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Abstract

The variability of coseismic surface displacement along reactivated normal faults in
the Aegean region is investigated. Seismotectonic data of past earthquakes associ-
ated with ground deformation and surface rupturing have been collected and ana-
lysed. Geological maps presenting the displacement at different sites along the fault
traces have been compiled, as well as plots illustrating the corresponding relation
between displacement and lithology. The main conclusion of this work is the strong
correlation between regional lithology and coseismic surface displacement. Along a
reactivated fault, the displacement observed in the recent geological formations is at
least twice the displacement observed in the geological bedrock. It must be noted
that the ratio of maximum to minimum displacement values along a certain active
fault could be high as 5:1. Moreover, the potential displacements determined on the
basis of existing empirical relationships, correspond to those observed in the
bedrock. These findings could be taken into consideration in seismic hazard analysis
during urban and engineering design.
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Hepilnyn

Avtikeiuevo ¢ mopodoog epyociog €ival 1 OIEPEDVHON THG OLOYOPOTOINOHS TOD
UeYeBovg TG OVV-CEICUIKIG EMIPOVEIOKNG UETOTOTIONS KOTO UNKOS EVOS EVEPYOD
prynotos, oe axéon e ) Aiboloyio twv yewloyikdv oynuotiouwy. I'ia 10 okowo avto
alrodoynOnrav dedouéva omo oeiouovg g EAAadog mov ovvdéoviar ue tnv avadpaon
KQVOVIK®V PHYUGTOV KOL Y10, TOVS OTOLOVS DITHPYOV ETOPKH Kol 0LIOTIOTO OTOLYELA.
2oviayOnkoy o1 avtioTor ol YEWAOYIKOL YGPTES, OMOV OHUEIDOONKOY 01 CEIGUIKES
UeTaToTioElS oTIc dLapopes Béoeig mapatipnong. Eyivav emiong oiaypiuuato. pe 1o
uéyebog e petatomons xotd unkos kale piyuatos kalwg roir kale ceiouod mov
ueletnOnre. To kKOP1o GOUTEPOCUO. OVTHS THS EPEVVOS EIVOL OTL DIGPYEL GUECH GYETN
10V UEYEGOVS THG ETMPAVEIOKNGS GELOLIKNG UETATOTIONS KOTA UNKOG TOV [0100 PHYUOTOS
ue wm Aiboloyio. Twv YewAOYIKOV GYHUOTIOU®DY TOL avTo ernpealel. Oi LETOTOTIOELS
aVTES EUPAVICOVY TO LEePOADTEPO UEYEDOS OTIC Ul CUVEKTIKES TETOPTOYEVEIS Om0BETELS,
OOV AVTO EIVOL TOVAGYIGTOV AITAGOIO ATO TO AVTIOTOLYO UEYEBOG OTO, TETPWLLOTO. TOV
yewloyikod vmofaldpov. Znueidvetar 0Tl 1 AVaLoyio TS UEYIOTHS UE THV EACYLOTH
TN THG UETATOTIONG KOTC, UHKOS TOV 10100 pHYUOTOS Umopel va. pldoetl éwg kor J: 1.
Awomior@Onxe emiong 0Tl 01 GEIOUIKES UETOTOTICEIS WOV TPOPAEmOvVIaL amd TIg
EUTEIPIKES TYETEIS EYOVV UEYeBOS TOV TOUPWVEL UE TO UEYEDOS TV UETATOTITEWY TOV
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EYovv  KaTaypowel o010 yewloyiko vmofabpo, omoTE TPEmEL Ol EKTIUNOEIS VO
OVAPEPOVTOL AVTIOTOLY 0. GE QVTEG.
Aéeig Kie1dra: Xeiouotextovikn, Leiouikés oappncéels, Avadpaon pnyudtwy.

1. Introduction

The occurrence of surface rupturing and displacement along reactivated faults during strong earth-
quakes often results in severe structural damage due to additional ground deformation. Conse-
quently, potential surface displacement is taken into consideration in seismic hazard analysis dur-
ing urban and engineering design. To estimate future seismic surface displacement, many re-
searchers have established empirical relations between fault length, earthquake magnitude and
seismic displacement; the models proposed by Wells and Coppersmith (1994) based on worldwide
data are the most commonly used. In Greece, the relations suggested by Pavlides and Caputo
(2004) based on earthquake data of the Aegean region are also applied.

These relations give a range of values for average and maximum displacement observed during
past earthquakes; however, no particular consideration is given to the variability of displacement
depending on the differentiation of the lithologies crossed by the fault. Therefore, in the probabil-
istic hazard assessment of fault displacement dealing with shallow earthquakes, surface displace-
ment is considered to depend mainly on fault length.

Displacement variability along fault trace has been noted by Sigbjérnsson and Olafsson (2004) for
shallow strike-slip earthquakes with almost vertical fault plane, in the South Iceland Seismic Zone.
Rockwell and Klinger (2011), by presenting new measurements for the 1940 and 1979 surface
ruptures along the Imperial fault of Southern California, have reported that lateral slip varies sub-
stantially along fault-strike by more than 30%, over distances of tens to hundreds of meters. Simi-
lar results concerning slip variability have been determined after the 1999 Izmit and Duzce earth-
quakes in Turkey (Barka and Akyuz, 2002). The above mentioned works are focusing on the un-
certainty of the collected seismic fault displacement data and on the need for closely spaced meas-
urements; however, they are not presenting any correlation between this variability and the litho-
logy along the fault trace.

The purpose of the present work is to investigate the influence of the lithology, of different geolog-
ical formations crossed by a reactivated fault, on the magnitude of coseismic surface displacement
along this fault. Information concerning shallow strong earthquakes associated with surface fault-
ing in the Aegean region was collected and differentiations along the faults were studied. The stud-
ied earthquakes were related to the reactivation of normal faults under an extensional stress field.

2. Evaluation of Displacement Data

Certain historical and recent earthquakes in the Aegean region have exhibited surface deformation
and coseismic rupturing of tectonic origin. Detailed information about coseismic surface dis-
placement is limited, due to the fact that systematic seismotectonic studies were undertaken in
Greece during the last 35 years. Moreover, there are some ambiguities as to the recorded values of
coseismic displacement attributed to the following factors: incompleteness of data reflecting only
part of the total fault length, sparse field measurements, recording of non-tectonic deformation,
inclusion of gravitational phenomena or compaction of loose sediments and even false measure-
ments. Besides, seismic fault traces along normal faults can be mapped and measured less confi-
dently than fault traces along strike-slip faults.

The most ancient information, in Greece, for coseismic displacement concerns the 464 B.C. Sparta
earthquake with an estimated magnitude Ms=7.2 and referred displacement about 3m, the largest
recorded in the Greek territory (Armijo et al., 1991). Field data, but non systematic measurements,
concerning coseismic displacements exist for a number of about 30 earthquakes (Papazachos and
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Papazachou, 2003; Pavlides and Caputo, 2004). Information for the last 120 years is referred to the
carthquakes of Atalanti (1894), Ierissos (1932), Larissa (1941), Corinth (1953), Sophades (1954),
Aghios Efstratios (1968), Thessaloniki (1978), Almyros (1980), Acarnania (1983), Corintian Gulf
(1981), Kalamata (1986), Aigio (1995), Kozani (1995), Konitsa (1996), Andravida (2008),
Oichalia (2011) (Figure 1). However, accurate data enabling comparison of coseismic displace-
ment with lithology are available for the earthquakes of Atalanti (1894), Thessaloniki (1978) and
Corinth (1981). Some others, even strong and disastrous earthquakes, were associated with minor
surface rupturing and vertical displacements of the order of few centimetres. As example, the cases
of 1986 Kalamata and 1995 Aigio earthquakes could be mentioned (Figures 2a and 2b). This work
is a first attempt towards identifying a relation between surface coseismic displacements and af-
fected

Figure 1- Map of Greece showing the year and the location of the earthquake faults.

Figure 2- Open seismic cracks, without vertical displacement, formed during the 1986
Kalamata (a) and 1995 Aigio (b) earthquakes.
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lithologies in an extensional seismotectonic regime, like the one dominating in Greek territory. For
the evaluation of the relation between seismic displacement and affected lithologies at different
sites along seismic faults, seismogeological maps were compiled, as presented hereafter. In these
maps, the sites where data of coseismic surface displacement are available along reactivated faults
were also noted. Then, a statistical evaluation of all available data was performed on the basis of
plots illustrating seismic displacements along each fault as well as seismic displacements corre-
sponding to each lithology.

2.1. The 1981 Corinth Earthquakes

The 1981 Corinth earthquakes constitute a good example for the study of coseismic displacement,
because, in addition to the completeness of data, surface ruptures have affected a variety of
geological formations allowing valuable comparisons and evaluations. The Corinthian Gulf is an
active graben structure presenting intense seismicity and a rate of extensional deformation of the
order of 30mm/yr NS (Billiris et al., 1991). Many past earthquakes have been accompanied by
surface rupturing (Figure 3), coastal subsidence, landslides and liquefaction. Such phenomena
observed during the 1981 earthquakes, were located at the eastern part of Corinthian gulf (Koukis
and Rozos, 1982). Three main events were recorded, the first on February 24 (Ms=6.7), the second
on February 25 (Ms=6.4) and the third on March 4 (Ms=6.3). The geological formations affected
by seismic ruptures are coastal and alluvial deposits, scree and talus cones, limestone breccias,
Plio-Pleistocene formations (marls, clays, sandstones and conglomerates), flysch, limestones and
dolomites, schists-phyllites and ophiolites.

During the February 24 earthquake, large normal faults were reactivated in the southern part of the
Gulf (in the Perachora peninsula) and the resulting seismic ruptures followed their traces (Figure
4). The total length of surface ruptures was about 15 km and displacements reached a maximum of
150 cm, usually ranging from 30cm to 70cm. During the March 4 earthquake, seismic cracks were
observed in the northern part of the Gulf (Kaparelli area), over a total length of 12km (Figure 5).
The cracks were arranged in two branches, where displacements ranged from 50 to 70cm (personal
observations; Jackson et al., 1982). The plots of Figures 6 and 7, show clearly the difference in the
magnitude of seismic displacement between the geological formations of the bedrock and those of
the recent formations. Only in certain seismic cracks in Pleistocene and alluvial deposits, observed
in Kaparelli area, that had a variable azimuth, the displacement was of the order of few
centimeters, because these cracks represented a polydeformed transfer zone between two main
fault segments.

Figure 3 — View of the surface rupture in Kaparelli region.
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Figure 4 - Geological map of Perachora peninsula (southern part of the eastern Corinthian
gulf) illustrating the 1981 seismic ruptures (based on the geological map of Greece in scale
1:50.000; Jackson et al., 1982; Rondoyanni & Koukis, 1989). The numbers correspond to the
sites where displacement data were available. In the inset map, the studied seismic faults are
located.
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Figure 5 - Geological map of Kaparelli region (northern part of the eastern Corinthian gulf)
illustrating the 1981 seismic ruptures (based on the geological map of Greece in scale
1:50.000; Jackson et al., 1982; Rondoyanni & Koukis, 1989). The numbers correspond to the
sites where displacement data were available. The geological formations as noted in Figure 4.

Figure 6 - Coseismic surface displacement along the 1981 reactivated faults (Schinos and
Pissia faults are shown in Figure 4; Kaparelli fault in Figure 5). The numbers correspond to
the sites noted also in Figures 4 and 5. Sites not presented in Figure 4 correspond to open
seismic cracks with no vertical displacement. Lithology notation: B: Bedrock, Q:Quaternary
unconsolidated geological formations, T:Transfer zone of Kaparelli fault.
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Figure 7 - Displacement of 1981 Corinth seismic ruptures in relation to lithology
(B:Bedrock, Q:Quaternary unconsolidated geological formations).

As it concerns the magnitude of coseismic displacement according to existed relationships for the
reactivated fault length of about 13km, an average displacement of 40cm and a maximum
displacement of 65cm could be estimated, according to Wells and Coppersmith (1994) while
according to Pavlides and Caputo (2004) the maximum displacement would be of the order of
45cm. The displacement measurements, in the Corinth epicentral area, showed displacements
ranging from 30-60cm in the bedrock and 120cm in the quaternary deposits. Or, the correlation
with the field data shows a good agreement of the estimated magnitudes with the measurements in
the bedrock.

2.2. The 1978 Thessaloniki earthquake

During the 1978 Thessaloniki earthquake (Ms=6.5), seismic cracks were observed in the epicentral
area, which is mainly covered by unconsolidated to medium consolidated formations such as
alluvial deposits, scree and talus cones, lacustrine sediments and Plio-Pleistocene deposits (marls,
clays, sandstones, conglomerates), while the geological bedrock consists of gneisses and schists
(Figure 8). According to Mercier et al. (1983) and Mountrakis et al. (1983), along surface ruptures
a maximum displacement of 20 cm was measured in the recent formations and a displacement of
some centimeters in the gneisses (Figure 9). The length of each crack extended locally over a few
hundred meters, but the total length of the deformed zone was about 12 km in length. It should be
noted that the size of surface displacement appears to be smaller than this estimated according to
existing relationships, considering both the magnitude of the earthquake and the length of the fault.
This is maybe due to the fact that the seismic fault has caused diffuse surface deformation.

2.3. The 1894 Atalanti earthquakes

The seismic sequence of April 1894 consisted of two strong earthquakes of estimated size Ms=6.4-
6.6 and Ms=6.9-7.0. The reactivated fault was a normal fault striking ESE-WNW and dipping to
the North. According to the descriptions concerning the surface displacement along the fault trace,
measured in scattered locations, the highest value was observed to the boundary of the bedrock
with the Atalanti alluvial plain (Skufos, 1894; Papavassiliou, 1894). The geological formations
affected by the surface faulting are alluvial deposits, talus cones, neogene deposits (mainly marly
limestones), mesozoic limestones and dolomites, palaeozoic clastic formations and ophiolites.
According to existing data, the displacement ranges from 30cm in the bedrock to 120cm in the
talus cones and alluvial deposits (Figure 9). The term “bedrock” includes the preneogene
formations as well as well compacted Neogene deposits.
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Figure 8 - Geological map of the epicentral Thessaloniki illustrating the 1978 seismic
ruptures (based on the geological map of Greece in scale 1:50.000 - sheets Thermi and
Zagliverio; Mercier et al., 1983; Mountrakis et al., 1983).

Figure 9 - Displacement of 1894 Atalanti and 1978 Thessaloniki seismic ruptures in relation
to lithology (B:Bedrock, N:Neogene formations-mainly marly limestones, Q:Quaternary un-
consolidated geological formations).

3. Conclusions

The estimation of the size of coseismic surface displacement along an active fault is an important
factor for the assessment of fault activity and the resulting hazard. The existing empirical
relationships between earthquake magnitude, fault length and seismic displacement are generally

XLVII. No 2 - 644




used for this estimation. However, the size of the displacement along a reactivated fault varies
significantly, depending largely on the lithology of the geological formations affected by the
seismic ruptures.
By correlating displacement size with lithology along a number of reactivated normal faults in the
Aegean region, the following conclusions can be drawn:

e There is a strong correlation between coseismic surface displacement and regional lithology.

e The displacement observed in the recent geological formations (alluvial deposits, talus
cones and unconsolidated basin infillings) is at least twice than that occurred in the geo-
logical bedrock (limestones, schists, gneisses, ophiolites). It must be noted that the ratio of
maximum to minimun displacement values along a certain active fault could be high as 5:1.
The term “bedrock” includes both the pre-neogene geological formations and the neogene
compacted rocks as well; along the same fault, similar values of displacement have been
observed in the mesozoic limestones and the neogene marly limestones.

e In certain cases, where seismic ruptures cross a strong morphology, the size of the
displacement is enhanced by gravitational effects, while in the boundary between bedrock
and alluvial deposits it may be amplified by the compaction of loose soil.

e The potential future displacements along the active faults determined on the basis of the
existing empirical relationships are in accordance with those observed in the bedrock. This
observation must be also taken into consideration in seismic hazard analysis during urban
and engineering design in the vicinity of active faults.
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