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Abstract

We have employed the data of EGELADOS temporary network (October 2005-April
2007) to determine 88 focal mechanism solutions from Southern Aegean Sea using
the RAPIDINV algorithm (Cesca et al., 2010). The new focal mechanism solutions
determined, complemented with the previously available ones for Southern Aegean
Sea provide the basis for a detailed examination of the stress field, using the distri-
bution of P and T axes. To obtain the stress field we applied the method of Gephart
and Forsyth (1984), namely the grid search inversion approach of Gephart
(1990a,b), which incorporates the P and T axes of selected focal mechanisms. For
the inversion, the initial stress solutions were computed by the “average” kinematic
P and T-axis approach of Papazachos and Kiratzi (1992). The stress-inversion al-
lows choosing the "ideal" fault plane corresponding to the minimum misfit rotation
about an axis of general orientation which is needed to match an observed fault
plane/slip direction with one consistent with the final stress model.
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Hepilnyn

Xpnowomomooue deoouévo, omo 1o diktvo EGELADOS (Oxrwfprog 2005-Anrpiliog
2007) ka1 voloyioaue 88 véovg unyoviouodvg yéveans atnyv mepioyn tov N. Aryaiov ue
™ ypnon tov alyopiBuov RAPIDINV algorithm (Cesca et al., 2010). Or unyoviouoi
aVTOI, 08 CVVOVUOUO UE TOAGLOTEPO. TTOLYELC. XPNOIUOTIOIONKOY Yio. TOV TPOTAIOPLOUO
TOV EVEPYOD TENIOV TAOEWYV, OTWS TPOTEIVETAL OO TV KaTovour twv alovwv P kai T.
Ta tov mpoocdiopioud ovto ypnooroiOnke n pebodoloyia twv Gephart and
Forsyth (1984) kou eidikotepa n uéBodog avaltnons tov Gephart (1990a,b), n onoia
xpnoyoroieil tovg aloves P kar T twv unyoviouwv yéveons. Loty aviiotpoey, ot
apyikeg Avoelg faociotnroy oty Abon twv uécwv kwvnuotikov aéovwv P kor T twv
Papazachos and Kiratzi (1992). H diadikacio ovtiompopns exitpénel tov kaopiouo
TV "I0aVIKOV" pRYUGTOV TV UHYAVICUDV YEVEGHS, UE PAon THYV TPOCOPUOYH TWV
TOPOTHPHUEVOV KOL OVOUEVOUEVV OO TO TEOLO TATEWY OLOVOOUATWY 0AloOnong To.
omoio, mpokvTTOVY UE T fonbeta e uebodov avtiaTpoeig.

Aééerg kAerora: Zaovn karaovons N. Aryoiov, Iledio taoewv, Myyoviouoi yéveong.
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1. Introduction

The broader Southern Aegean area (Figure 1) is one of the most active tectonically region of the
western Eurasia (Figure 1). In this region, the Nubia lithospheric plate subducts under the Aegean
microplate, which in turn overrides the Nubia plate (Papazachos and Comninakis, 1971; McKenzie,
1972). The dominant tectonic feature of the area is Hellenic trench, which runs almost parallel to
Hellenic outer sedimentary arc and the inner volcanic arc. The South Aegean deformation is driven
primarily by the fast moving (~33 mmyr ') Aegean upper plate overriding a nearly stalled (~5 mm
mmyr ') Nubian lower plate (Ganas and Parson, 2009). A well-developed Benioff zone has been
identified (e.g. Papazachos et al., 2000), with medium-to-large transpressional intermediate-depth
events, mainly occurring in the depth range of 60-90km, with maximum depths of the order of
180km. The subduction is associated with the generation of volcanic activity along the Hellenic
volcanic arc in southern Aegean (Fytikas et al, 1985), with the volcanic centre of Santorini in
Central Cyclades, being the most active volcano of the area. Much work has been already done on
active tectonics of the southern Aegean (Papazachos and Comninakis, 1971; McKenzie, 1970,
1978; Hatzfeld et al., 1989; Benetatos et al., 2004; LePichon et al., 1995; Reilinger et al., 1997;
Papazachos, 1999; McClusky et al., 2000; among others). Due to the tectonic complexity of the
Aegean Sea we employed recent seismological data from the EGELADOS temporary network
(October 2005-April 2007) to study the active tectonics in southern Aegean. Using the data of the
EGELADOS temporary network we determined 88 new focal mechanisms, which, in combination
with previously published mechanisms, comprise a significant data set, which can be used for the
re-evaluation of the stress field of the broader Southern Aegean Sea.

Figure 1 - Schematic geotectonic map of the broader southern Aegean area. Plate motions
are depicted by solid vectors. The volcanic arc and the Benioff-zone isodepths are also shown
(modified from Papazachos et al. 1998, Karagianni et al., 2005).

2. Data Used

The main data source of this work is the EGELADOS temporary network (http://www.gmg.ruhr-
uni-bochum.de/geophysik/seismology/research/egelados.html), (October 2005 — April 2007).
EGELADOS (Exploring of the Geodynamics of Subducted Lithosphere Using an Amphibian
Deployment of Seismographs) is the largest amphibian seismological network ever deployed in
southern Aegean, including 65 land and 24 OBS stations (http://geofon.gfz-
potsdam.de/waveform/archive/network.php?net=11), covering almost the entire Hellenic
subduction area (Figure 2). We also used data from the Euro Mediterranean Seismological Center
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(EMSC) and Harvard (CMT solutions) databases from 2003 to 2011, as well as solutions
published in a large number of previous studies (e.g. Papazachos et al., 1983; Benetatos et al.,
2004; Kiratzi and Louvari, 2003; Taymaz et al.,1991; Louvari et al., 1999; Kiratzi et al.,1991;
Yilmazturk and Burton, 1999; Arvidsson & Ekstrom, 1998; Bernard et al., 1997; Louvari et al.,
2001; Kiratzi and Louvari, 2003; Vamvakaris et al., 2006).

Figure 2 — Station distribution and seismic events for EGELADOS network.

3. Applied method
3.1. Estimation of Fault Plane Solutions

For the fault plane solution determination from the EGELADOS data, we employed the
RAPIDINV processing software (Cesca et al., 2010). RAPIDINV is based on a python module
which has been developed in order to simplify the process of kinematic inversion using the Kiwi
tools (kinherd.org). The FPS estimation uses both waveform and spectral fitting kinematic
inversion (Heimann et al., 2008; Cesca S., et al., 2010), exhibiting model flexibility, a small
number of inverted parameters and the possibility for full automation. The main methodological
difference is that the method employs a spectral fitting process in the first step, constraining only
some of the FPS parameters. The spectral fitting is performed by a grid-walk, a Levenberg-
Marquadt approach or a combination of both procedures. The Green functions are precomputed
and organized in an efficient HDF5 database, allowing the acceleration of the process. Its lower
time consumption renders the Kiwi tools suitable for near real-time moment tensor inversion.

After the first step (Figure 3), where the 4 candidate fault planes, depth and moment are
determined, a waveform fitting is performed (for any or both type of body waves, surface waves or
even full-waveform) to select the final 2 fault planes (Figure 4). Finally, in a third step, a
kinematic inversion is performed for an extended source, allowing the selection of the candidate
fault-plane and its rupture directivity. The inversion resulted in the determination of focal
parameters for 88 earthquakes with a depth range from 2 to 98 km and moment magnitudes M
ranging from 3.5 to 6.6. The final data set of the determined fault plane solutions, as well as
existing fault plane solutions from previous works, earlier described, is presented in Figure 5.

3.2. Stress Tensor Inversion

In order to provide an initial estimate of the stress field variability in the study area, we employed
the representative “average focal mechanism tensor” using the approach of Papazachos and Kiratzi
(1992). According to this method, an average “focal mechanism” tensor, F, is calculated, which is
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Figure 3 - Sample output of step 1 of the inversion (spectral inversion), where 4 candidate
fault planes of the focal mechanism is determined. The retrieved parameters in this step are
the fault plane strike, dip, rake, as well as the event M, and event depth.

Figure 4 - Sample output step 2 of the inversion (waveform fitting). The waveforms are fit in
the time domain, allowing the centroid location (space and time domain) and the retrieval of
the compressive/dilatational quadrants.

a function of the strike, {, dip, 6, and rake, A of the corresponding fault plane (Aki and Richards,
1980), and the eigenvalues of this average “focal mechanism” tensor F correspond to the average P,
T and N (null) axes. Therefore, the method defines “average” kinematic (P, T and N) axes, which
are assumed to be identical with the principal stress axes. In our case data weighting was used
depending on the moment magnitude of each event. In order to perform this initial assessment of
the stress field in the Southern Aegean Sea by the use of seismological data (Figure 5), we
separated the area in smaller sub-regions with common seismotectonic characteristics and a
relative fault plane solution homogeneity, so that they can be considered as locally representative.

Figures 6 and 7 present the spatial distribution of the average P and T axes for the depth ranges of
0-30 km and >30km, using the Papazachos and Kiratzi (1992) method, while Figure 8 shows the
corresponding average focal mechanisms, separated in 5 typical groups. The first two groups (red
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Figure 5 - Distributions of the new (RAPIDINV algorithm - red color) and the previously
published (black color) focal mechanism solutions for the Southern Aegean area.

Figure 6 - Horizontal projection of P-axes (converging arrows) and T-axes (diverging ar-
rows) from the method of the Papazachos and Kiratzi (1992) for the depths of 0-30km.

Figure 7 - Horizontal projection of P-axes (converging arrows) and T-axes (diverging ar-
rows) from the method of the Papazachos and Kiratzi (1992) for depths >30km.
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and green FPS) corresponds to ~E-W normal faults of the volcanic arc and ~N-S normal faults of
the outer (sedimentary) arc, showing a ~N-S and E-W extension field, respectively. The outer arc
is characterized by typical thrust faults (blue FPS) that maintain a roughly constant NW-SE
orientation, while the brown FPS depict strike-slip events, that mostly cluster along the Strabo and
Pliny trenches in the outer SE Aegean arc. Finally, the black FPS correspond to typical transpres-
sional intermediate-depth events, with a clear down-dip extension and arc-parallel compression.

New results can be also inferred for intermediate depth events. Shallower events (close to the outer
arc) exhibit a typical down-dip extension and in-slab compression, that shows as early as 30-60km
for the Peloponnesus and SW Kythira area (see Figure 7), hence at much shallower depths than
carlier considered. Extension (o3) axes become more horizontal at larger depths (Milos and Kar-
pathos groups) and towards Rhodes. The results are somewhat similar to Rondogianni et al.
(2011), however the stress changes proposed in the previous work near Rhodes (6;-0, interchange
with depth) are not detected in this work, where the stress field in Rhodes and Kos (different depth
ranges) seems to be quite similar (figures 7 and 8), probably due to the use of extremely large re-
gions by Rondogianni et al. (2011).

Figure 8 - Average focal mechanisms using the approach of Papazachos and Kiratzi (1992).

In order to confirm the results of Figures 6 and 7, we used the FMSI computer program developed
by Gephard and Forsyth (1984) and Gephard (1990a, b) to obtain the stress field from fault plane
solutions. In this method the orientation of fault planes and slip directions provided by a large
population of earthquake focal mechanisms can be used to determine best fit regional principal
stress directions. Four stress parameters are calculated: three of them define the orientation of the
main three stress-axes oy, 6, and o3 and the parameter R=(c,—0;)/(05—0;), which specifies the
magnitude of the intermediate o, compressive stress direction, relative to maximum ¢; and mini-
mum o3 compressive stress directions, under the assumption of uniform stress in the source region.
The analysis allows for the possibility that the failure occurs on pre-existing zones of weakness of
any orientation. Using this approach we determined the three principal stress directions and the pa-
rameter R, as well the associated uncertainty. As initial principal stress solution we used the “aver-
age” kinematic (P, T and N) axis previously estimated using the approach of Papazachos and
Kiratzi (1992). Figures 9 and 10 presents the P and T axes for the 0—30 km and >30km depth range
for the results of the Gephart and Forsyth (1984) method. The obtained results shows very small
azimuthal difference for the P and T axes between the two methods.

The obtained results from both methods are in excellent agreement with the previous knowledge
for the region. The distribution of the focal mechanisms 0-60 km (blue colour) as shown in Figure
8, shows thrust faulting that dominates in the outer part of Hellenic trench which starts south of the
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island of Zakynthos, runs along the western part of the Hellenic Arc and extends up to the coasts
of Turkey. The P-axes appear to be almost normal to the strike of the arc and sub-parallel to the
arc in its eastern part. The distribution of the normal shallow (0-30km) focal mechanisms (green
colour) running parallel to the thrust zone shows a normal faulting zone with E-W trending T-axes
connected with the sedimentary arc (Papazachos et al., 1984; Liotier, 1989; Armijo et al., 1992).
An important new feature is that the trend of the normal focal mechanisms along the volcanic arc
runs parallel to the local strike of the volcanic arc. At the eastern edge of the arc, near Rhodes is-
land, a dominant zone of strike—slip faulting is identified (brown colour), associated with complex
processes of subduction. Strike-slip faulting (black colour) with a significant thrust component is
found along subducted Benioff zone, in accordance with earlier studies (e.g. Papazachos et al.,
2000, Benetatos et al., 2004), with the P-axes running almost parallel to the strike of the arc. A
new feature is that the T axes of deeper events (>100km) become almost horizontal under the vol-
canic arc, not showing down-dip extension as in earlier studies for shallower events (60-100km).

Figure 9 - Horizontal projection of P-axes (converging arrows) and T-axes (diverging ar-
rows) from the method of the Gephart and Forsyth (1984) for depths 0-30km.

Figure 10 - Horizontal projection of P-axes (converging arrows) and T-axes (diverging ar-
rows) from the method of the Gephart and Forsyth (1984) method for depths >30km.
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3.3. Fault Determination

The application of the stress—tensor inversion allowed the determination of the plane correspond-
ing to the minimum misfit rotation around any arbitrary axis which brings one of the nodal planes,
its slip direction and the sense of slip into an orientation that is consistent with the stress model.
For each FPS the misfit is determined for each modal plane. The nodal plane with the smaller mis-
fit is usually assumed as the “ideal” fault planes on which the corresponding earthquake occurred.
However, it is clear that this selection is arbitrary if both nodal planes exhibit similar misfit values
which are either small (both planes are acceptable) or very large (both could be considered as “in-
compatible” with the determined stress field). Taking into account the average FPS solution uncer-
tainty of 10° for fault planes and P/T axes, we considered the difference of the misfit values of the
two planes as a quality measure for the selection procedure. In order to obtain more robust results
we have assumed that if the misfit calculated for both fault planes (main and auxiliary) is relatively
small (typically <2-3 times the average uncertainty, i.e. 25°) and their difference is less than the
average uncertainty (10°), then both planes should be considered and included in the results of this
study, as they are practically indistinguishable with respect to their misfit.

Figure 11 - Fault planes identified by the stress tensor inversion method as candidates for the
“actual” seismic faults. The rose diagrams present the corresponding fault distributions.

In Figure 11 the average fault planes from each group identified by the stress inversion are pre-
sented as linear elements. The distribution of the identified faults is also presented with a rose dia-
gram. Lund & Slunga (1999) tested the advantages and disadvantages of the method thoroughly
and they concluded that the algorithm of Gephard & Forsyth (1984) does not always pick the cor-
rect nodal plane as fault but in some case the auxiliary plane is picked as fault plane. This clearly
occurs for the shallow thrust faults (0-30 km), as is appears that the Aegean subducts under Nubia
plate, contrary to what is observed. This is reversed for deeper thrust events, which show a normal
thrusting pattern. An excellent similarity is observed for fault number 11 with results of (Kiratzi,
2012) who to found a prominent N—S strike-slip character of motion for the sequence of January
2012.
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4. Conclusions

The combined application of both approaches confirm earlier findings and provide a locally novel
and more detailed view of the active stress field in the broader Southern Aegean subduction area.
In general, 5 main types of faulting and stress patterns are recognized: (a) Thrust faulting at depths
up to 60 km with a dominant NW-SE direction, following the general local trend of the Hellenic
arc, with the P axis having a constant strike, almost perpendicular to the arc-strike in its western
and central parts, and sub-parallel to the arc in its eastern part, (b) Normal faulting with T-axes
showing ~N-S extension, almost perpendicular to the strike of the volcanic arc at depths up to 30
km, (c) Normal faulting with T-axes showing along—arc extension, running almost parallel to the
strike of the arc at depths up to 30 km, (d) Strike-slip faulting with a significant thrust component,
corresponding to intermediate-depth events along the subducted Benioff zone, at depths gradually
increasing from 50km (in the Crete-Kythira area) to ~100-120km in the southern Aegean volcanic
arc region and, (e) Strike—slip faulting near the south-eastern edge of the Hellenic arc up to 60 km.
The transition from thrust faulting (group a) to the transpressional intermediate-depth events
(group d) occurs at shallower depths under Peloponessus and Kythira than previously considered,
while the previously suggested stress-complexity near Rhodes by Rondogianni et al. (2011) is not
supported by the present study results.
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Abstract

Mt Olympus is the highest mountain of Greece (2918 m.) and one of the most impor-
tant and well known locations of the modern world. This is related to its great cul-
tural significance, since the ancient Greeks considered this mountain as the habitat
of their Gods, ever since Zeus became the dominant figure of the ancient Greek re-
ligion and consequently the protagonist of the cultural regime. Before the genera-
tion of Zeus, Olympus was inhabited by the generation of Cronus.

In this paper we shall refer to a lesser known mythological reference which, in our
opinion, presents similarities to the geotectonic evolution of the wider area of
Olympus.

According to Apollodorus and other great authors, the God Poseidon and Iphimedia
had twin sons, the Aloades, namely Otus and Ephialtes, who showed a tendency to
gigantism. When they reached the age of nine, they were about 16 m. tall and 4.5 m.
wide. Having then realized their powers, because of their gigantic proportions, they
decided to climb Olympus and fight the Gods, exile Zeus and the others, and wed
two Goddesses. Otus was to marry Hera and Ephialtes Artemis.

But they did not know how to climb such a high mountain, so they decided to con-
struct a “ladder”, by putting mount Ossa on top of mount Olympus and mount Pe-
lion on top of Ossa. This description coincides with the geological and tectonic evo-
lution of the wider Olympus area. But, these complex tectonic processes were com-
pleted about 8 — 10 m.a., i.e. millions of years before the appearance of humans,
therefore it is impossible that these morphotectonic processes were witnessed by
man, so the similarities between the myth of Aloades and the tectonic evolution of
the area must be purely coincidental. But are they, or is there more here?

Key words: Aloades, Otus, Ephialtes, Pilion, Ossa.

Hepilnyn

O Olvurog, to vynlotepo opog s EAnvins Xepooviioov (2918 u.) eivou évag omo
TOVG TLO YVWOTOVS TOTOVS TTO GVYYPOVO KOGUO, ETELON 0@ o1 apyaiol EAAnves eiyov
tomofetioel v kotoikio Twv Gewv T0VG, Omo TOTE WOV O Alog Eyive 1 Kvpiopyn
TPOOOTIKOTHTO THG OPYal0EIANVIKNG Bpnokeiag. Xty epyaoio avth Qo avapepBodue
oe pio. ovopopd s Elnvikng pvboloyiag mov mopovoialel ueyoreg opoloTnTes He
™mv yewtextoviky eéélién tov OAdumov.
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