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Abstract

This is a brief account of our approach to trends in palacoseismological research that are currently emerging in
Greece, with the application of modern investigative methods practised world-wide in active tectonic zones.
These techniques include fault stratigraphy in trenches, and dating recent fault reactivations in order to under-
stand and distinguish palaeoseismic events along specific segments of active faults, named Gerakarou (Myg-
donia Basin, Thessaloniki area), Palacochori Fault (Kozani-Grevena, Western Macedonia), Souli (Petousi,
Epirus), and Volos-Larissa (Thessaly plain). Four palacoearthquakes were investigated on the Gerakarou fault
segment, with a uniform slip rate and return period around 7000 years. In Western Macedonia «aseismic ar-
eas» the Servia-Palaeochori recently activated fault shows a ~ 3500 year quiescence. Three coseismic events
on the Souli Fault pre- and post-date to 26000 year deposits.

Key words palaeoseismology — Holocene — able, while the study of neotectonic and active
palaeosoils — active faults — seismotectonics of faults (neotectonic research) and the seismo-
Greece genic structures with detailed field measure-
ments (palaeoseismological research) is of cru-
cial importance. Hence the potential of palaeo-
seismology is only just being recognised espe-
cially in European and Mediterranean countries.

1. Introduction

Palacoseismology is a new and exciting dy-

namic field of geoscience research, especially _ Palacoseismological studies are not new,
neotectonics — active tectonics. Although the  With ideas on the earthquake geology, such as
current bibliography uses many terms to de- «fossil earthquakes» and the importance of

scribe recent movements and deformation of ~ Palacoseismic events having been recognised
the earth’s crust, palacoseismology is defined many years ago. HO\er.eI‘, there has been. an
by its specific, mainly geological methods, as explosion of palacoseismic research and activi-
well as its aim to investigate pre-instrumental  ties since the seventies (e.g., Sieh, 1981; Crone
earthquakes, especially those recorded in the ~ and Omdahl, 1987; Vittori et al., 1991; Pren-
near geological past (for the definition of the tice ef al., 1994). New methods and techniques
subject see Wallace 1981, 1987; Crone and have been developed and important results
Omdahl, 1987; Yeats and Schwartz, 1990). In have arisen from seismically active countries
tectonically active areas, the estimation of the such as: U.S.A.; Russia; Japan; China; Italy
recurrence of moderate-large earthquakes and etc. (e.g. Meghraoui et al., 1988; Pantosti et
their location and magnitude are highly valu- al., 1993; Nikonov, 1995), as well as from less
seismically active areas such as Scotland,

Fennoscandinavia and many others (e.g.,

(*) e-mail: Pavlides @ Olymp.ccf.auth.gr Ringrose, 1989; Lagerback, 1990; Mérner and
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Troften, 1993). Although Greece is a seismi-
cally very active region, neotectonic studies
encompass all deformations that post-date the
last Alpide deformation and have focused es-
pecially on the geometry, architecture and
kinematics of active faults.

More than 100 instrumentally recorded
earthquakes M > 6.0 in the Aegean area oc-
curred in the present century and more than
200 large historical seismic events are known
in Greece. These earthquakes have originated
from known active faults, although only few of
them have been associated to specific seismo-
genic faults or show surface fault traces.

Although interesting work, new data and re-
sults have appeared during the last 20 years or
so, only recently has there been an increasing
interest in defining specific seismic events with
the use of geological methodology and trench-
ing excavation in particular. A lot of work has
also been done on the historical seismicity of
the broader area (e.g., Ambraseys, 1975; Pa-
pazachos and Papazachou, 1989; Guidoboni,
1989; Ambraseys and Finkel, 1995), while im-
portant but scattered information exists in
many archaeological publications, non system-
atic and sometimes not well documented.

Some attempts to correlate systematically
archaeological and geological evidence for
large historical earthquakes in Greece have re-
cently been carried out positively: e.g., Stiros
(1988); Guidoboni (1989); Armijo et al. (1991)
for the destructive Sparta (SE Peloponnesus)
464 B.C. earthquake, one of the oldest known
historical seismic events in Greece; Mouyaris
et al. (1992) for the Helice 373 B.C. large
earthquake. Papanastassiou er al. (1993), veri-
fied events (e.g., 1250 A.D., 1190 A.D. Pelo-
ponnesus) suggested by archaeological evi-
dence. Additional results on the correlation of
archaeological and sea-level changes have
been overviewed by Stiros and Pirazzoli
(1995).

This paper presents the contribution of
tecto-stratigraphic studies from some specific
active faults in northern Greece to the recogni-
tion of individual earthquakes of the recent ge-
ological past. These are preliminary results
(Pavlides et al., 1992; Cheng et al, 1994;
Chatzipetros and Pavlides, 1994; Pavlides,
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1994), which open this relatively new subject
in Greece, but raise new questions on the
recognition and dating of individual coseismic
events or seismic episodes (more than one
moderate earthquake) in the late Pleistocene
and Holocene sediments and their signifi-
cance.

2. Distinguishing and dating seismic
events: the stratigraphic approach

2.1. Thessaloniki active faults

Mygdonia depression, which is the Thessa-
loniki 1902 (M = 6.6) and 1978 (M = 6.5) seis-
mogenic area, is located about 20 km NE of
the city of Thessaloniki (Central Macedonia,
North Aegean broader region, Greece) (figs. 1
and 2). It is a relatively small and narrow Neo-
gene-Quaternary basin, part of a longer seismi-
cally active belt trending NW-SE along the so-
called Serbomacedonian geological zone, an
old crystalline massif affected by alpide defor-
mation, but also cut by numerous neotectonic
faults (NW-SE, E-W and NE-SW trending).
For the neotectonics and seismotectonics of the
region see Pavlides and Kilias (1987), Voido-
matis et al. (1990) and Pavlides and Soulakel-
lis (1990).

As a first step towards understanding the
past (mainly late Quaternary) behaviour of
earthquake-producing faults, a quantitative in-
vestigation of slope variations and ages of fault
scarps was attempted on some active fault
scarps of the Mygdonia basin (Chatzipetros
and Pavlides, 1994).

Trenching excavation at a specific fault seg-
ment, named Gerakarou segment, which is a
branch of the Southern Mygdonia marginal
fault and which activated during the 1978
(M, = 6.5) shock, was undertaken (figs. 2 and
3). At first, an excavation was carried out
across a 2-4 m high scarp about 25 m south of
the 1978 fault traces within a farming area, but
undeformed Holocene sediments showed that it
was not a fault scarp (fig. 3). The possible ex-
planations are that it is either an erosional
scarp or an eroded tectonic scarp reduced by
farming activity.
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Fig. 1. A sketch map of active faults of continental Greece, also showing the study areas in boxes, named:
a) Mygdonia Basin (Thessaloniki area, Central Macedonia); b) Kozani-Grevena (Western Macedonia district);
¢) Souli (or Petousi) Fault (Epirus, North-Western Greece); d) Larissa sub-basin (Thessaly plain, Central
Greece). Faults are shown by heavy lines, while known normal structures are shown with ticks on the down-
thrown side. Neogene-Quaternary basins are also shown dotted.

The main trench is located across the south-
ernmost fracture produced by the last great
seismic event. It exposes an upper fracture
zone consisting of at least eight fractures and a
lower fault strand that is incorporated by frac-
tures below the depth of 2 m (figs. 3 and 4).
The trench exposes lacustrine deposits buried
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by a fan sequence including three or four
palaeosoils clear erosional surfaces (fig. 4).
Furthermore, surfaces are developed on top of
units (2) and (3), which was probably caused
by the higher levels of the Volvi palaeolake.
Colluvial wedge deposits and especially the
nature and origin of palaeosoils, their thicken-
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Fig. 2. Tectonic sketch map of the Chalkidiki and Mygdonia (Langada and Volvi lakes) region (from Pavlides and
Kilias, 1987; Voidomatis et al., 1990). Neotectonic faults are shown as lines with positive (+) and negative (—) signs
indicating the relative fault motions (normal component) and circles representing epicenters of earthquakes M > 5.0.
Arrow shows the Gerakarou Fault segment. Lower left shows the broader Central Macedonia region with the geo-
tectonic zones. The shaded areas define the most seismic belt within the Serbomacedonian zone.

scarplet

Trench 1

3m

Fig. 3. progl'ﬁphfc profilé of the area where trench excavation was carried out across a 2 to 4 m high
scarplet (trench 1, where undeformed Holocene sediments were exposed) and across a 1978 earthquake rup-
ture (trench 2) (see also fig. 4).
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Fig. 4. Simplified log of trench 2 (east well) across the Gerakarou Fault segment on the southern margin of
the Mygdonia depression. The trench shows the following lithologic units: 1 = clay silt; 2 = sand with deposi-
tion structures known as «seismites», which could be interpreted as related to earthquake shacking; 3 = clay
rubble and fine gravel (Colluvium); 4 = palaeosoil; 5 = clay rubble; 6 = dubbed layered palaeosoil; 7 = clay
rubble; 8 = palacosoil; 9 = fine gravel and clay rubble; 10 = the recent soil. Thermoluminescence dating on
the palaeosoils suggests a uniform earthquake cycle recurrence interval of 7000 years. (Palacosoil 4 is
21700 + 1800 years; 6 is 14000 + 1100 years; 8 is 7200 + 600 years).

ing along with the observed fault displace- resulting in Colluvial sedimentation on the
ments, are the main basis to reconstruct the scarp.

past seismic activity. Palaeosoils represent pe- The deposits exposed in the trench show
riods of non-deposition during relative tectonic different amounts of displacement: the older
stability and favourable climatic conditions. lacustrine deposits, liquefied sand (unit 2) and
From the trenches it appears that there is a possibly the clay silt (1) are displaced by a to-
good correspondence between colluvial sedi- tal of 63-68 cm, while the second soil layer

mentation on the lake erosional scarp and (unit 4) is vertically offset 20 cm, and the
faulting on the basin margin fault zone, but the uppermost soil (unit 8) layer is displaced by
phenomenon would probably imply an internal ~10 cm. Thermoluminescence dating of the
genetic relationship between episodic climatic materials from the three layers has shown:
changes since the late Pleistocene-Holocene, 217+ 0.18 x 10* B.P., 1.40 £ 0.11 x 10* B.P.,

549




Spyros Pavlides

0.72 + 0.06 x 10* B.P. Tla, from the deepest to
the uppermost layer respectively. A sample from
the second palaeosoil layer was dated by C'* as
2350 + 80 B.P., but because there is a great influ-
ence of surface carbon in the deepest layers of
this agricultural area (carbon circulation in the
uppermost soft deposits), this age is not consid-
ered representative of the true age of this layer.

The palacoseismicity at the Gerakarou seg-
ment is characterised by the similarity in dis-
placement per event (10 to 16 cm) and al-
though the dated soils show the lower and
upper time limits of the possibly coseismic
events, the recurrence interval (about 7000
years) seems uniform with the same magni-
tude episodically occurring earthquakes (or
episodes) within the segment. An exception
could be the division into two branches of the
second soil layer (unit 4), which may reflect
two seismic events during a short period of
time or just a climatic change. Using this sin-
gle parameter, the slip-rate of the segment can
be considered of the order of 0.03 to 0.06 mm/
yr, an extremely low rate for a seismic fault;
that is, an average to moderate activity fault.
Slip-rate measurements have large uncertain-
ties, while multiple techniques are necessary.

The consistence of the surface displacement
of both palaeoseismic events at Gerakarou seg-
ment and the 1978 earthquake show that the
maximum magnitude estimated from palaoseis-
mic data is comparable to that of the 1978
earthquake, M; = 6.5 and 1902 M = 6.6. Both
prehistoric (geologically determined) and his-
toric seismic records similarly reflect the basic
strength level in producing earthquakes for the
Southern Mygdonia Basin. The Gerakarou Fault
segment tends to generate essentially the same
size earthquakes at or near the maximum mag-
nitude that can be produced by the geometry,
mechanical properties, and state of stress of
that fault or segment, that is a «characteristic
earthquake» (see Schwartz and Coppersmith,
1984). In fact, it is not known if such fault be-
haviour of this specific segment, would reflect
the long-term conduct at the whole Southern
Mygdonia Fault. Future work is needed to
show distribution regularity of cumulative slip,
significant slip rates, and displacement per
event along the total active fault zone.
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2.2. Kozani-Grevena (Western Macedonia
district; Northern Greece)

Some potentially active faults may remain
dormant and aseismic for long periods of geo-
logic time and, at a certain time may generate
destructive earthquakes with little or no precur-
sory seismicity. A typical example is the re-
cently activated (13 May 1995; M, = 6.6) fault
of Servia-Palaeochori (Kozani-Grevena area),
(figs. 1 and 5).

This fault zone is located in Western Mace-
donia, which is considered an «aseismic» or
«very low seismicity» area, according to in-
strumental or historical seismicity alone (see
Pavlides ar al., 1995). However, the area is
dominated by great neotectonic faults, acti-
vated during the Quaternary, and in some cases
particularly active during the Holocene. This is
of crucial importance to look for the recent
seismic history of these faults. The study is
still in progress, but preliminary results show
an interesting seismic history for the Palaeo-
chori segment. According to C'* dating and
fault scarp tecto-stratigraphic interpretation, it
remained quiet for more than 3500 years at
least. Moreover two or three previous palaeo-
events have been recognised in a «short period
of time». That is, a clustering of events on the
fault (seismic episode or seismic cycle) which
consists of one or more moderate to large mag-
nitude earthquakes (M > 5.5) separated by a
quiescent interval.

2.3. Souli (or Petoussi) Fault

Additional palacoseismic data arise from a
well known (IFP-IGRS, 1966) alpidic strike-
slip fault, Souli or Petoussi Fault in Epirus,
NW Greece (figs. 1 and 6). This E-W trending
left-lateral fault is a relatively old structure
which affects Lias-Eocene carbonate and
siliceous rocks and Oligocene-Burdigalian fly-
sch of the Ionian Zone (the western geological
zone of the Greek orogene). Clear geomorphic
features, such as young debris, sag-ponds, ter-
races etc., have been recognised along this
fault as evidence of a neotectonic structure. An
interesting site on the fault is an outcrop of
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Fig. 5. Faults activated during the last earthquake (1995; M, = 6.6 Western Macedonia earthquake; Pavlides ez
al., 1995) in the vicinity of the Palaeochori village. 1 = ophiolites; 2 = molassic sediments; 3 = Plio-Pleis-
tocene deposits; 4 = neotectonic fault; 5 = seismic fault traces; 6 = elevation contours in meters; 7 = palaco-
seismic trench sites. Active faults with Holocene activity, like this one, have the potential of producing large
earthquakes even though there may not be any record of historical and instrumental earthquakes.

Fig. 6. Western portion of the Souli (or Petoussi) Fault (Epirus, North-Western Greece). 1 = Lias-Eocene
limestones; 2 = Upper Eocene-Lower Miocene Ionian flysh; 3 = Quaternary scree; 4 = very recent scree; 5 =
thrust; 6 = fault; 7 = probable fault. The arrow shows the studied palaeoseismological outcrop (see fig. 7).
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Fig. 7. Sketch of the natural trench exposure across the Souli Fault (see site in fig. 6). The lithologic units
are: a = talus; b, and b, = lacustine clay sand; ¢ = carbon rich lignite type layer; d, and d, = unconsolidated
gravel of colluvium type; e = recent soil. Detail of the secondary fault zone (tectonic stratigraphy) is shown in
the box in the bottom left corner. Event associated with F, faulting affecting b layers predates deposits c, dated
C' 20000 to 26000 years. Event(s) associated F,, F; and F, faulting post-dates layer ¢ and d.

sag-pond type recent sediments, as shown in
fig. 6 (see also Boccaletti et al., 1994), which
can be considered a «natural palaeoseimic out-
crop». In this outcrop a rich lignite type was
layer dated 20000 to 26000 B.P. years by C'.
Stratigraphy and the observed structures of the
section suggest evidence for several palaeo-
seismic events. The fault surface (fault plane
or scarp) and the corresponding debris (a in
fig. 7) are related to older episodes associated
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with lagoon formation and sedimentation. The
palaeoseismic interest comes from the small
secondary faults, which affect the late quater-
nary lagoon deposits, and thus are related to
younger events (see detail of fig. 7). The first
palaeoevent is associated with F; faulting and
pre-dates layer c (lignite 26000 years B.P.),
while the second event is connected with the
F, faulting post-dating layer c. A possible third
event could be associated with F5 and F, faults.
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The maximum observed displacement is 20 cm
that could correspond to a moderate size earth-
quake. It is important to notice that this is the
first time that this Alpide fault has been recog-
nised as active (Pavlides er al., 1992; Boc-
caletti et al., 1994), following the definitions of
various public agencies based on the frequency
of the occurrence of specific faulting events
(e.g., 10000 years or 35000 years or 500000
years).

2.4. Tecto-stratigraphic preliminary study
in the Thessaly plain

Neotectonic studies in Thessaly (fig.1) have
indicated a number of active faults, showing
clear young geomorphic features, directly or
indirectly associated with strong and weak
carthquakes (Caputo and Pavlides, 1993).
Trenching excavation techniques, not strictly
for palacoseismic research but for detecting
tectonic origin indicators, have been applied on

two of these faults affecting Eastern Thessaly
plain recent alluvial deposits and showing
creeping phenomena. One of these trenches is
shown in fig. 8. This is from a fault located be-
tween the marginal Neogene and basement for-
mation of the Larissa Basin (Thessaly, Central
Greece) showing periodically open cracks dur-
ing the last two years (1993-1995). The out-
crop shows an older, but similar to the present,
sphen of 2000 years and displaced layers of
7000, while the observed displacement is inter-
preted as a tectonic effect (aseismic creep)
rather than aquifer compaction (water-level de-
cline) (Zouros et al., 1994).

3. Discussion and conclusions

This paper presents the recent attempts to
define palacoseismic events in the geological
record on the Greek mainland. The first at-
tempt was based on the application of quantita-
tive morphotectonic analyses on some active

NW
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Fig. 8. Sketch of a trench in the Southern Larissa Basin (Thessaly) in Holocene sediments across a secondary
active fault (Risomilos village). The trench shows faulting displacing soft sediments dated 2000 to 7000 years
(Thermoluminescence dating). These structures are similar to that created during the recent «aseismic» creep-

ing events.
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fault scarps, whereas the second was based on
identifying and dating palacoseismic events
along some specific sites of active faults, using
trenching techniques; that is the tecto-strati-
graphic approach in palaeoseismology in order
to learn as much as possible about the seismic
history of the faults. The preliminary results
show that:

a) At least three to four palacoearthquakes
have been recognised on the Gerakarou seg-
ment (Thessaloniki area, Northern Greece) by
trenching and dating colluvium and palaeosoil
deposits. Taking into account the dating and
measurement uncertainties this fault segment
shows a slip rate ~0.03 to 0.06 mm/yr, which
seems to be equally spaced in time. Comparing
the results of geomorphology and fault scarp
degradation, the seismic history of the region
(historic and instrumental data), and the dis-
placement produced by palacoearthquakes of
10 to 16 cm per event, suggest that the com-
mon magnitude for the earthquakes produced
by this fault is 6.5, similar to that of the 1978
event.

The palaeoseismic analysis for recognising
individual palaeoearthquakes in the Mygdonia
basin, as well as in the other sites, suggests
that we must involve trenching in multiple
sites along the same fault segment, as well as
along the same fault zone, especially at scarps,
where scarp height changes dramatically. A
second crucial point is the reliability of correct
dating. In the specific trench of Gerakarou
(Mygdonia Basin; Thessaloniki) serious prob-
lems emerged from the contradicting results of
C'* dating versus thermoluminescence, as well
as from dating the whole palaeosoil. The num-
ber of events should be clearly determined,
whether the palaeosoils yield the number of
faulting events or not. Special attention must
be given to nontectonic deposits; wedge soils
and stratigraphic facies of tectonic and nontec-
tonic origin complicate the results.

b) In contrast to the Gerakarou Fault seg-
ment with the uniform slip-rate, the Palaeo-
chori (Western Macedonia) Fault segment
shows long periods of quiescent and non uni-
form seismic episodes.
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c¢) Three, or possibly four, distinct coseis-
mic events have been recognised on a segment
of the Souli Fault (Epirus), pre- and post-dat-
ing wedge layers of 20000 to 26000 years
(C') deposits, but the slip rate of the segment
has not been calculated.

d) The trenching excavation techniques
have been also used in Thessaly (Northern-
Central -Greece) to detect tectonic -origin indi-
cators in Holocene sediments along creeping
faults.

To establish the limits of our resolution to
clarify the reliability of the palaeoseismologi-
cal data and results, seismologists and engi-
neers who are going to use palacoseismologi-
cal results must clearly know the erroneous
ages of the events geologically determined.

Preliminary or limited data from a fault lead
to one interpretation, while considering addi-
tional trenching data from the same fault may
lead to a second interpretation different from
the first one. Therefore it is likely that future
work on the above referred faults will make
this study much more complete. The results of
this study -also show the potential of palaeo-
seismology in Greece. However, the uncertain-
ties related to dating and difficulty in detecting
small displacements (of the order 8 to 20 cm),
that seem to be characteristic of the «Greek
earthquakes» (M, = 6.0 to 7.0), stress the need
for a systematic palaeoseismology study.
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