish global velocity o�sets from translationparameters, we �x the velocity of Dion. As we wishto determine velocities relative to stable Eurasia, we
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Figure 8. Changes of baseline length 1991 { 1996 forbaselines spanning the Gulf of Korinthos, relative to anarbitrary zero-o�set. Site coordinates at epochs laterthan 15 June 1995 have been corrected for co-seismicdisplacements in the Egion earthquake according to themodel of Bernard et al. (1997). The best weighted lin-ear �t to each set of baseline length measurements isshown. Error bars denote 68% con�dence limits.

compute the velocity of Dion in our reference frame bysubtracting the NNR{Nuvel-1 rigid-body rotation ofEurasia (evaluated atDion) from the ITRF92 observedvelocity for Dion. Because the NNR{Nuvel-1 poleof rotation for the Eurasian plate is far away, stableEurasian predicted velocities vary insigni�cantly acrossthe CGN, and so this method yields velocities of all sitesin the network relative to stable Eurasia, subject to un-certainty in the SLR-derived ITRF velocity of Dion.The best-�tting set of translation parameters is de-termined using iterative least squares by the methodof normal equations. Inversion is carried out using astandard singular value decomposition algorithm (Presset al., 1992) to ensure numerical stability. The over-all measure of goodness of �t is the weighted sum ofsquares of residuals to the coordinate observations; onlysites with three or more epochs of occupation have re-dundant observations and so contribute to this. In addi-tion to coordinates from the three primary and �ve par-tial CGN surveys, we include the coordinates from the1988 and 1992 GPS re-surveys of the 1890s triangula-tion network (Billiris et al., 1991; Davies, 1996; Davieset al., 1997) which between them include 8 CGN sites(11, 16, 18, 21, 44, 48, 54, 59) and were processed using�ducial methods similar to that of the 1989, 1991 and1993 CGN surveys. We also include coordinates fromthe two supplemental surveys at Dion (site 54) andXris (site 16) performed in June and September 1996.In total 378 pairs of coordinates are used.Results of this �t for the most frequently-observedsites (those around the Gulf of Korinthos) are displayedin Figure 9. The r.m.s. residual at the base sta-tion Dion (site 54) is 7.3 mm per coordinate, whichis very similar to the post-1991 r.m.s. residual to theuniform velocity �tting, 7.8 mm per coordinate (1.3�r.m.s. weighted residual), i.e. the translations requiredat Dion are comparable with the a posteriori estimatesof coordinate precision at other sites. The former resid-ual provides an estimate of the reference frame noise ateach epoch a�ecting our velocity �eld, which resultsfrom antenna misalignment and/or local perturbationsof the Dion marker caused by e.g. groundwater andtidal loading; the latter provides an estimate of typi-cal setup and other local errors a�ecting individual siteoccupations at each epoch. We �nd that the estimatesof coordinate uncertainty from our campaign networkadjustments are in general matched by the a posteri-ori r.m.s. residuals to our velocity �tting. Coordinateprecision improves by half an order of magnitude from1988/9 (65 mm r.m.s. and 35 mm r.m.s. respectively)to 1991 (9.4 mm r.m.s.), and more gradually thereafter.Because of this, the 1988/9 observations have relativelylittle e�ect on the velocities.If we do not estimate epoch network translations, thepost-1991 r.m.s. residual to uniform velocity �tting is19 mm per coordinate (4.1� r.m.s. weighted residual).



STRAIN IN CENTRAL GREECE 13This decrease of the penalty function (mis�t) �2 by afactor of three, for a small increase in the overall num-ber of degrees of freedom (462 compared with 442 ifsite velocities are simply �tted to the raw epoch coor-dinates) demonstrates that the estimation of networko�sets results in a highly signi�cant improvement tothe �tting of uniform velocities for multi-epoch surveys.This improvement arises because the apparent epoch-to-epoch di�erences in relative GPS coordinates are infact highly correlated from site to site. The demonstra-tion of existence of this systematic error, which can onlybe detected in experiments with three or more precisesurvey epochs, should encourage caution in the inter-pretation of some two-epoch experiments, particularlythose in which only one station has an independent ve-locity constraint.Figure 10 and Table 1 show the complete velocity�eld that we have obtained, relative to stable Eurasia.Three sites (25, 47 and 51) show highly anomalous ve-locities which we attribute to marker instability andexclude from further analysis. We observe high rates ofextension across the Gulf of Korinthos, particularly inthe west, but little extension across the Gulf of Evvia.Sites at the north-western extent of the network aremoving south-west relative to Eurasia, con�rming thatfurther deformation must take place to the north andwest of Greece, although this latter observation is con-tingent on the accuracy of the SLR velocity determina-tion of Dion with respect to stable Eurasia.
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Figure 9. Cumulative displacements relative to stable Eurasia (black arrows) of CGN sites around the Gulfof Korinthos that have been occupied on three to �ve occasions 1991 { 1996, after epoch network translationsand co-seismic corrections have been applied. The best-�tting linear velocity for each site is shown in grey, witharrow-head positions corresponding to the cumulative displacements from epoch 1991.78 to the epochs 1993.39,1995.44, 1995.76 and 1996.39.
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Figure 10. Inter-seismic velocities of CGN sites, averaged over the interval 1989 { 1997, after e�ects of the1995 Egion earthquake and whole-network translations have been eliminated. All error ellipses represent the 68%con�dence interval.
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Table 1. Inter-seismic velocities of CGN sites relative to a non-rotating stable European reference frame,averaged over the interval 1989 { 1997, after e�ects of the 1995 Egion earthquake and whole-networktranslations have been eliminated. Velocities and their errors (1�) are given in mm yr�1.Site Lon �E Lat �N VE �E VN �N01 22.62 39.49 -19.4 4.2 -19.3 3.202 22.24 39.61 -17.9 4.9 -10.4 3.303 22.33 39.43 -8.0 5.2 -12.5 3.604 22.90 39.41 -11.6 6.7 -11.9 4.605 23.19 39.36 -6.2 0.9 -17.9 0.806 21.96 39.24 -13.6 3.8 -15.9 3.407 22.63 39.26 -18.0 5.0 -14.4 3.308 22.24 39.09 -9.3 6.6 -15.9 4.109 22.81 39.15 -3.6 3.5 -8.2 2.910 23.25 39.15 -9.4 0.9 -18.2 0.911 23.67 39.15 -13.9 3.8 -16.4 2.712 23.91 39.21 -16.2 3.6 -21.6 3.013 21.80 38.91 -11.1 4.4 -5.1 3.814 22.44 38.92 -16.8 3.4 -14.0 2.915 22.94 38.89 -12.5 2.2 -16.2 1.916 21.88 36.79 -20.4 0.8 -22.0 0.817 23.37 38.99 -12.1 0.8 -20.9 0.818 20.66 39.73 -11.4 3.3 -4.2 2.719 22.45 38.78 -10.2 1.3 -14.5 1.220 22.62 38.65 -15.0 1.1 -15.7 1.121 22.81 38.75 -9.6 0.8 -15.8 0.822 22.40 38.64 -9.2 1.4 -11.7 1.323 22.50 38.61 -11.2 1.2 -11.8 1.124 22.86 38.62 -12.3 1.5 -18.1 1.326 23.34 38.78 -16.0 0.8 -20.3 0.727 23.46 38.84 -12.8 0.8 -22.7 0.828 23.20 38.57 -14.0 0.8 -22.4 0.829 22.79 38.53 -15.2 1.1 -15.3 1.030 22.14 38.40 -22.9 1.6 10.5 1.531 22.28 38.35 -29.6 1.6 1.7 1.432 22.58 38.40 -12.4 0.9 -18.9 0.833 22.87 38.43 -16.6 1.2 -21.3 1.134 23.22 38.43 -14.9 1.0 -21.3 1.0
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Table 1. (continued) Site Lon �E Lat �N VE �E VN �N35 23.54 38.45 -18.4 0.9 -23.3 0.836 23.59 38.64 -16.0 0.9 -22.8 0.937 23.72 38.63 -19.0 0.8 -23.4 0.838 24.11 38.66 -18.4 0.9 -25.5 0.839 24.54 38.89 -16.1 0.9 -24.3 0.840 24.59 38.80 -16.4 0.8 -22.0 0.841 23.74 38.43 -17.7 1.3 -23.1 1.242 21.97 38.23 -16.5 1.2 -29.7 1.043 22.19 38.13 -23.6 1.2 -37.4 1.144 22.64 38.01 -20.0 0.8 -29.2 0.845 22.86 38.26 -16.7 1.2 -17.4 1.146 23.03 38.25 -19.6 0.9 -21.0 0.848 23.13 38.02 -20.2 3.6 -33.8 3.549 23.21 38.10 -20.4 0.9 -25.4 0.850 23.35 38.21 -17.4 1.1 -26.2 1.152 23.96 38.39 -18.4 0.8 -25.5 0.853 23.85 38.23 -22.1 0.9 -25.7 0.954 23.93 38.08 -18.5 0.0 -24.2 0.055 24.19 38.35 -17.9 0.8 -25.3 0.856 24.39 38.09 -18.4 0.9 -26.7 0.957 23.44 38.07 -17.8 3.8 -23.1 2.958 23.61 38.02 -17.0 1.3 -25.7 1.359 21.14 37.89 -33.7 4.4 -4.9 3.160 21.95 38.07 -18.7 1.3 -26.5 1.261 21.58 38.01 -16.0 1.4 -24.2 1.262 22.43 37.85 -19.3 1.2 -30.6 1.163 22.88 37.72 -16.6 1.2 -30.1 1.264 22.94 37.79 -18.7 0.8 -26.0 0.865 23.09 37.80 -19.3 1.7 -26.6 1.566 23.94 37.82 -21.8 1.1 -22.1 1.1



18 CLARKE et al.Comparison with other geodetic dataThe CGN and the 1890s �rst-order network have �vesites in common or as local eccentric markers of eachother (11, 21, 44, 48 and 59; SKOP, KNIM, VALT,MKPG and CLMU), and �ve other 1890s pillars (MKRH,TMFR, SKYR, PALV and OCHI) are within 5 kmor less of CGN sites (10, 13, 40, 45 and 56). Inaddition, the September 1997 survey provided GPSre-occupations of eight 1890s pillars (HYDR, MILS,MKRH, MYKN, OCHI, SKYR, THRA and VALT),making a total of fourteen 1890s points with reliableGPS{GPS velocities. In the case of the GPS{GPS datawe have explicitly removed local co-seismic e�ects; forthe hundred-year data we expect such e�ects to be closeto the level of noise in the original triangulation mea-surements, and at this scale to have been averaged outover the larger number of earthquakes that have oc-curred in the interval between surveys. Curtis, Eng-land & Davies (1997) �nd that correcting for local co-seismic e�ects does not signi�cantly improve the �t ofthe hundred-year displacements to a smooth quadratic�eld (with the exception of the 1956 Amorgos earth-quake which lies outside our area of interest), support-ing this hypothesis.It is �rst necessary to address the issue of the refer-ence frame of the 1890s survey. Davies et al. (1997)�xed the scale of the network by constraining thechange in length of a baseline in the aseismic cen-tral Peloponnisos to be zero, and rotating the networksuch that the velocities at six sites identical or closeto CGN sites were equal to their GPS{GPS velocities,in a least-squares sense. Here, we constrain the veloc-ities of the fourteen sites to be equal to their GPS{GPS velocities in a least-squares sense, and estimatethe scale change and rotation that must be applied tothe 1890s network to achieve this. The resulting di�er-ence in hundred-year strains compared with the resultsof Davies et al. (1997) is of order 0:9 p.p.m., well withinthe uncertainty that they attach to their assumptions,and so their conclusions are una�ected.The GPS{GPS and hundred-year velocities at thefourteen sites, after the 1890s network has been re-oriented, are compared in Figure 11. Even though theGPS{GPS velocities are in some cases based on as lit-tle as two epochs of data 1.6 years apart, there is ahigh degree of similarity between the short- and long-term velocities. This is particularly interesting at site59 (CLMU in the 1890s network), which had been sus-pected of instability by Billiris et al. (1991) on accountof its westward motion with respect to the other siteson the Peloponnisos; if the site is unstable, the insta-bility cannot have occurred at an epoch in the interval1890 { 1989 but if it exists must instead be a continualprocess. Instead, we side with Le Pichon et al. (1995)in proposing that the reason that site 59 is discrepantwith respect to the other sites on the Peloponnisos is

that it is coupled to the deformation of the Ionian is-lands to the west and is not part of the relatively rigidnorthern Peloponnisos. The r.m.s. mis�t between thetwo sets of velocities is 4.9 mm yr�1 per component(1.99� weighted r.m.s. residual), indicating that theGPS{GPS and hundred-year velocity �elds cannot re-liably be distinguished. This can also be seen quali-tatively in Figure 12 in which both velocity �elds areshown in their entirety. We therefore conclude thatat the scale of several tens of kilometres our short-termGPS site velocity estimates (corrected for co-seismic ef-fects) are representative of the longer-term site velocityover 100 years. Accordingly, we combine the entire setof GPS and triangulation coordinate data into a singleset of site velocity estimates.The hundred-year interval, although shorter thanthe seismic cycle for an individual fault segment, en-compasses many earthquakes within the region as awhole and so we expect the hundred-year velocities(and therefore the GPS{GPS velocities) to be repre-sentative of the much longer term. Our result suggeststhat the correspondence between present-day and verylong-term crustal deformation on the global scale, i.e.plate tectonic motions (Argus & Gordon, 1990; DeMetset al., 1994) may also apply at the scale of a few tens ofkilometres, even in deforming continental regions wherethe concept of rigid plates does not apply.Sites 16, 18 and 54 of the CGN coincide with SLRsites Xris, Krts and Dion respectively. SLR observa-tions have been made at these monuments four timesduring the interval 1986 { 1992 (Smith et al., 1994;Le Pichon et al., 1995). Independent dual-frequencyGPS observations have also been made four times dur-ing the period 1989 { 1993 at these sites and at mon-uments coincident with sites 13, 42, 59 and 61 of theCGN (Kahle et al., 1995; Kahle, Muller & Veis, 1996).The velocities derived from these sets of observationscan be compared with those obtained in this study frombetween 3 and 11 occupations with GPS between 1989and 1997 (Figure 13). At the SLR sitesDion andXris,there is good agreement between this study and theprevious GPS and SLR work. However, at Krts (site18), we �nd evidence of signi�cant west-south-westwardmotion which is absent from the studies of Le Pichonet al. (1995) and Kahle et al. (1995) (the result of Smithet al. (1994) is not shown because it is a�ected by theknown blunder at Krts reported in CDDIS Bulletin9(6), 7). The implication of our result is that there isin fact a region of on-going deformation between Krtsand the stable European plate, a view that is borne outby the seismicity in this area (Figure 1). At sites 13, 42and 61, our results tally with the GPS results of Kahleet al. (1995), although at site 42 (for which we have �veepochs of observation compared with two reported inKahle et al. (1995)) we �nd an increased south-westerlyinter-seismic velocity that implies little or no deforma-
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Figure 11. Comparison of velocities of CGN sites common to the 1890s network, or within 5 km of 1890s sites,over the periods 1892 { 1988/92 (shaded arrows, after 1890s triangulation has been re-scaled and re-oriented asdecribed in the text) and 1989 { 1997 (black arrows). Error ellipses represent 68% con�dence limits. Inset showsthe histograms (n = 14) of east and north velocity di�erences between the two sets of site velocities.tion in the northern Peloponnisos between sites 42 and61. At site 59 we �nd considerably more westward mo-tion than Kahle et al. (1995), implying that the site ismore strongly linked to the Ionian islands than to thenorthern Peloponnisos.Uni�ed strain �eldFrom the uni�ed velocity �eld, we proceed to evaluatethe strain �eld in Greece. Rather than �t spline orpolynomial functions to the entire velocity �eld, whichcan result in either excessive damping or instability ofthe interpolation, we have made discrete estimates ofthe velocity gradient tensor at points on a regular grid,using the velocities of a minimum of four sites within

40 km of each grid point. If only three such sites existwe do not compute a velocity gradient tensor becausesuch an estimate, being even-determined, is liable to in-stability particularly if two of the three sites are muchcloser to each other than to the third. We have es-timated velocity gradient tensors for a range of radiiof interest and �nd that a 40 km radius enables goodcoverage of the survey area without causing excessivesmoothing. Our grid is aligned along 020�, perpendic-ular to the strike of the main visible tectonic featuresof the region (the Gulfs of Korinthos and Evvia).Although the method of calculating strains describedabove is in essence local, several consistent trends canbe seen (Figure 14). Strain rates thoughout the Gulf of
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Figure 12. Velocities of monuments in central Greece, determined over an approximate hundred-year interval bytriangulation and GPS (shaded arrows, after 1890s triangulation has been re-scaled and re-oriented as decribedin the text) and over intervals of no more than 8 years by GPS alone (black arrows). Error ellipses represent 68%con�dence limits.Evvia and northern part of the network are relativelylow, but signi�cant, and show generally north{south ex-tension (typically around 0.06�0.03 p.p.m. yr�1); ex-tensional strain rates within the southern part of thenetwork (Peloponnisos) are similarly low. However,strain rates in the central part of the network acrossthe Gulf of Korinthos are signi�cantly higher, reaching1.12�0.05 p.p.m. yr�1 in the western Gulf. High strainrates are also seen at the northern and north-westernextremities of the study area. It is interesting to notethat these high strains correspond to the region of the1954{55 Volos earthquakes.The contrast in extensional strain rates between theGulfs of Korinthos (0.15�0.02 to 1.12�0.05 p.p.m. yr�1)and Evvia (typically 0.06�0.03 p.p.m. yr�1) is striking.

Both gulfs are signi�cant geomorphological featuresthat have been tectonically active throughout the Qua-ternary and have experienced large earthquakes in thelast century (Ambraseys & Jackson, 1990), althoughseismic activity in the Gulf of Evvia has been lower inthe last thirty years. It is possible that earthquake re-currence times on individual fault segments in the Gulfof Korinthos are shorter, to accommodate higher strainrates in the underlying lithosphere. Alternatively, theremay be fewer active fault segments taking up the strainacross the Gulf of Evvia. The similarity in the relief inthe two regions may support the latter suggestion, butthe historical record of seismicity is not su�ciently longor precise to distinguish these hypotheses.A high degree of consistency is also exhibited by the
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Figure 13. Velocities of monuments in central Greece, with respect to northern Europe, as determined fromfour SLR occupations 1986 { 1992 by (Le Pichon et al., 1995, large open arrows; Smith et al., 1994, large shadedarrows, not at site 18), from two dual-frequency GPS occupations 1989 { 1993 (Kahle et al., 1995, small greyarrows) and from three or more dual-frequency GPS occupations within the period 1989 { 1997 (this study, blackarrows). Error ellipses represent 68% con�dence limits. Note that we obtain a signi�cant south-westward velocityfor site 18 (Krts), in contrast with Kahle et al. (1995) and Le Pichon et al. (1995) who obtain null vectors.geodetic rigid-body rotation rate estimates (Figure 15),where the rotation rate _! is de�ned by_! = 12 �L� LT � (1)for a velocity gradient tensor L. Variation in the geode-tic rotation rate within areas previously postulated tobe rigid blocks indicate that such regions are in fact de-forming and therefore care must be taken not to over-
interpret rigid-block models that describe only �rst-order features of the deformation �eld.VARIATIONOF STRAINWITHIN THEGULF OF KORINTHOSWe now turn to the deformation in the Gulf of Ko-rinthos as this is the best-surveyed part of centralGreece. Inter-seismic strain within the Gulf of Ko-
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0.5 p.p.m. yr-1Figure 14. Principal strain axes computed at points on a regular grid aligned along 020�, using velocity estimatesat sites within 40 km (see text). Thick lines denote extensional strain; thin lines compressional strain. Errors aretypically less than 0.05 p.p.m. yr�1.rinthos is overwhelmingly pure north-south extensionalstrain, and increases from 0.15�0.02 p.p.m. yr�1 in theeast to 1.12�0.05 p.p.m. yr�1 in the west. These val-ues from our gridding method are commensurate withthose obtained for discrete triangular regions spanningthe Gulf by Davies et al. (1997) using only the hundred-year dataset.In this section we wish to study the correspondencebetween short-term and hundred-year deformation andthe variation of strain within the Gulf in greater detail.We investigate the change in extension rate across theGulf of Korinthos by considering the relative velocitiesof sites on either side of the Gulf. It can be seen fromFigures 9 and 10 that the sites on the northern Pelopon-nisos bordering the Gulf of Korinthos are moving withvery similar velocities. We again estimate smoothed ve-

locities for CGN sites, but this time constrain the siteson the southern side of the Gulf of Korinthos to be sta-tionary. Use of this constraint is validated by the ob-servation that the r.m.s. residual to the �t is increasedonly marginally from the previous estimation, con�rm-ing again that the northern Peloponnisos is deformingvery slowly and that extension is primarily localisedwithin the Gulf of Korinthos.Site velocities and cumulative displacements subjectto the Peloponnisos-�xed constraint are shown in Fig-ure 16. The velocities of sites north of the Gulf arenearly perpendicular to the strike (110�) of the Gulf,but exhibit a small amount of left-lateral shear. Wetake the component of site velocity normal to the Gulf,along 020�, and display this extension rate as a func-tion of distance along the Gulf (Figure 17). The exten-
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Figure 15. Geodetic rigid-body rotations computed at points on a regular grid aligned along 020�, using velocityestimates at sites within 40 km (larger heavily-shaded symbols; see text). Error wedges (smaller, more lightly-shaded symbols) represent 68% con�dence limits.sion rate increases smoothly from east to west, inde-pendently of whether sites are located close to or awayfrom the Gulf. This provides further con�rmation thatdeformation is localised to �rst order within the Gulf.Also in Figure 17 are the velocity components of1890s sites calculated similarly. The data are in verygood agreement, although the variation in extensionrate of the 1890s data is marginally smaller than thatof the CGN data. This re-con�rms, on a local scale,that short-term GPS studies are capable of determin-ing estimates of crustal motions that are valid over farlonger time-scales.
DISCUSSIONBecause the Gulf of Korinthos is surrounded by oneof the more populous parts of Greece, it has a well-known history of earthquakes (Ambraseys & Jackson,1990, 1997; Papazachos, 1990; Papazachos & Papaza-chos, 1989), and it is of interest to compare the geode-tic extension rate with the long-term rates of seismicityand fault movement. We have covered this from thepoint of seismic hazard elsewhere (Clarke et al., 1997);here we concentrate on the tectonic implications of ourresults.Armijo et al. (1996) have modelled terrace uplift inthe region of the Xylokastro Fault (22.75�E) and ob-tain Quaternary extension rates of 5{9 mm yr�1 forthis part of the Gulf. This value is commensurate with
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Figure 16. Cumulative displacements over the interval 1991 { 1996 for CGN sites, relative to the Peloponnisos,after correction for co-seismic strain due to the 15 June 1995 Egion earthquake and epoch network translationssuch that sites on the northern Peloponnisos are on average stationary. Actual epoch-to-epoch displacementsafter translation (black arrows) show insigni�cant motions of Peloponnisos sites, but sites north of the Gulf showsteady motion perpendicular to the Gulf. Sites in the 1890s network are shown as squares, and the dashed line(azimuth 110�) is the line of section in Figure 17.our geodetic estimates, which although shorter-term donot rely on any mechanical model of fault behaviour.Armijo et al. (1996) also predict from their mechanicalmodel, on the basis of less reliable uplift observationsreported elsewhere, that the Helike Fault (22.25�E) hasslipped throughout the Quaternary at the lower rate of3{8 mm yr�1. This contrasts with our geodetic �nd-ing of signi�cantly higher extension rates in the westernGulf of Korinthos over both �ve-year and hundred-yeartime-scales, although if o�shore faults take up a sig-ni�cant proporion of the deformation (as in the recentGalaxidi and Egion earthquakes) then this discrepancymay be resolved.Le Pichon et al. (1995) argue, on the basis of thegreater width of the eastern Gulf of Korinthos, thatthe amount of �nite extension is greater there than inthe western Gulf of Korinthos. A plausible objection tothis argument is that the crustal thickness prior to ex-tension may not have been the same at both ends of theGulf, so lower topography will not necessarily coincide

with greater crustal stretching. Throughout the rest ofcentral and north-western Greece, higher topography inthe west gives way to lower topography in the east, im-plying that pre-rift surface elevation was not uniform.However, the di�erence in pre-rift topography is prob-ably insu�cient to o�set the present-day di�erence inwidth of the Gulf, so it is likely that �nite extensiondoes indeed decrease to the west. The instantaneousextension rates in the western Gulf of Korinthos, whichwe �nd to be larger than those in the east, can there-fore not have been maintained over the last 2.5 { 3 Myr(Doutsos & Poulimenos, 1992; Armijo et al., 1996) sincethe start of rifting, or even the most recent 1 Myr riftingepisode (Armijo et al., 1996). It seems likely that ex-tension has propagated westward during the evolutionof the Gulf.Ambraseys & Jackson (1997) have published a cat-alogue of earthquakes in the Gulf of Korinthos since1694, complete for events of magnitudeMs � 6. Usingthe strain { moment tensor relationship of Kostrov (1974),
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Figure 17. Velocity components 1991 { 1996 (�lled circles) along 020� for CGN sites north of the Gulf ofKorinthos, relative to the Peloponnisos. The x-axis shows eastward distance along the line of section (azimuth110�) in Figure 16. Also shown are the velocity components along 020� for 1890s sites relative to the Peloponnisos(open squares). The best-�tting weighted linear trend to the CGN data is shown.they deduce long-term seismic extension rates of 5.3 mm yr�1for the western Gulf and 5.8 mm yr�1 for the easternGulf, although they suggest that the contribution ofMs< 6 earthquakes may double these values. In the east,the seismic extension rate is compatible with short-termand hundred-year geodetic observations (Figure 17),but in the west, the geodetic extension rate is con-siderably higher, even if smaller earthquakes are takeninto consideration. There are two possible ways to in-crease the extension rate estimated from seismicity inthe western Gulf of Korinthos:(1) a decrease in the seismogenic layer thickness fromeast to west. The relationship of Kostrov (1974) statesthat for a volume of material V with modulus of elas-ticity �, the components _�ij of the strain rate tensor

are given by _�ij = 12�V t NXn=1Mnij (2)where Mnij are the elements of the moment tensors ofearthquakes within the volume occurring during a rep-resentative period t. One way to increase _�ij is by in-creasing the scalar moments of the earthquakes; theother is by decreasing the volume, or for a given areathe thickness, of the seismogenic layer. The latter seemsunlikely; microseismicity (Rigo et al., 1996) and after-shock (King et al., 1985) studies in the western andeastern Gulf respectively yield similar source depths.Body-wave modelling of recent large earthquakes (e.g.Taymaz, Jackson & McKenzie, 1991) cannot distin-guish systematic di�erences in rupture initiation depthbetween west and east.(2) an increase in the contribution of Ms < 6 earth-



26 CLARKE et al.quakes in the western Gulf of Korinthos. Again, thisseems unlikely: if smaller earthquakes contribute suchthat geodetic and seismic extension rates agree in thewestern Gulf, then the seismic extension rate in theeastern Gulf of Korinthos would be far higher thanthe geodetic, whereas the two are actually in agree-ment. Smaller earthquakes in the ISC catalogue 1964 {1994 are roughly evenly distributed throughout theGulf (Figure 1), and the frequency distributions of shal-low earthquakes in the eastern and western parts of theGulf are virtually identical (Figure 18). The empiricalrelationship between the number of earthquakes N(M)having a magnitude Ms greater than M (Gutenberg &Richter, 1954) logN(M) = a� bM (3)should properly be replaced by a relationship usingscalar moments M0logN(M0) = A�B logM0 (4)because M0 has a uniform interpretation for both smalland large earthquakes. This relationship can be usedto assess the contribution of smaller earthquakes to thetotal strain release. The 30-year ISC earthquake cat-alogue suggests that recent earthquakes of Ms �6 atboth ends of the Gulf of Korinthos have been more fre-quent than expected either from the adoption of a B-value of 23 , or from the 100-year and 300-year catalogues(Ambraseys & Jackson, 1990,1997) which lie, within er-ror, on the expected frequency{magnitude distribution(Figure 18). Clarke et al. (1997) used the 100-year cat-alogue for their quantitative analysis; using the B = 23standard distribution they found that the small earth-quakes in the western Gulf of Korinthos were insu�-cient to account for the discrepancy.(3) Failing either of the above, a third possibility isthat signi�cant aseismic strain occurs in the westernGulf of Korinthos. More detailed monitoring of thegeodetic strain and seismicity in the western Gulf ofKorinthos is necessary to test this hypothesis.CONCLUSIONSWe have established a dense network in central Greeceto study crustal deformation using GPS, and demon-strated that measurements of strain made over a fewyears are compatible with hundred-year measurementsand provide as good a constraint on long-term strainas the latter. Our network has been disturbed by co-seismic strain in the 15 June 1995 Egion earthquake,but with the aid of independent geodetic, seismologi-cal and tectonic data (Bernard et al., 1997) we havesuccessfully removed these e�ects by elastic modelling.We have computed smoothed velocities for our sites byeliminating the spatially-correlated component of posi-tional error at each epoch. This reference frame noise is
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Figure 18. Numbers of shallow earthquakes N(M0)having a scalar moment greater than M0 for events ofMb � 3.5 in the eastern and western Gulf of Korinthos,and throughout the Aegean extensional region, fromthe ISC catalogue 1964 { 1994. Also shown is the cor-responding plot for shallow earthquakes of Mb � 4.5 inthe global Harvard CMT catalogue 1977 { 1996. The100-year (Ms � 5.8) and 300-year (Ms � 6) catalogueshave been normalised to 30-year seismicity rates foreach half of the Gulf. Best-�tting lines with B= 23 areshown. We use the Mb{Ms relationship determined forMediterranean earthquakes by Giardini, di Donato &Boschi (1997)a highly signi�cant contribution to the total error bud-get, and can only be estimated when observations havebeen made at three or more epochs, as in this study.We have estimated strains at points on a regulargrid using the velocities of neighbouring stations, andshow that although low strains are present through-out the network, regions of high strain are localisedat a scale signi�cantly smaller than that of the net-work. In both the short-term and hundred-year geode-tic datasets, high strains are observed within the Gulf ofKorinthos, that increase towards its western end. Long-term seismic extension rates in the eastern and westernGulf of Korinthos are similar, and so it is possible thatsigni�cant aseismic crustal strain occurs in the west-ern Gulf of Korinthos. In addition to this, the markedcontrast in geodetic strain rates between the geomor-
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