
Geophysical Research Letters, 24(6), 707{710, March 1997.Geodetic investigation of the 13 May 1995 Kozani {Grevena (Greece) earthquakeP. J. Clarke,1 D. Paradissis,2 P. Briole,3 P. C. England,1 B. E. Parsons,1H. Billiris,2 G. Veis2 and J.-C. Ruegg3Abstract. The Ms = 6:6 13 May 1995 Kozani { Grevena earthquake strucka region of low historical seismic activity which includes a 10-year-old trian-gulation network in northern Greece. After the earthquake, monuments fromthis network were occupied with GPS to measure co-seismic displacements.Inversion of the co-seismic displacement �eld to yield a source mechanism isachieved by use of a hybrid simplex { Monte-Carlo method which requires noa priori constraints. The model focal mechanism agrees well with the globalCMT solution and locally observed aftershocks, but implies a signi�cantlyhigher scalar moment than do seismological or SAR interferometry studies,and has a longer fault length than the model based on SAR interferometry.IntroductionThe Aegean region is the most seismically-active partof Europe (Figure 1) and exhibits a variety of tec-tonic styles. Within the central Aegean and mainlandGreece, the predominant mechanism is that of north{south extension revealed by normal-faulting earthquakes,whereas in the northern Aegean it is strike-slip motionrelated to the termination of the North Anatolian Fault[Taymaz et al., 1991]. Seismicity decreases to the northof these areas.The 13 May 1995 Kozani { Grevena earthquake ofmagnitude Ms = 6:6 (M0 = 7:6 � 1018 Nm, HarvardCMT) struck western Macedonia (Figure 1), a regionpreviously thought to have low seismic risk [Papaza-chos , 1990]. No obvious surface break was found so itwas not possible to locate the fault plane a priori. How-ever, the CMT solution was almost purely normal [J.H.Woodhouse, pers. comm.] and the majority of the se-vere damage and ground cracking [Pavlides et al., 1995]lay to the south of the epicentre (Figure 1). The regioncontains normal faults that have cut Miocene and olderstructures of the Mesohellenic Trough during Holocenetime [Pavlides et al., 1995; Hatzfeld et al., 1997]. Sincethe nearby Servia fault dips to the north-west, it wastentatively assumed that the 1995 fault was associatedwith the north-west{dipping nodal plane and a plan ofsite occupation was designed accordingly. This assump-tion was later con�rmed by the aftershock sequence[Hatzfeld et al., 1997].1Department of Earth Sciences, University of Oxford, U.K.2Higher Geodesy Laboratory, National Technical University ofAthens, Greece.3Institut de Physique du Globe de Paris, France.

Geodetic MeasurementsThe most recent geodetic survey of the area wasmade during the period 1984{1986 by the HellenicMilitary Geographic Service (HMGS), using horizontaland vertical triangulation with some electronic distancemeasurement for scale control. The formal errors of thissurvey are estimated by HMGS to be 15 mm for thehorizontal component and 25 mm for the vertical, al-though the true errors are likely to be larger. Five daysafter the event we began to re-occupy concrete pillars(Figure 1) from the HMGS survey, using a mixture ofAshtech LM-XII and Z-XII and Trimble 4000SST dual-frequency GPS receivers. Ninety-one sites within 30 kmof the epicentre were occupied for 2{3 hours on at leastone occasion each. Several of these sites were occupiedfor longer periods on two or three occasions to provide abasis for future measurement of post-seismic strain. Inaddition, continuous observations were made at threesites during the week-long campaign in order to mon-itor any short-term deformation, and at the Dionysosmobile SLR site (near Athens) in order to tie the cam-paign coordinates to the ITRF93 reference frame.The observations were processed using version 3.4of the Bernese GPS Processing Software [Rothacheret al., 1993], and as an independent check, with theAshtech GPPS package. The Bernese solution is usedhereafter as it is considered to be more accurate. TheBernese processing used the ionosphere-free L3 phasecombination, with precise satellite orbits in ITRF93obtained from the Centre for Orbit Determination inEurope. Correlations of observations between base-lines and frequencies were modelled correctly, and tro-pospheric zenith delays were estimated for all stations1
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Figure 1. Location of the 13 May 1995 Kozani {Grevena earthquake (Harvard CMT solution), showingexisting fault scarps (light ticked line), surface ruptures(heavy ticked line) [Hatzfeld et al., 1997, and observa-tions of the authors], and drainage. Sites in the co-seismic GPS survey are shown as triangles: open trian-gles denote sites also in the post-seismic network andnested triangles denote continuously-occupied sites. In-set shows Mb �3.5 earthquakes above 30 km depth inthe ISC catalogue 1964{1994, with the study area out-lined.

within �xed six-hour windows. Because of the short oc-cupation times and high level of apparent ionosphericnoise, it was not possible to resolve ambiguity parame-ters. Daily network solutions were combined using thenetwork adjustment software L3D [Cross , 1990] to yielda set of campaign coordinates with estimated precision10 mm in the horizontal and 21 mm in the vertical. Co-seismic site displacements were obtained by di�erenc-ing the epoch coordinates with the HMGS coordinates,subject to a global translation to bring them from theGGRS87 reference frame [Veis and Paradissis , 1990] toITRF93.Inversion methodWe solved for the focal parameters by assuming thatthe surface deformation was equivalent to that causedby uniform slip on a rectangular dislocation in an elastichalf-space [Okada, 1985]. Synthetic experiments withboth gridded networks and our actual distribution ofobservations showed that the problem is strongly non-linear, with many closely-spaced local minima. Wetherefore seek the global minimum by a re�nement ofthe downhill simplex method [Press et al., 1992, andreferences therein]. A simplex is a hypervolume whosevertices are described by n + 1 vectors whose compo-nents are estimates of the n parameters we wish to de-termine. The simplex method collapses this volumetowards a point that represents a local minimum in thepenalty function to be minimised (in this case the r.m.s.mis�t of observed displacements to those of the modeldislocation). Because the minimum found depends onthe starting values given to the simplex, we performed1000 simplex inversions with the vertices of the start-ing simplexes chosen randomly from the possible rangeof the parameters. Physically unreasonable minima arelater rejected, and the lowest remaining minimum isretained. Synthetic experiments [Clarke, 1996] haveshown that this method recovers the `true' parametersreliably for gridded and actual network geometries.Although the local GGRS87 reference frame is nomi-nally parallel to the ITRF93 and has the same scale, thesparseness of scale and azimuth control in the HMGSsurvey obliged us to solve for global rotation and scalechange parameters in addition to network translationparameters. This was incorporated in the simplex in-version for the fault parameters.ResultsWe used only the horizontal displacements becausethe precision of the vertical measurements is muchlower. Eight sites out of 91 were rejected, either becausethey were in the far �eld and so do not contribute tothe solution, or because they had anomalous displace-ments when compared with neighbouring sites. Thebest minimum found has the source parameters shown



KOZANI{GREVENA EARTHQUAKE 3in Table 1 and scale and rotation terms of less than2 p.p.m., well within likely systematic errors of the tri-angulation survey. The r.m.s. residual to the solutionis 47 mm, similar to the expected noise of the data,con�rming that site instability problems and secularstrain do not adversely a�ect our dataset. It is not sig-ni�cantly reduced by the inclusion of extra parametersto model either the antithetic fault suggested by theaftershock studies [Hatzfeld et al., 1997] or additionalshallow, steep fault segments to bring the fault plane upto the surface, as suggested by Hatzfeld et al. [1997] andMeyer et al. [1996]. The addition of parameters permit-ting along-strike variation of slip does not reduce ther.m.s. residual or result in signi�cant change of slip, soconstant slip along the entire 27 km length of the faultplane is compatible with the dataset. In contrast, mod-els based on SAR interferometry [Meyer et al., 1996],which have a shorter fault length, show signi�cant sys-tematic residuals to the geodetic monument displace-ments near the eastern and western ends of our faultand a signi�cantly higher r.m.s. residual. We concludethat our dataset does not require a model more complexthan a single long fault plane with constant slip. Wehave con�rmed this model by an independent inversionusing a repeated linearised least-squares method basedon that of Tarantola and Valette [1982]. Observed andmodel horizontal displacements are shown in plan viewin Figure 2, and a pro�le perpendicular to strike is givenin Figure 3.DiscussionThe focal mechanism compares well with that of theCMT. The fault angles and location are well-resolvedand consistent with the body-wave studies aftershockdistribution observed by Hatzfeld et al. [1997] (Fig-ure 4), and with the positions of observed groundcracks. Our estimate of 2.8 km for the minimum depthof faulting is consistent with the fact that the region iscovered by poorly consolidated Neogene sediments, andthe estimates of minimum and maximumdepth are con-sistent with both the aftershock depths and hypocentraldepth of 11 km [Hatzfeld et al., 1997]. The signi�cantdi�erence between geodetic and seismological studieslies in the scalar moment. As our estimates of faultlength, dip and minimumand maximumdepth are com-patible with the aftershock studies, and our estimate forthe average slip on the fault plane is tightly constrainedby displacements close to the fault, we conclude thatthe moment must be considerably higher than the seis-mically estimated value. The slip magnitude we �nd isclose to that for the main fault segment of Meyer et al.[1996], and the prime cause of our higher scalar momentis the greater fault length required by our observations.The scatter of local minima found by our inversion al-gorithm indicates that our estimate of scalar momentis closer to the minimum than the maximum permitted
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0.2mFigure 2. Observed (black) and modelled (grey) hor-izontal site displacements for the 13 May 1995 Kozani{ Grevena earthquake. The surface projection of themodel fault scarp is shown as a heavy line with tickson the downthrown side. In the forward model, dis-placement directions in the near �eld of the fault arecharacteristic of the fault slip, strike, rake, length andposition. The observed surface ruptures (light tickedline) and Dheskati/Servia fault scarps (light toothedline) are also shown.
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Figure 3. Observed (dots) and modelled (solid line)horizontal site displacements along a pro�le normal tostrike, for the 13 May 1995 Kozani { Grevena earth-quake. Displacements from sites up to 3 km either sideof the centre line are included. The sample error bar is30 mm (twice the formal error quoted by HMGS). Themagnitude and shape of the forward model curve arecharacteristic of the fault slip, dip, and minimum andmaximum depths.



4 CLARKE et al.Table 1. Source parameters of the 13 May 1995 Kozani { Grevena earthquake .Scarp Lat,Lon Length M0 / N m Strike Dip Rake Dmin DmaxSeismic 40.18�, 21.66� a 25 b 6.2�1018 c 252� c 41� c -87� c 5 b 15 bGeodetic 40.02�, 21.63� 27.1 16.3�1018 d 253� 43� -95� 2.8 13.5aHypocentre relocated by Hatzfeld et al. [1997], projected up-dip to surface.bFrom aftershock locations [Hatzfeld et al., 1997].cFrom P- and SH-waveform modelling, centroid depth 11�1 km [Hatzfeld et al., 1997].dBased on total slip of 1.2 m.All lengths and depths are in km. Lam�e parameters � = � = 3:23� 1010.Scale change: �1:9 p.p.m.; rotation: �1:7 p.p.m. (i.e. clockwise).r.m.s. residual of observed displacement components to model displacement components 47 mm.value [Clarke, 1996]. The total e�ect of foreshocks andaftershocks may add as much as 25% to the seismolog-ical moment, but the cause of the remaining di�erenceremains unresolved.The geodetic displacements clearly constrain thefault scarp to be north of the Dheskati Fault. The lackof surface expression of our model fault scarp (Figure 4)is a result of the soft sur�cial Neogene sediments, andalso implies that it is younger than the Dheskati andServia Faults, which have cumulative displacements suf-�cient to expose basement rocks in their footwalls.Acknowledgments We thank all those who helpedus during the May 1995 GPS campaign, including S.Bourne, R. Cattin, R. Davies, S. Felekis, A. Huber,I. Hunstad, J. Hyde, K. Kamberos, E. Kounenaki, G.Mandas, A. Marinou, A. Michopoulos, M. Tsoulakis,M. Vourvakis and the people of Paleokastro. We aregrateful to Ashtech Europe and the NERC Geophys-ical Equipment Pool for the loan of additional GPSequipment. Fieldwork was supported by NERC grantGR3/10178. Denis Hatzfeld provided useful preprints,and James Jackson and Mike Leeder provided geologi-cal insight in the �eld. P.J.C. acknowledges receipt ofa NERC research studentship. We thank John Beavan,Denis Hatzfeld and an anonymous reviewer for theirhelpful criticism.ReferencesClarke, P., Tectonic motions and earthquake deforma-tion in Greece from GPS measurements, D.Phil. the-sis, University of Oxford, Oxford, UK, 1996.Cross, P., Practical integration of GPS and classicalcontrol networks, in Proc. of the XIX FIG Congress ,pp. 336{348, Helsinki, 1990.
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Figure 4. Cross-section through the mid-point of themodel fault plane perpendicular to strike, showing thelocations of ground ruptures (A), the Dheskati Fault(B), the model fault plane (solid grey line), and after-shocks within 10 km along strike of the model scarpcentre (taken from Hatzfeld et al. [1997]). The mainshock lies 8 km NE of the plane of this section, but itsprojection along strike into the section is shown by astar. A topographic pro�le (vertical exaggeration�2) isabove, showing minimum, mean and maximum heightswithin 10 km either side of the pro�le.
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