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Field evidences for fault activity in Parnitha Mountain

RONDOYANNI TH.!, LIVADITI A.', GEORGIOU CH 2,

ABSTRACT

The activity potential of the main faults in the Parnitha Mountain {Attica, Greece), such as Aspro-
pyrgos, Pamitha and Aviona faults, was investigated by field mapping in a scale 1:5.000 and by the
analysis of morphotectonic and microtectonic data. The Fili and Aghios Georgios faults were also
evaluated, because of their possible relation to the 1999 Athens earthquake. The main conclusion of
this research is that the Pamitha and Avlona faults can be characterised as active faults, the Aspropyr-
gos fault as a potentially active, while the Fili fault is of uncertain activity. Moreover, according to the
seismotectonic data, it is considered that the 1999 earthquake could not be related to the Aspropyrgos
or Fili faults reactivation and the causative fault remains stili unknown, although a possible relation to
the Aghios Georgios fault could be supposed.

Keywords: Active faults, Mountain Front Sinuosity, Pamitha.

MEPIAHYH

I1o mAaigio ¢ epyagiag autis afiohoynBnke o Padudg evepydTNTac TwY KUPIOTEPWY PRyHa-
Twv ¢ MapvnBag (prypcra Aomipémiupyou, MapvnBag kal Aukuva) pe Baan Ta oToixEid yEwAoy)-
Kfi¢ XapToypagnong, ot khiyaka, kard mepioxéc, 1:5.000, popearextoviktyv Sedopéviov Kal pIKpoTe-
krovikng avéluang. MeheriBnkav emiong 1a prydara Quiig kar Ayiou Mewpyiou, Adyw mBavrg
OUVDENG TOUG YE TOV KaTaoTpogkd aelopd Tng ABrvag Tou 1999. To kpio cupnépacya sivai 611 Ta
pAydara g MapvnBag kar Tou Aukiva eivar £vepyd, To privpa Tou AaTipdTupyou SuvnTIKW EVEPYO
£V 1o priypa g Puang eival ampooBidpiotou BaBpol evepyotnrac. EmmAéov n afioAdynan Twv
gelopoTETOVIKWY deBopévio €588 Tl o geropdg Tou 1999 Sev ummopei va guvbietal pe Ta phypara
Agmrpomupyou 1y Guhric, aAkd 1o GEITPIKG Priypa TTapapével £wg Twpa AyvwoTo, av ko 6a popod-
gt va urtoTe®ei mBavh o0vBean Tou pE 10 prypa Tou Ayiou Mewpyiou.

Atpig khe i Evepya priypara, Aciking Aaviékwang, Mapvnda.

overthrust {Katsikatsos, 2002) or a detachment

1.  INTRODUCTION fault (Papanikolaou and Papanikolaou, 2007).

Aftica has a complex geological structure
composed of the two following tectonostrati-
graphic units: its northern part consists of non
metamorphic  rocks  (limestones, dolomites,
sandstones and flysch) outcropping on the Par-
nitha and Aegaleo mountains, whereas the
southem part comprises metamorphic rocks
{(marbles, schists and metamorphic flysch) out-
cropping mainly on the Immitos and Penteli
mountains. The contact between these two units
is considered either as a north-western dipping

Moreover the neogene and quatemary
sediments are of a considerable extent, filing
two distinct sedimentary basins (Figure 1).

The Northem Aftica basin, which is
bounded by significant nomal faults and the
Southem Attica basin, which according to Met-
tos (1992) is formed mainly by geomorphological
factors, whife according to Mposkos et al. (2007)
it is bounded by detachment faults.

The neogene sediments of the Northern
basin are mainly lacustrine marls, marly
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Fig.1. Oblique view of relief image of the broader Aliica area. Pointed areas indicate neogene-quaternary
basins (NAB-Northern Afiica basin, SAB-Southern Aftica Basin). The heavy white line with triangles is the de-
tachment fault and the amows are the profile lines in Parnitha mountain, shown on figure 2. White lines show the
fault traces and the ticks indicate the hanging wall side: ASF-Aspropyrgos faull, FIF- Fili faulf, AGF- Aghios
Georgios fault, PAF- Parnitha fault, SKF- Skourta, AVFZ- Avlona fault zone.

limestones,and conglomerates of Upper Miocene
age (Mettos, 1992; loakim et al., 2005), while the
Pliocene is represented by a naow strip of ma-
rine sediments outcropping at different sites
along the South Evoikos coast (Angelier and
Tsoflias, 1977, Katsikaisos 2002). Quaternary is
represented by alluviai deposits, fluvial terraces
and Pleistocene fans and scree. They have a
considerable thickness, up to 100 m at the
southern foothills of Parnitha mountain (Katsi-
katsos et al., 1986), while the most recent loose
deposits, according to borehole data have a
thickness up to 15 m (Lekkas et al., 2001).

The neotectonic activity is expressed by
predominant normal faults of WNW-ESE, NE-SW
and E-W crientations presenting in some cases a
downthrown of hundreds of meters. The domi-
nating tectonic stresses are extensional with a
NNE-SSW strike, as deduced by the fault analy-
sis (Mettos, 1992; Rondoyanni et al., 2000; Ga-
nas et al,, 2004). Attica presents a low to moder-
ate seismicity although it is locating between two
important graben structures, the Corinthian gulf
lo the west and Evoikos gulf to the east, which

both present a high seismic activity. According
to the instrumental data no strong earthquakes
have been recorded in Aftica, except the 1938
Oropos {Northern Attica) event. Consequently
the broader Athens region was considered to be
“inactive” hefore the striking and disasirous
1999 earthquake, whose the epicentre was
located at the southwestern part of Pamitha
mountain. According to the focal mechanism
solutions the causative faulf was a normal fault,
striking WNW-ESE and dipping to the SW, due
to an extentional axis of a NNE orientation {Har-
vard: strike=114-123°, dip=45° and rake=-75°).
The principal aim of this work is o present new
field and morphotectonic data for the activity
gvaluation of the Parnitha faults and give an
altlernative view for the 1999 Athens earthquake
causative fault.

2. FAULT MAPPING AND EVALUA-
TION

A number of papers have been published
after the 1999 earthquake referred to the acfive
fauits of Parnitha and broader Athens region
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(Rondoyanni et al. 2000; Mariolakos et al., 2001;
Lekkas, 2001; Ganas et al, 2001; Papadopoulos
et al., 2002, Chatoupis and Fountoulis, 2004;
Ganas et al, 2004; Ganas et al., 2005; Papaniko-
laou and Papanikolaou, 2007), while important
data are also available by older works {Katsi-
katsos et al, 1986; Mettos et al., 1986; Mettos,
1992). According to these studies a great num-
ber of normal faults affect the pre-neogene
basement and the neogene-guaternary sedi-
ments as well. The major faults that are of greal
interest from a seismic hazard point of view are
the Aspropyrgos, Parnitha and Avlona boundary
faults, as well as the Fili and Aghios Georgios
faults that are located in the Parnitha mountain
{Figure 1).

2.1. Aspropyrgos fault {ASF)

This fault strikes roughly WNW-ESE, dips
towards the SW, where the Thriassio plain has
been developed. The hanging wall area is co-
vered by exiended torrential fans, talus cones
and scree of Pleistocene age. They consist
mainly of conglomerates and breccias, cemented
by a sandy marly material. In places, red-brown
clayey-marly material is intercalated. These de-
posits have a visible thickness of 30 m which
reaches the 100 m, as shown by a number of
borehole data in the Thriassio plain (Katsikatsos
et al., 1986). Along the Aspropyrgos fault line
unconsolidated talus cones and scree, of Holo-
cene age, have been also accumulated. The
Aspropyrgos fault is a tectonic structure, with an
almost rectilinear morphological expression, very
well delineated on the satellite images and air
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photos. This 11 km long normal fault crops out
along the south-western slope of the mountain,
bounding the Parnitha limestones.

The limestone slopes along the Aspropyr-
gos fault go rather gently to the plain and no-
where the fault plane can be observed (Figure
3). This means that no recent tectonic activity
takes place and the erosion gains against the
subsidence of the hanging wall. According to
detailed field observations along the streams in
the Thriassio plain the sediments on the Aspro-
pyrgos fault hanging wall are almost totally

Fig. 2. The elevation prafiles 1 and 2 {location
shown on figure 1).

Fig. 3. View of the Aspropyrgos fault, where no tectonic scarps are visible on the gentle mountain slopes
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undisturbed by the main or by other parailel
secondary faults. Moreover, according to the
historical or recent data no seismic surface reac-
tivation along the Aspropyrgos fault has been
observed and the destructions, during the 1999
Athens earthquake, were extremely limited at the
Thriassio plain.

Based on the above mentioned data, the
Aspropyrgos fault does not show any evidence of
recent activity, although it is considered as an
active fault and moreover as the 1999 Athens
earthquake causative fault. In order to have a
more cartain view for the fault activity, the Moun-
fain Front Sinuosity Index was estimated. The
Mountain Front Sinuosity (Smf) is defined as
Smf=LmfiLs, where Lmf is the length of the
mountain front along the foot of the mountain
and Ls is the straight-line length of the mountain
frent {Figure 4).

According to Pavlides (2003) the Mountain
Front Sinuosity index consists a very valuable
criterion for the determination of the active
faults.

The Smf has a value 1.0 to 1.6 for the ac-
tive faults; 1.6 to 3.0 for the potentially active
faults and greater than 3.0 for the non aclive
faults {Bull and McFadden, 1977; Burbank and
Anderson, 2007). The Smf of the Aspropyrgos
fault is MFSI=2.7, value indicative of a poten-
tially active fault. Indeed, a future reactivation
seems to be «mechanicallys possible, because
the geometrical characteristics of the fault are
consistent with the NNE-SSW active stress field.

Only a small aclive fault has been identified
in this regicn. itis a 3 km long oblique-slip fault
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Fig. 4. Diagram showing the factors used for the
mountain front sinuosity calculation (Keller and Pinier
1999, slightly madified)

that has a NW-SE direction and a north-eastern
dip. It presents a polished fault surface on the
limestones which has also displaced the pleisto-
sene  breccio-conglomerates.  The  mea-
surements of the tectonic striations indicate (by
the use of Carey and Brunier (1974) algorithm a
N-S extensional stress field {o1: N315° / 72°,
o2: NBY® / 13° o3: N183° / 129, similar to the
active one.

2.2. Fiii fauft (FIF)

This is a normal fault of WNW-ESE strike
thal has a total length of 7 km. It is a discontinu-
ous feature with the tongest segment no more
than 3 km. Its hanging wall is not expressed by a
continucus basin, like this of the Aspropyrgos
fault, but of small individual basins, filled by flysh
and neogene-quaternary sediments. The de-
tailed description and the geclogical map of the
broader Fili faull are given by Ganas et al.
(2004). In its northern part, the fault plane con-
stitutes the tectonic contact between the Mesc-
zoi¢ limestones and the flysch where it presents
a subvertical eroded fault plane of a maximum
height of 10 m. At its southern par, the lime-
stones are in contact with the neogene and
Pleistocene sediments where the fault surfaces
are also eroded (Figure 5a). Our detail search
along this fault just after the 1999 earthquake
did not identified any evidence of coseismic
reactivation {Figure 5b). The vanous cracks, of
few meters long, observed in different places,
had not a sysiemalic orientation and were
probably due to sliding or compaction phenom-
ena of recent deposits.

Based on the measurements of a small
number of ieclonic striations on the fault surface,
the determination of the responsible stress field
showed an extensional axis at about N 40° (o1:
N206° / 77° o2: N308° / 3°, ¢3: N33 / 129),
different from the N-S active extensicnal axis. It
can be concluded that the Fili fault is not an
active fault, although this was considered as the
1999 Athens seismic fault {(Papadopoulos et al.,
2002; Ganas et al, 2004). Moreover, the Fili
fault has a length much smaller than a fault able
to create an earthquake of a magnitude M=59.
Louvari and Kiratzi (2001) who calculated the
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Fig. 5a. View of the eroded surface of the Fili
fault, at its southern part.

source parameters, on the basis of far-field dis-
placement spectra, found that the 7/9/1999
earthquake fault had a length of 18 km and an
average displacement in depth of 30 cm. Em-
pirical relations among earthquake magnitude,
fault length and co-seismic displacement (Wells
and Coppersmith, 1994; Ambrasseys and Jack-
son, 1998; Pavlides et al., 2000) give lower val-
ues, of the order of 12 km and 10 ¢m respec-
tively. Even the 10 km value is much greater
than the total length of the Fili segmented fault.
In addition, the results of the DInSAR analysis
for the calculation of the post-seismic displace-
ment of the 1999 Athens earthquake (Atzor et
al., 2008) showed that the Fili fault did not rup-
tured during this earthquake, as the surface
subsidence field extents also in the footwall area
of this fault.

Elnashai and Ambraseys (2000) consider
that Aspropyrgos and Fili faults are probably no
lenger active. The same authors point out that,
according to the Athens earthquake focal char-
acteristics, the Aspropyrgos and Fili faults were
the candidate seismic faults in the epicentral
area, but nowhere these fauits showed any evi-
dence of coseismic reactivation,

2.3. Aghios Georgios fault (AGF)

The Aghios Georgios fault is a normal fauit,
with a total length of 22 km, inside the Parnitha
mountain. It has a WNW-ESE strike and digs to
the SSW. Its eastern part runs along the Aghios
Georgios valley, where a set of morphological

Fig. 5b. Field pholograph (September 1998) of a
part of the Fili fault plane.

scarps have been developed. According to de-
tailed geclogical observations in the area, many
fault surfaces of a smalt length have been identi-
fied in several sites. The Aghios Georgios fault
seems to be a lateral continuity of the E-W exist-
ing fault zone which extents from the coast of
the eastern Corinthian Gulf, along the foothills of
Kitheronas mountain [Figure 1). Along this fault
the most important rock falls were occurred dur-
ing the 1999 earthquake. Furthermore, the Fili
fortress and the Kleiston monastery, which have
heavily damaged during the Athens earthquake,
are very close to its trace. Seismic cracks, with
an opening of 10 ¢m but without displacement,
were also observed along WNW-ESE striking-
fault surfaces, which had however a northern
dip. They probably represent smail parallel anti-
thetic faults in the limestone rock mass.

Taking into account i) the distribution of the
1999 Athens earthquake aftershocks epicenters
{Fi-gure B) ii) the 1399 coseismic interferogram
(Kontoes et al., 2000) according to which the
surface projection of the Athens 1999 seismic
fault is about 3 km north of the Fili fault and iii)
the 1999 macroseismic intensities {Tzitziras et
at, 2000; Papadopoulos et al., 2004} that were
very high (VI-VIIl degrees) in a distance of
about 10 km north from the Fili fault, it is sup-
posed that the Aghios Georgios fault could be
the causative fault . Considering the above men-
tioned values for the coseismic displacement
and the fact that only a part of this displacement
affects the geological formations at the surface,
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Fig. 6. Aftershock distribution of the 1999 earthquake (Ganas et al., 2001} and the Aghios Geor-
gios fault.line (AGF). Insetis a field photo of the fault surface {hammer for scale): L-limestones, TB-

tectonic breccia

it is quite clear why surface displacement could
net be observed along this fault in the Pamitha
region.

2.4. Parnitha fault (PAF)

Pamitha (or Thrakomakedones) fault is a
7.5 km long fault of ENE-WSW mean strike and
650-75e dip to the SE, developed in the lime-
stones along their contact with the neogene and
quatemary deposits of the Athens basin. The
fault presents the features of an active fault {tec-
tonic scarp, polished fault planes bearing tec-
tonic siriations, fault breccia zone and colluvium
deposits on the hanging wall). This fault was
identified and studied just after the Athens
earthquake (Rondoyanni et al., 2000), whereas
a recent detail study was carried out by Ganas
et al. (2004).

The Parnitha fault has a rather complicated
structure as shown in figure 7. It is composed of
two segments. The western one, with a NE-SW
strike, is developed inside the limestones as well
as between the limestones and the upper Pleis-
tocene talus scree. An important observation is

WYnoiaknA BiBAI0BAkn OgdppacTog -

that the scree, in front of the fault plane, does
not dip towards the hanging wall area (as ex-
pected) but fowards the footwall (400 fo the
NW), indicating a post depositional deformation
and consequently the active character of the
fault. The eastern part is developed at the con-
lact of the limestones and the neogene and
recent sediments.

The Mountain Front Sinuosity Index {(Smf)
estimated for the two segments of the Pamitha
fault, gave a value of 1 and 1.4 which is indica-
tive of an active fault, confirming the evaluation
on the basis of the geological criteria.

According to the analysis of the fault slip
data for the determination of the stress field, a
NNE-SSW extensional axis was deduced, iden-
tical to that estimated by the fault plane solution.
Along ang very close to the existed polished
fault plane, small gravitational soil cracks with a
NE-SW direction and opening of 1-2 cm were
formed during the 1999 earthquake. The maxi-
mum observed intensity was 1=1X degrees (MM)
and the isoseismal contours developed mainly in

Tunua MlewAoyiag. A.MN.0.
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Fig. 7. Topographic map of the SE Pamitha foothills. AGF- Aghios Georgios fault, PAF- Pamitha faull. In-
sets show field photographs of the tilted older cemented talus scree at the weslern part of the Parnitha fault {a}
and the younger tectonic breccia on the eastern part of the faull {b).

a NE-SW direction, ai the Parnitha fault hanging
wall area. It must be noticed that as shown in
figure 7, the Parnitha fault is intersected by the
Aghios Georgios fault, in an almost right angle
and both can be activated by the same deter-
mined NNE-SSW extensional stresses (Ron-
doyanni et al., 2000). These geological observa-
tions could be related {o the Zahradnik (2001)
interpretation for the Athens earthquake, accord-
ing to which it was a double earthquake due to
the reactivation of both WNW-ESE and ENE-
WEW directed faults. Following the same scep-
ticism, Papanastassiou st al. (2000) refer that
the variety of 1999 focal mechanism solufions
indicate the complexity of the tectonics of the
region and the fact that not only one fault was
activated.

2.5. Avlona fault zone (AVFZ)

This is an important fault zone at the north-
ern slopes of Parnitha mountain, that delimits the
south margin of Northern Attica neogene basin. It
has an E-W to WNW-ESE strike, a northern dip
and a total length up to 20 km. Il affects the lime-
stones and dolomites of the alpine hedrock and
forms the tectonic contact of these rocks with the
neogene sediments and pleistocene deposits.
Due to the nature of the affected geological mate-
rials and its activity potential as well, the fault has
a clear morphological expression and also im-
pressive polished faull planes bearing very well
developed tectonic striations.

Two main faults traces can be observed.
The southemn one, with an E-W direction befween
the limestones and the upper Miccene sediments,
has a height of the polished surface up to 100 m
characterized by big ‘canellures’ {undulations)
and 12 m thick tectonic breccia. The neogene
sediments are intensively inclined (50°-60°) to
the footwall (Figure 8). The second fault is be-
tween the limestones and the Pleistocene depos-
its, which also dip towards the footwall.

The canellures and the tectonic sfrations
have a pitch about 80°, indicating an about N-3
oriented extensional stress field. Many paraliel
normal small faults have been mapped in the
neogene and pleistocene formations  (Figure 9)
that cover the footwall area and have a thickness
of hundreds of meters.

The Mountain Front Sinuosity Index (Smf)
for the segments of Avlona fault is 1.1 and 1.6,
values indicafive of an active fault. The above
data prove the repeated reactivation of this fault
zone till the Upper Miocene. Ganas et al. (2004),
based on the age of the neogene sediments has
estimated a mean slig rate of about 0.2 mmfyr,

The remarkable morphotectonic differences
between the northern and southern Pamitha
boundary faults can well explain the reasons
why the seismic activity is very low in the
broader Athens region and southemn Parnitha,
whereas it Is more intense in northem Aftica.
The potential of fault activity is clearly expressed
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Fig. 8. Field photograph of the Avlona fault plang with the tited neogene sediments on its hanging wali.
The lines on the fimestones and on the neogene formations represent the tectonic striations ang the dip of strata

respeciively.

Fig. 9. Field photograph of & small fault (Avlona
fault zone) between the neogene and the Fleistocene
deposits.

by the characteristics of the exposed faults, such
as the length, the extent and freshness of the
mapped fault surfaces, as well as the extent and
thickness of the basins deposits on the footwall
of the faulis.

3. CONCLUDING REMARKS

A detailed investigation of the Pamitha
mountain area, based on a large-scale mapping,
morphotectonic data and tectonic analysis of the
main faults, revealed that active faulting is pre-
sent even in regions with moderate-sized and
low returned period earthquakes.

Except of the well known, highly deformed,
tectonic structures in central Greece, there are
many other smaller faults that can produce a
difuse seismicity. The activity evatuation of
these “"unknown” faults is also critical for any
seismic hazard analysis,

This is because among a group of faults
which  have the same  geometrical
characleristics, “mechanically convenient to
move” under the dominating stress field, the
more young of them have a higher possibility of
reactivation. This is the case for the
Aspropyrgos, Fili and Aghios Georgios faults
that are parallel, ciosely spaced faults of WNW-
ESE direction and SW dip, able to be reac-
tivated under the dominating NNE-SSW oriented
extenstional stresses.

According to the results of this work, figured
on the Table 1, the Fili fault could be
charactensed as of uncertain activity while the
Aspropyrgos fault is a potentially active fault,
even it has the strongest morphological expres-
sion among the Pamitha faulls. The Fili and
Aspropyrgos faults did not showed any co-
seismic reactivation during the 1989 Athens
earthquake and any conclusions regarding the
causative fault are doubtful. Concerning the
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Table 1. Tectonic characteristics and activity evaluation of the Pamitha faulls.
Smf - Mountain Front Sinuosity Index, DE - Direction of Extension, L- Total Length

Faults Field Data Smf DE Activity | L (km)
Aspropyrgos Rectilinear feature,
no visible fault sur- | 2.7 No data Patentially [ 11
faces active
Fili Segmented, eroded
fault surfaces NE-SW Uncertain 7
activity
Aghios Georgios | Discontinuous po-
lished fault surfaces NNE-SSW | Active 22
Parnitha Small polished fault | 1- NNE-SSW
surfaces 1.4 Aclive 7.5
Avlong Very big striated faull
surfaces 1.1- N-S Active 20

Aghios Geargios fault, although only the geo-
logical data are not enough for a valuable esti-
mation of its aclivity, based mainly on the seis-
motectonic data an active character can be sup-
posed.

The Parnitha (Thrakomakedones) fault pre-
sents very recent polished fault planes, which is
small in width and length, but due to its activity
the talus scree on the hanging wall is intensively
tilted. lts interest is elevated because of the
intersection with the Aghios Georgios fault. The
reactivation of both the WNW-ESE and ENE-
WEW oriented Pamitha mountain fauits are
compatible with the NNE-SSW directed exten-
sional stresses.

Concerning the northern slopes of Parnitha
mountain, the faults are more significant and
have a repeated activily since the Upper Mio-
cene. This is cbvious from the morphological
expression of the faults, the imporance of their
fault surfaces and the extent and depth of the
developed basins. Among them the Avlona fault
Zone presents very impressive fault surfaces,
whereas the tectonic displacement of the neo-
gene and quaternary sediments have caused
their strong tilting. This can be explained either
as a common figure for the half-graben infillings

between subparallel faults or as the indication of
the listric character of the Avlona fautt.

The use of the morphotectonic Index of the
Mountain Front Sinuosity as a factor for the fault
aclivity gives valuable results, comparable with
the fault evaluation based on geological critena.
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