
Z. Geomorph. N. E Suppl.-Bd. 94 Berlin . Stuttgart Oktober 1993 

Active faulting in multi-fractured seismogenic areas; 

examples from Greece 

by 

SPYROS B. PA VLIDES, Thessaloniki 

with 7 figures and 1 photo 

Summary. Reappraisal of existing data and evidence derived from new geological investi
gations illustrates the often complex association between fault geometry and seismic activity 
that characterise five seismically active areas of mainland Greece. Morphotectonic, structural, 
seismotectonic and image analysis carried out in the area of the 1978 Thessaloniki CM 6.5) 
earthquake highlights the multi-fractured character of this seismogenic zone, previously 
interpreted as having a relatively simple seismotectonic setting in which E-W trending active 
fault zones accommodate N-S extension. The seismically active areas of South Thessaly, ac
tivated during the 1954 Sophades and 1980 Volos earthquakes, northeastern Gulf of Corinth, 
activated during the 1981 Gulf of Corinth earthquakes, and Kalamata, southern Peloponnesse, 
activated during the 1986 Kalamata earthquake, exhibit similar complex fault rupture patterns 
that reflect the structural heterogeneity of the seismogenic zone. This heterogeneity generates 
a variety of geometrical barriers to seismic rupture propagation and leads to complex fault 
geometry and kinematics. 

Introduction 

Although active faults have generally been regarded as discrete, well defined struc
tures that are reactivated by individual earthquake events, recent studies of the 
geometry of neotectonic and active faults, together with detailed investigations of 
earthquake surface breaks, highlight the frequent complexity of fault rupture pat
terns (e.g. SLEMMONS & DEPOLO 1986, SCHWARTZ & COPPERSMITH 1986, BRUHN & 
PARRY 1987, MA et al. 1989, CRONE & HALLER 1991, STEWART & HANCOCK 1991, 
PAVLIDES & SOULAKELLIS 1991, DIMITROPOLOUS & LAGIOS 1991). These studies, 
undertaken both in the Aegean region and other seismically active terrains, demon
strate that earthquakes are often associated with 'multi-fractured' fault zones, that is, 
belts of multiple, intersecting faults that give rise to an often diverse pattern of fault 
movement. Although particularly well documented from active strike-slip fault 
zones (e.g. SCHWARTZ & COPPERSMITH 1986, BARKA & KADINSKy-CADE 1988), the 
multi-fractured character of oblique-slip or normal fault zones may also be recog
nised, particularly with regard to Aegean normal fault zones which may be linked 
directly or indirectly with strike-slip movements (DEWEY & �ENG6R 1979, PAVLIDES 
et al. 1990). Thus in the Aegean region, moderate to large magnitude earthquakes 
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Thessaloniki seismogenic zone 

The Thessaloniki seismogenic zone, where two destructive earthquakes have oc
curred this century (1902 and 1978), constitutes part of a longer seismically active 
belt trending NW -SE along the line of the Serbomacedonian massif, an ancient 
crystalline massif affected by Alpide deformation but also cut by numerous neotec
tonic faults. These faults, generally reactivated older structures, strike mainly NW
SE and, to a lesser degree, N-S and NE-SW Seismically the Serbomacedo,nian belt 
is very active, with some faults within the belt exhibiting slip rates as high as 
1 cm/year (VOIDOMA TIS et al. 1990), although faults in other parts of the belt appear 
inactive. Morphotectonic features such as bedrock scarps and escarpments, offset 
stream channels and young superficial scarplets are well developed along the most 
active faults within the belt. According to the classification of MATSUDA (1975), the 
mean slip rate of 0.8 cm/yr. across the whole belt and the nature of the tectonic 
landforms present within it nature of the would correspond to that expected of a 
High Activity Fault (type A fault, that is, with a slip rate between 0.1 � 1 cm/yr.), 
although the well defined geomorphic expression of some faults may suggest Very 
High Activity (AA) class. 

The Thessaloniki seismogenic zone constitutes a relatively small Neogene-Qua
ternary basin, the M ygdonia Graben, that lies along the edge of the old crystalline 
massif (Fig. 2 a). Numerous recent investigations of this area have permitted a steady 
increase in the understanding of the tectonics of this zone, evolving from a simple 
model of a fault-bounded graben to a more complex model of a multi-fractured 
angular crank-shaped depression. These studies, the majority of which were initiated 
following the 1978 Thessaloniki earthquake, have incorporated geological mapping, 
satellite image analysis and morphotectonic studies, as well as geophysical, geodetic 
and seismotectonic surveys. 

Although the generally accepted interpretation of the Thessaloniki earthquake 
has been of E-W trending normal faults reactivated in response to regional N-S 
directed extension, some workers suspected a more complex earthquake pattern (e.g. 
CARVER & BOLLINGER 1981). Fault-plane solutions of the mainshock (M 6.5) and the 
largest foreshocks during the 1978 event (PAPAZACHOS et al. 1980, CARVER & 

BOLLINGER 1981, SOUFLERIS et al. 1982) are compatible with E-W striking normal 
faults, but an earlier fault-plane solution of PAPAZACHOS et al. (1979), subsequently 
revised by the same investigators, indicated that the seismic motion involved sinistral 
strike slip along a NW-SE striking fault. Because the earthquake was a double event, 
the determined fault-plane solution related to the first of these events. An additional 
complication was that the seismic expression of thtCl reactivated fault was much 
longer than its surface trace, extending northwest along pre-existing structures. 
Furthermore, the epicenres of foreshocks were not distributed along an E-W trend, 
but instead followed an arcuate belt that was subparallel to and 3 � 6 km north of the 
surface ruptures, and expressed as a series of spatially distinct clusters of seismicity 
(Fig. 2 b) (CARVER & BOLLINGER 1981, SOUFLERIS et al. 1982). 

In addition to the reactivated fault, several other faults exist within the seis
mogenic zone, some of which may have a different geometry and kinematics. For 
example, detailed seismological investigation of the fault-plane solutions of small 
earthquakes within the zone undertaken six years after the 1978 sequence demon-
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ting, while more rounded forms have been subject to prolonged weathering or 
surface wash processes. The majority of the scarps, however, form prominent linea
ments that can be detected on aerial photographs and Landsat and SPOT satellite 
images, and which, therefore, are interpreted to be tectonic in origin, resulting either 
from fresh faulting or recent reactivation of older lineaments. Such morphotectonic 
surveys have been important in discriminating new faults, particularly those follow-

. ing NW-SE and NE-SW trends. 
Aerial photographs and Landsat 5 satellite images reveal most pf the tectonic 

structures known to occur in the area (PA VLIDES & KILIAS 1987, MOUNTRAKIS et aI., 
unpubl. Neotectonic Map of Thessaloniki at 1: 100,000 scale). Recent studies on 
digitally processed False Colour Composite (FCC) images, however, highlight addi
tional tectonic lineaments not detected by previous imaging techniques (AsTARAs & 

SOULAKELLIS 1990, PAVLIDES & SOULAKELLIS 1991). They detect the linear pattern 
of most of the superficial scarps that occur in the area between the two lakes, and 
highlight both the NW -SE trending structures and the NE-SW faults which are 
observed to cut across them. 

In summary, although normal faulting along E-W trends is dominant in the 
Thessaloniki seismogenic zone, multidisciplinary investigations reveal a complex 
tectonic pattern. Seismological studies during and after the 1978 earthquake se
quence demonstrate a variety of fault-plane solutions consistent with a more compli
cated pattern of seismogenic deformation. In addition, field-based geological inves
tigations, supported by air photo and satellite image analysis, identify additional 
structural trends within the basin which appear to be associated with recent faulting, 
highlighting the role of cross faults in a multi-fractured zone (Fig. 3 c & d). 

South Thessafy seismogenic zone 

Data from the July 1980 Volos earthquakes (M 6.5 and 6.0) together with reappraisal 
of the 1954 Sophades earthquake (M 7.0) may further elucidate the structural and 
seismotectonic characteristics of Aegean seismogenic zones. The main fault activated 
in the former event bounds the northern side of a small Neogene-Quaternary basin 
and is probably a segment of a larger fault zone trending roughly E-W. As is clear 
from PAPAZACHOS et al. (1983) and AMBRASEYS & JACKSON (1990), the 1980 seismic 
sequence is distributed along this fault, while ground ruptures related to it mainly 
strike E-W and, to a lesser extent, ENE-WSW Fault-plane solutions for the main 
shock and the strongest foreshocks and aftershocks demonstrate mainly E-W to 
ENE-WSW trending, dip-slip fault planes, consistent with striated fault surfaces 
measured in the field. Palaeostress reconstructions from the structural analysis of stri
ated fault planes yield principal stress directions for the Mid Pleistocene to Present
day stress regime in good agreement with those derived from fault plane solutions, 
with a tensile (0'3) axis trending N-S to NNE-S SW (CAPUTO & PAVLIDES 1991). 

While the above stress determinations reflect the regional stress regime, a second 
or third order stress field has also been determined in which extension is directed 
WNW -ESE. This local stress field is associated with minor neotectonic structures 
trending mainly NE-SW, and with some of the 1980 earthquake ground ruptures 
which in places strike ENE-WSW to NE-SW and which have a weak sinistral 





64 SPYROS B. PA VLIDES 

component of movement. These features indicate a conflicting sense of movement 
to that exhibited by the principal E-W trending ground ruptures and neotectonic 
faults, being incompatible with the N-S extension computed from fault-plane solu
tions and structural analysis of neotectonic faults (CAPUTO 1991). 

The mechanism by which these minor faults and ground cracks are generated is 
not clear. It is well demonstrated that the stress state in the upper continental crust 
is characteristically heterogeneous, and strongly influenced by gravitational forces, 
and it may be that these secondary phenomena represent local gravitational effects 
in the uppermost levels of the crust. Regardless of their origin, however, they are 
evidence for a second order set of faults, of contrasting orientation to the main 
seismogenic structures, disrupting the pattern of earthquake rupture. 

The Sophades earthquake, a large (M 7.0) earthquake that occurred on April 30, 
1954 at the western end of the same seismogenic zone, is a poorly studied event but 
one that is important in understanding the seismotectonic framework of the Thessaly 
seismogenic zone. A recently published account of surface ruptures mapped imme
diately after the event reveal a 5 km long set of ground ruptures along a NNW -SSE 
trending fault and in the down thrown block of the Karditsa Basin to the northeast 
(PAPASTAMATIOU & MOUYARIS 1986). The ruptures mainly conform to oblique 
(sinistral) dip-slip faults, while a second, less well developed set of structures indicate 
pure dip slip along E-W trending faults which have displacements of 10-70 cm. 
AMBRASEYS & JACKSON (1990) ascribe the earthquake to a 30 km long NW-SE 
striking major seismogenic normal fault along the foothills of the western Thessaly 
(Karditsa) plain. Recent earthquakes in the area in 1954, 1955 (Ms 6.2), 1957 (Ms 6.5 
and 6.7) and 1980 reveal a general eastward-directed migration in seismic activity 
within the seismogenic zone (Fig. 4), while the isoseismal contours V to IX of the 
1954 and 1957 earthquakes are similarly elongated along a E-W trend (PAPAZACHOS 
et al. 1982). 

The neotectonic map of Thessaly (CAPUTO 1990) together with our own photo
geological, morphotectonic and structural investigations clearly show a large E-W 
trending active fault zone affected by NW-SE trending marginal structures of the 
Karditsa and Larissa Basins, as well as some NE-SW striking minor faults. The 
sinistral component of oblique slip on the NNW-SSE striking faults, together with 
the similar character of the ground ruptures produced by the 1954 Sophades earth
quake, as well as the E-W striking normal fault ruptures activated during the same 
event, is consistent with a N-S directed extensional stress regime. Although conflict
ing with early fault plane solutions that indicated E-W extension on NW-SE striking 
normal faults (McKENZIE 1972), such a stress regime is compatible with the state of 
stress determined from structural analysis of Quaternary faults (CAPUTO 1990, 
CAPUTO & PAVLIDES 1991) and new data from the analysis of striated fault surfaces. 
The principal feature of the South Thessaly seismotectonic pattern, therefore, is the 
cross-cutting nature of the tectonics. 

Eastern Gulf of Corinth seismogenic zone 

During February and March 1981, two sequence of earthquakes occurred in the 
eastern part of the Gulf of Corinth, a fault-bounded half-graben separating the 
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Discussion and conclusions 

The main purpose of this paper has been to illustrate the intricate fault geometry of 
seismogenic zones in mainland Greece and demonstrate the consequent complexity 
of earthquake ruptures. New geological observations, together with reassessments 
of existing studies, highlight the role of composite fault structures being reactivated 
as multiple fault strands in a number of recent Greek earthquakes. This, together 
with the wider recognition that heterogeneities within the uppermost levels of 
continental crust may give rise to a range of "fault geometrical barriers' which 
control fault rupture and arrest, lead to the recognition of multi-fractured seis
mogenic zones being an important facet of seismic risk evaluation. In this respect, 
a number of noteworthy observations arise from investigations in the Aegean region 
which may find wider application. 

(1) The geometry of seismic fault traces and the architecture of the underlying 
fault zone is commonly more complex than generally described. 

(2) Fault-plane solutions of earthquakes only partially describe the geometry of 
seismogenic faults. They appear, for example, to indicate the sense of fault move
ment at deeper levels, giving a mean sense of fault kinematics rather than describing 
the overall rupture pattern. 

(3) The main fault ruptures generated by earthquakes follow prominent faults 
with more or less uniform strike, but locally geometrical barriers may deflect rupture 
propagation to varying degrees. Examples of such geometrical barriers in the seis
mogenic zones investigated are the intersection of contrasting fault sets, releasing 
bends or branch lines, minor bends in fault strike, step-over zones and intersections 
between reactivated faults and pre-existing cross faults. The result of these barriers 
is to produce a multi-fractured seismogenic zone characterised by a diverse pattern 
and sense of fault movements. 

(4) Because of the difficulty in correlating surface rupture characteristics with 
those at depth as determined from fault plane solutions, it is likely many barriers do 
not extend very deep into the crust. Similarly there is the likelihood that some 
disruptions of fault geometry may reflect deeper discontinuities not apparent at the 
surface. 

(5) Finally, this study illustrates how structural and morphotectonic investiga
tions of active faults can provide useful information on earthquake behaviour, 
particularly with regard to . assessing likely rupture nucleation and propagation 
characteristics, as well as defining those fault segments which are likely candidates 
for reactivation. It is in this way that such studies may contribute to assessments of 
seismic risk within seismically active areas such as the Aegean region. 
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