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ABSTRACT

Active tectonism at the western boundary of the Saronic gulf is impressively figured in the mor-
pho-logy of the Almyri region. The region is located in the southern part of the significant Gerania-
Trapezona graben, forming a parallel smaller graben bounded by the Onia and Mavri Ora mountains.
Normal faults with E-W and N-S mean directions have affected both the Preneogene basement and
the recent deposits. The E-W faults have formed the tectonically controlled Plio-pleistocene basins
and have remained active during the Late Pleistocene and recent times, affecting also the basin infil-
lings. The latter are accompanied by a parallel system of joints that has intensively fractured the me-
dium to well consolidated conglomerates of the Pleistocene age. In this work the morphotectonic
characteristics and the fault pattern of the study area was examined and the activity of the existing
faults was evaluated. These faults have a length ranging from 5 to 25 km and a visible throw varying
from a few metres to hundreds of metres. Among them, the most important is the Katakali fault, ca-
pable of producing an earthquake of a magnitude M=6.5.
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MEPIAHYH

O evepydg TekTOVIOPOG aTO BUTIKG EPIBWPIO TOU Zapwvikol KOATIOU £xel amotumwBel evuTiw-
Olak@ oTn poppoAoyia mg eupuTEPNg TEPIOXNS AAIUPAS, N oTToia amoTeAei pia pikpr 1Ggpo, péoa
0T HeYaAn TG@po Tou gxnpatioTnke peTaty Twy Bouviv Mepaveia kar Tpamelwva. Zkomog g ma-
pouoag epyaciag eival n ueAétn Tou pnéiyevous poviEAou TG TEPIOXNS KaBwg kai n afiohbynon Twv
prypaTwy améd myv droyn g evepydmrag Toug. H miepioxr Tou peAetiBnke dopeitar amd acBeaTo-
AiBoug kai Sohopiteg TpIadIKAG NAIKiag, Thelokavikd IfAuaTa upaApupng kai Aipvaiag PAagEws Kpo-
Kahomrayn Kai GUUOUSG TIAEICTOKAIVIKAG NAIKIag, avus TTAEIOTOKAIVIKA Kal CACKQIVIKG TIAEUPIKG Kopr-
parta kai kwvoug kopnudrwy. Q1 glyyxpoveg amoBéaeig mepiopifovial oTig motapies avaBabuideg kal
mv mrapdakTia {wvr). H veotektovikn e6Ehign NG TEpIOxXnS cuvBEETaN W Tr) BpAON TTOAAGTTAWY TIaPGA-
AnAwv pnyudrwy pe péan dielBuvon A-A, Ta akaidTepa amoé Ta omoia dnpIoUpYNoQY TIC ETTIUAKEIC
VEOYEVEIG AEKAVES, EVU T VEWTEPA ETIPEALOUY TA TIACIOKQIVIKA KAl TIAEIOTOKAIVIKG Ifiuara. H guvé-
XEla Twy pnypatwy emiBeBaiiveral gtov utoBaAdaaio xwpo Tou BuTIKOU ZapwvikoU kOATOU, OUp-
PWVa WE Ta aTOIKEIT TTPOYEVECTEPWY YEWQUOIKWY epeuvy, Opiopéva amo Ta priypara autd eivai
EVEPYQ, pE yewAoyika kpitipia, avedapinra amé 1o xpdvo axnuaniapol Toug. Me Baon Ti¢ ypaypw-
g€IC 0AIgONoNg TMavw oty EMQAvEIa Twy pnypaTwy TTPoadIopioTNKaY O EPEAKUCTIKES TEKTOVIKEG
1aoe1g e SieBuvan BBA-NNA. H die0Buvan aut cival ge ouppwyia pe avtiaroiya GUpTIEpacuaTa
yia 7o Bopeio mepiBwpic Tou Butikou Zapwvikol. Mia Seutepelouca opada pnypatwy, ge oA pi-
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HION ETTIKEVIDWY PIKDOTEIGHGV.

PAYHGTWY, pepmc’t ano aoToia _unmzixqav _cuv_f_xz-:a Ty pnypdnw 16 avatohikric KopivBiag,
I V& [0G TipoBAnuaTioe! amo v dnown MG oeIgpikng emikivouvaTnTag. Metatl Twy pnyparwy
onuavTIKO-UTropE] va BetpnBel 1o pyde Karakahiou. To phyp@.auie enmpedlel 1600 10 TIpove-
EVEg UTTOBafpo 000 ka1 Ta Gvw TTAEIOTOKIVIKG nAzupma KopnuaTa, Ta oTmoia £gouv PeyaAn ava-
gV TIEpIOX. TO pryHa autd, U JAKOS Tiepl Ta 25 YIAIOPETPa, £XE1 6Aa 1a vsm,\owm kai pop-
EKTOVIKA XapaxkmpIoTIKG £vO¢ EvEpyoU pnyumog To yeyovog om Bev gival yvwatr Tipéopam
vadpaatnpiotrinon Tou dev amokAeiel kATI TETolo va oupPei ato pedhov, OTwg deiyvel kal To Ta-
lvpu Tou priypatog Twy Keypewy, oTo 0Toio ONUEIWBNKE £MQAveIakr PETaTommIon Katd Toug
KOUG Xpovoug. E¢ahou paivetal mBave o1 N ouvéxela Tou priyHatog autou péaa ato SuTikd
1KO KOATIO ptropei va TauTileTal Pe va TEITUIKG Pryua TIOU TIPOCBIOPIaTNKE amd Tnv £uBu-

L H mapotaa pehém ouvexiletal emeidn mapauévouy watogo kAToIa £pwiipara. To TpWIo ago-
pa my Omapén Tou TTUKvoU guaThparog Siakhagewy pe diebBuvan Tepimou N-S Tou pwypaTwvouy

(OpN Kal TIG KPOKAAES PEOQ aTa TAEIGTOKAIVIKG KPOKAAOTIQYR TNG XEpoovrioou Twy Kexpeuw, He
B-N, n omoia dev eival gupBatr pe 1 Sie0Buvon Twy evepywy T@ogwy atny mepioxr. To
apopd Tov ouvBUAOPO TWY TEKTOVIKWY YEYOVOTWY HE TIC KATAKGPUQES KIVATEIS Kal TI avTi-

Omi)(tg petaohég e oTGBUNG NG BaAaTaag, BT av Kal n TEPIOXA UQICTATAl ETWTEPIKA AVUW-
TIKEG KIVAOEIS, OTTwg Beixvouv o1 ToTapieg avaBabides, kard PAkog Twv akTwy Tou Gppou TG Ahpu-

- piig mapampeital 1aan alyypovng Karapusiang.

AEEEIC kAEIDIG: Evepyo priypa, veoTekTovikh Spaan, Ahupn, Zapwvikdg kKOATIOC

~ 1. INTRODUCTION - GEOLOGICAL
SETTING
The Almyri region presents the characteristics of
strong neotectonic activity, expressed by mainly
E-W directed normal faults. They constitute the
“eastern continuation of the northem Peloponne-
sus major faults that have formed a number of
parallel elongated basins filled with Pliocene and
leistocene sediments of considerable thickness
Fg 1). The Almyri region represents a secon-
dary graben, bounded by the Onia and Mavri
| Qra mountains, inside the major graben located
n the Gerania mountain to the North and
Trapezona mountain to the South. Golds-
and Jackson (2001) consider the Almyri
&',ucture as a half graben, since they stated that
litfle is known about the faults at the southem
parl of the easten Corintian guif. The main
scope of this work was to identify the active
faults, which may raise problems during a future

earthquake. Despite geological and morphotec-
tonic data indicative of a tectonically active re-
gion, the seismicity in the Almyri region is less
strong than the neighbouring Corinthian gulf. In
the wider area of the western Saronikos gulf, the
main known seismic events were in 480 B.C. (a
strong earthquake that mainly affected the island
of Salamina), in 1641 (an earthquake that de-
stroyed many houses in Athens), and in 1805
and 1964 when earthquakes of intermediate
depth struck Athens (Papazachos & Pa-
pazachou,1997). A recent microseismicity sur-
vey, based on the recordings of an onfeffshore
seismic network (Makris et al., 2004), concluded
that the epicenters in the Saronic gulf are
aligned mainly along an East-West trending fault
nearly 30 km long, located south of the Almyri
bay, capable of producing earthquakes of a
magnitude Ms=6.5 (Fig. 2).
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Figure 1: Simplified geclogical map of the western Saronic gulf region (based on the Seismotectonic
map of Greece; IGME, 1988). 1- Preneogene basement, mainly limestones, 2: Plio-pleistocene
sediments, 3: Upper Quarernary and recent deposits, 4: Main faults

The main geological formations outcropping in
this region, according to 1:50.000 scale geologi-
cal maps (Bornovas et al.. 1971, Gaitanakis et
al., 1985) and field observations, are the follow-
ing:

- Limestones and dolomites of the Middle-
Upper Triassic age. They are white-grey, thin
bedded or massive, in places crystalline, inten-
sively fractured and Karstified. Their thickness is
of about 500 m. Karstification was favoured by
the numerous discontinuities that affect the rock
mass, having NNE-SSW and NW-SE main di-
rections. The karst caves and the big joints in
the Preneogene basement are mostly filled with
flowbanded calcitic material and breccia, com-
posed of reddish sandy clays and angular rock
fragments, occasionally well cemented (Fig. 3).

+ Marls, yellowish to light grey, with inlercala-
tions of brownish clays, sandstones and marly
limestones. At the lower parts, cohesive con-
alomerates dominate, cemented by a marly-

calcareous matrix. They are brackish to lacus-
tnne deposits, the latter predominating in the
upper parts and intercalated with exploited lig-
nite deposits. Around the Almyri bay their thick-
ness is of 80m approximately, while it reaches
more than 500 m in the wider area. Based on
the included fauna of mollusques and ostra-
codes, a Pliocene age has been attributed to
these deposits. The Pliccene deposits outcrop
mainly at the western inner part of the Almyri
region.

- Pleistocene deposits consisting of deltaic
conglomerates, alternating with red clays and
sandstones. They mainly consist of limestone
pebbles and have a thickness of about 100 m. A
very interesting, from a tectonic point of view,
outcrop of the Pleistocene conglome-rates is

observed in the very smalbpgidia BigNiodrikn "Oed@
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Figure 2: Location of microearthquakes recorded by Saronikos network and of corresponding active
faulls (after Makris et al., 2004). W.S.G. Western Saronic Gulf, C.G: Corinthian Gulf, ~ K.F: Katakali

Fault.

Kehries, in the central part of the Almyri bay
(Fig. 4).

= Upper Pleistocene talus cones. consisting of
limestone fragments but also of angular pebbles
originating from Plio-pleistocene deposits. They
occur mainly at the southern part of the study
region, at the feet of the Trapezona mountain,
The coast of the small Siderona bay constitutes
a characteristic example of successive talus
cones and scree generations. The older scree is
cohesive, due to the presence of marly calcare-
ous cement and composed of well rounded
limestone material. The overlying younger scree
is composed of angular elements originating
both from Preneogene and Neogene formations,
embedded in a red clay matrix.

= The Holocene is represented by continental
and marine deposits. They are recent talus
cones and scree and recent beach deposits of
sands and gravels, at places cohesive. On the
south-western part of the Almyri bay, the Four-
nias and Xerias streams have formed at least
two fluvial terraces, at a height of 8 m and 2 m

" - TuAua wm%.n.@.

It is worthwhile mentioning that the Almyri region
is also interesting from a hydrogeological point

Figure 3: Open joints in Triassic limestones
filled with red clay material



Figure 4: Pleistocene conglomerates in Kechries
peninsula, affected by closely spaced joints

of view, because of the existence of two impor-
lant springs, very well known since the Antiquity.
The Almyri spring, at the southern coast of the
Almyri bay, has a supply of 2500 - 3000 m3/h. It
is of karstic origin and a part of the karst has
subsided undersea. Around the spring location,
because of the brackish waters, a small saline
flat has been formed. The Oraia Eleni spring
(named after Beauliful Helen of the Trojan War)
at the northern coast of the bay, is a spring of
tectonic origin. Aleng the coast, runs the ancient
road leading to the Oraia Heleni Baths, built in
Roman Times near the spring.

2. THE NEOTECTONIC PATTERN

In the wider Almyri area the principal faults, di-
rected mainly E-W to ENE-WSW, are located
along the contact of the limestones and dolo-
mites with the Plio-pleistocene deposits. Impres-
sive morphotectonic features such as steep
slopes, scree of tectonic origin and large polished
surfaces with mechanic and calcitic striations are
observed along the faults. The same fault direc-
tions have been identified inside the Plio-
pleistocene sediments which are very important

both from a stratigraphic and a tectonic point of

‘view, They present a variety of lithological facies

and also extend towards the north-eastern Pelo-
ponnese and the north periphery of the western
Saronic gulf, while parts of them have subsided
inside the Corintian and Saronic gulfs. The fault
pattern is compatible with the dominating Upper
Quaternary and active tectonic stress field, of an

“almost N-S direction, detected both from tectonic

measurements and focal mechanism solutions
(Sebrier, 1974, Mettos et al., 1988; Papazachos
& Papazachou,1997).

The offshore continuation of the faults and the
estimation of their total length were based on the
published data of a marine geophysical survey
Redertaken for the compilation of the neotectonic
map of the Saronic gulf, and performed by the
Hellenic Center for Marine Research and the
University of Athens {Papanikolaou et al., 1989).
According to this study, a large number of faults,
running mainly E-W to ESE-WNW and NNW-
SSE to NNE-SSW have been identified in the
undersea area. They cross the Plio-quaternary
sediments, of a thickness of more than 500 m.
These faults are considered potentially active
and some of them show a displacement of up to
300 m (Fig. 5). Some rare normal faults have an
almost N-S (NNW-SSE or NNE-SSW) direction,
while the joint system occurring in the limestones
and dolomites has NW-SE and NE-SW main
directions and the joint system occurring in the
Plio-pleistocene deposits has an N-S mean direc-
tion. In particular, the joints observed in the Pleis-
tocene conglomerates of the Kechries peninsula
are very dense and have affected even the peb-
bles, cutting them into many pieces, as illustrated
in figure 4. In this seismotectonic regime, the
presence of faults and joints that follow an N-S to
NNW-SSE direction in recent deposits was un-
expected, and should be noticed. Moreover, this
observation is interesting from a rock memechan-
ics point of view and is the subject of a forthcom-
ing paper.

Wnoiakni BiBAI0BAKN "Oed,

67

Figure 5: Part of the neotectonic map of Saronic gulf (Papanikolaou et al., 1989). The grey tones
represent the thickness of the plio-quaternary deposits (0-50, 50-250, 250-500 and >500 m). The
lines represent potentially active faults, with dentation towards the hanging wall. Their thickness is
according to the fault throw (0-50, 50-300 and >300m).

3. THE BOUNDARY FAULTS

The faults that bound the Neogene basins,
coinciding with the steep mountain slopes con-
slitute a group of parallel faults, with an E-W
direction and antithetic dip, inside the major gra-
ben of the western Saronic gulf (Fig. 6). The
northern slope of the Onia mountain corresponds
to the known Kechries fault dipping to the North
(Fig. 7). It is considered to be active according to
the neolectonic "Corinth” map, in a scale
1:100.000 (Papanikolacu et al., 1996). On the
polished fault surface, which apart from the Pleis-
locene deposits is also in contact with talus
scree, the measured striations demonstrate the
predominance of extensional stresses directed
almost N-8. This fault continues offshore and has
a lotal length more than 20 km. The measured
tectonic striations demonstrate the predominance
of extensional stresses, according to a detailed

0g" - Tunua MewAoyiag. A.MN.0.

study of Papanastassiou and Gaki-Papanastassiou
(1994) based on geomorphological observations,
seismological data and archaeological evidences,
the Kechries fault was twice reactivated in historical
times, during the earthquakes of 551 and 1858. The
northern limit of the Almyri bay coincides with an-
other active fault zone, following an ENE-WSW
direction at the southern slope of the Onia moun-
tain. The oldest of these faults affects the limestone
bedrock, where it presents a polished fault surface
which has a visible height of 45 m and is marked
with tectonic striations, which confirm the active
stress field. A parallel surface affects the contact
with the recent deposits, whilst the youngest fault
(the Mylos fault, described below in detail) affects
the Pleistocene conglomerates and continues off-
shore. Moreover, the Oraia Heleni spring is associ-
ated with the presence of this fault zone.
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Figure 7: The main faults figured on a satellite image of the broader Almyri area

Figure 6. The boundary fault at the northern
slope of Onia mountain between the preneo-
gene limestones (left side) and the Pleistocene
deposits (right side)

The southern limit of the Almyri bay was formed
by another fault running ENE-WSW, visible in
the limestones of the Koumaries hill, as well as
in the contact of the limestones of the Mavri Ora
mountain with the Pliocene deposits. The fault

surfaces are intensely eroded and this is why
striations could not possibly be preserved. In the
western part of the bay, this fault is covered by
medium-cohesive Pleistocene breccia of the
Xerias stream talus cone, which show that it has
not been active recently. This is the northest
fault of a group of faults located in the southern
part of the western Saronic gulf directed E-W to
ENE-WSW. In the Trapezona mountain these
faults have created a stepped morphology down
to the sea level.

The biggest of these faults, to the South of the
Katakali village, presents a large polished sur-
face to the dolomitic limestones in contact with
the extented Upper Pleistocene [alus cones and
scree (Fig. 8a and 8b). These recent deposits
are cohesive and consist of angular limestone
pebbles with frequent presence of large lime-
stone blocks, confirming the intense tectonism of
lhe region. The measurements of the slicken-
sides reveal that the re

PR %ﬁ "Qed
stresses are extensional directed N-S to NN

SSW. According to the location and the geome-
tric characteristics of the Katakali fault, its off-

shore continuation could be identified by the
alignment of the epicenters and the seismic fault
determined by Makris et al. (2004), illustrated on
figure 2.

Fiqure 8a: View of the Katakall fault between
the Triassic limestones (left side) and the Upper
Pleistocene breccia (right side)

Figure 8b: Detalil of the Katakali fault surface

The Katakali fault is the most important ac-
tive structure from a seismic hazard point of
view, having a total length of 50 km, while its
eastern segment has a length of 25 km. It al-
most coincides with the national road to Epidau-
rus, in places where the road follows an E-W
mean direction. This should be taken into con-
sideration in case ground displacements are
induced along its surface by a possible strong
earthquake. A characteristic example of re-

oc” - Turua F& ,peui{gg’zy'g%ul}\rﬁ@hvaﬁon in the wider area is the

one oufcropping in the Aghios loannis
village, some kilometers South of the Almyri bay.
The zone consists of a group of four parallel

faults directed E-W, three closely distanced and
dipping to the North and the other antithetic. The
first displacement on the Triassic-Jurassic lime-
stones has created a small elongated basin
where Pliocene sediments have been deposited,
consisting of marls, sandstones and conglomer-
ates, covered by Upper Pleistocene non-
cohesive deposits. Through subsequent tectonic
activity the faults in the Pliocene sediments were
formed, and then the Pleistocene deposits were
displaced. The three successive movements
have been imprinted on the polished fault sur-
face, where corresponding striations are also
seen. Some of the faults of the eastern Corin-
thian gulf, where seismic activity is much more
intense, present a similar picture {Rondoyanni
and Koukis, 1988). It should be noted that, dur-
ing the 1981 Corinthian earthquakes, the co-
seismic displacement was located at exactly the
same places as those of the observed succes-
sive reactivations.

4. THE QUATERNARY FAULTS

The faults that have affected the Plio-
pleistoscene formations have a E-W to ENE-
WSW primary direction and a NNW-SSE to NW-
SE secondary direction. Furthermore, the variety
of the strike of these deposits and the existence
of many small synsedimentary faults show tec-
tonic instability during and after their deposition.
The faults and joints inside the Plio-pleistocene
sediments of the northern boundary of the Sa-
ronic guif present corresponding directions and
characteristics (Mettos et al., 1988).

Among the numerous recent faults, the most
important is the Mylos fault that affects the con-
glomerates of the Kechries peninsula, following
an ENE-WSW direction. It presents a 12m high
polished surface, dipping to the South, and con-
stitutes the northern limit of the Almyri bay (Fig.
9a and 9b). The slickensides on its surface are
compatible with the responsible extensional
active stresses. This fault has a limited onshore
outcrop but extends offshore and has a total
length of 10 km. The lithology of the Pleistocene
deposits does not allow an exact estimation of
the vertical throw of the fault. Based on morpho-
logical indications, a 30 m throw may be con-
cluded, which is in accordance with the offshore
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throw {less than' 50'my referred to by Papaniko-
laow 1 al. (1989).

Figure 9a: The E-W normal fault zone affecting
the preneogene limestones to the west of Ke-
chries peninsula

Figure 9b: The E-W normal fault zone affecting

the pleistocene conglomerates at Kechries pen-
insula

This fault, activated during the Upper Quater-
nary, may be considered active, meaning that

a Secondary reactivation during a strong earth-
quake is possible.

Finally, the post upper pleistocene tectonism
has caused the subsidence of the scree into the
sea, observed in the small Siderona bay, South
of /Almyri. The continuation of the fault into the
bay was noted earlier, during the dives of one of
the authors (G.L). This fault and its antithetic are
continuing offshore for a length of several kilo-
meters, bounding in the limestones a narrow
graben of Plio-quaternary sediments, which in
some places have a thickness of more than 250
m.

5. CONCLUSIONS

The studied area consists of limestones and
dolomites of Triassic age, Pliocene sediments of
brackish and lacustrine facies, conglomerates
and sands of Pleistocene age and younger talus
cones and scree. The recent deposits are limited
to the fluvial terraces and the coastal zone, The
neotectonic evolution of the region is related
mainly 1o the activity of faults directed E-W
(WNW-ESE to ENE-WSW) that have formed a
strong morphotectonic relief of successive
horsts and grabens located inside the major
graben of the western Saronic gulf.

The Almyri region represens one of these
secondary grabens. Characteristic of the fault
pattern of the wider area is the presence of mul-
tiple parallel faults forming clusters, of which the
older have created the elongated Neogene ba-
sins, while the younger are cutting the Pliocene
and Pleistocene sediments. The offshore con-
tinuation of the faults into the western Saronic
gulf has been confirmed, in accordance with the
data of previous geophysical surveys.

Some of these faults are active, by geologi-
cal criteria, independently of the time when they
were formed. Based on the tectonic striations on
fault surfaces, the determined respensible ex-
tensional lectonic stresses have a NNE-SSW
direction. This direction is compatible with the
conclusions drawn with respect to the northemn
boundary of the western Saronic gulf. A secon-
dary group of faults, much less developed, has a

NNW-SSE to NNW-SSEneesdPBAgRsisR "Redepact

noted that the only dense system of joints that

has affected the Pleistocene deposits follows
also an almost N-S direction.

Although the study area is not known as
presenting a high seismicity, such as that ob-
served the Corinthian gulf, the existence of ac-
live faults, some of which are a continuation of
lhe faults of the eastern Corinthia region, should
be concemned, from a seismic hazard pont of
view. Among the faults, the Katakali fault may be
considered the most important. This fault affects
both the Preneogene basement and the Upper
Pleistocene talus cones and scree, highly deve-
loped in the region. The Katakali fault has all the
geological and morphotectonic characteristics of
an active fault and is about 25 km long. The fact
that no recent reactivation of this fault is known,
does not rule out a possible earthquake, as the
example of the Kechries faull, activated twice
during histonc times, indicates. Moreover, the
continuation of this fault into the west Saronic
gulf may probably be identified with a seismic
fault determined by microseismic epicenter
alignement.

However, the present study is being conti-
nued, as some questions remain unanswered.
The first concerns the existence of a dense sy-
stem of joints directed almost N-S, cutting even
the pebbles within the Pleistocene conglome-
rates of the peninsula of Kechries, a "strange”
event, both from a tectonic and a rock mechan-
ics point of view. The second concerns the com-
bination of the tectonic events with the vertical
movements, and the corresponding changes of
the sea level: although the area is subject to
internal uplifting movements as the fluvial ter-
races show, a concurrent tendency of subsi-
dence is observed along the coasts of the Almyri
bay.
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