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Abstract

Active faulting and seismic properties are re-investigated in the eastern precinct of the city of Thessaloniki (Northern Greece), which was

seriously affected by two large earthquakes during the 20th century and severe damage was done by the 1759 event. It is suggested that the

earthquake fault associated with the occurrence of the latest destructive 1978 Thessaloniki earthquake continues westwards to the 20-km-

long Thessaloniki–Gerakarou Fault Zone (TGFZ), which extends from the Gerakarou village to the city of Thessaloniki. This fault zone

exhibits a constant dip to the N and is characterised by a complicated geometry comprised of inherited 1008-trending faults that form multi-

level branching (tree-like fault geometry) along with NNE- to NE-trending faults. The TGFZ is compatible with the contemporary regional

N–S extensional stress field that tends to modify the pre-existing NW–SE tectonic fabric prevailing in the mountainous region of

Thessaloniki. Both the 1978 earthquake fault and TGFZ belong to a ca. 65-km-long E–W-trending rupture fault system that runs through the

southern part of the Mygdonia graben from the Strymonikos gulf to Thessaloniki. This fault system, here called Thessaloniki–Rentina Fault

System (TRFS), consists of two 17–20-km-long left-stepping 1008-trending main fault strands that form underlapping steps bridged by 8–

10-km-long ENE–WSW faults. The occurrence of large (M ^ 6.0) historical earthquakes (in 620, 677 and 700 A.D.) demonstrates repeated

activation, and therefore the possible reactivation of the westernmost segment, the TGFZ, could be a major threat to the city of Thessaloniki.

Changes in the Coulomb failure function (DCFF) due to the occurrence of the 1978 earthquake calculated out in this paper indicate that the

TGFZ has been brought closer to failure, a convincing argument for future seismic hazard along the TGFZ.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Destructive earthquakes occurring close to populated

areas demonstrate the necessity of additional efforts to

improve existing scientific knowledge on active faulting and

its relationship with the seismicity in the area of interest, the

ultimate goal being the assessment of the future seismic

hazard. Many attempts have been made in seismically active

areas to evaluate the behaviour of the earthquake faults and

the possible occurrence of earthquakes on neighbouring

faults, taking into account fault interaction. Faults are not

mechanically isolated structures, but they occur within a

population of faults and they may interact with other faults

through their stress field. Many recent earthquake sequences

involved slip on interacting fault segments showing that

fault interaction can profoundly affect rupture sequences,

such as in the case of the 1999 Izmit and Duzce mainshocks

(Hubert-Ferrari et al., 2000; Parsons et al., 2000; Papadimi-

triou et al., 2001).

This study refers to the Thessaloniki area, which has

recently been affected by the 1978 destructive earthquake

sequence (Papazachos and Papazachou, 1997). Since then,

an intense neotectonic and seismological investigation of

the broader area has been carried out (Papazachos et al.,

1979, 1982; Mercier et al., 1983; Mountrakis et al., 1983,

1996; Hatzfeld et al., 1987; Pavlides and Kilias, 1987;

Pavlides et al., 1990; Tranos, 1998). The results contribute

to the better understanding of the active faulting and

seismicity of the study area. However, the identification and
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geometry of the seismic fault of the 1978 earthquake, its

behaviour within the regional fault pattern, and its probable

future reactivation need further investigation. Therefore, the

fault geometry and more precisely the length, orientation

and extension of the 1978 Thessaloniki earthquake fault are

among the targets of the present study. The Coulomb stress

changes due to the 1978 seismic sequence are also

calculated to identify which other faults, or fault segments

are currently in stress-enhanced areas, and to evaluate the

future seismic hazard in the study area.

2. Geology and seismotectonic setting

The broader Thessaloniki area lies in Central Macedonia

and constitutes part of the Inner Hellenic orogen (Fig. 1).

The exposed rocks forming the pre-alpine and alpine

basement belong to the NNW – SSE-trending alpine

Circum Rhodope Belt Thrust System (CRBTS), which is

characterized by several NE-dipping asymmetric anticli-

noria and synclinoria and repeated SW-directed thrust

sheets (Tranos et al., 1999). Above this basement extensive

NW–SE- and E–W-trending continental-type basins and

grabens have been filled with Neogene and Quaternary

sediments. They were developed by a Miocene to present

extensive brittle extensional deformation that mainly

related to high-angle normal faults (Pavlides and Kilias,

1987; Tranos, 1998; Tranos et al., 1999). Among these

basins the E – W-trending Mygdonia graben and its

preceding NW – SE Pre-Mygdonia basin are directly

related to our study as they formed at the northern slopes

of the mountainous area of Thessaloniki. This extensional

deformation has the least principal stress axis (s3) oriented

NE –SW in Late Miocene –Pliocene and N–S since

Quaternary (Pavlides and Kilias, 1987; Mercier et al.,

1989; Pavlides et al., 1990; Tranos, 1998; Tranos and

Mountrakis, 1998) and forms a back-arc, with the

extension related to the Hellenic subduction zone (Angel-

ier, 1979; Mercier, 1981).

The fault pattern of the broader area is rather compli-

cated, including NW–SE-, NE–SW-, E–W- and NNE–

SSW-trending faults. Many of them are inherited structures

active at least since the Miocene (Pavlides and Kilias, 1987;

Pavlides et al., 1990; Tranos, 1998; Tranos and Mountrakis,

1998; Tranos et al., 1999), whereas the E–W-trending faults

are associated with the seismic activity or have verified

Quaternary activity (Mountrakis et al., 1996; Tranos, 1998).

However, the faults affecting the basement exhibit compli-

cated kinematics usually with more than one slickenline on

their surfaces (Pavlides et al., 1990; Tranos, 1998).

The study area is characterised by intense seismic

activity with strong earthquakes of magnitudes up to

M ¼ 7.0 from historical times to the present (Fig. 2; Table

1, data from Papazachos and Papazachou, 1997). More

Fig. 1. Generalised geological and tectonic map showing the Thessaloniki–Rentina Fault System and its westernmost part, the Thessaloniki–Gerakarou Fault

Zone, in the fault-dominated area of Central Macedonia. Am. F: Amoliani Fault, A. F: Anthemountas Fault, L–AV. F: Lagina–Ag. Vasilios Fault, P. F: Pirgos

Fault, So. F: Sochos Fault, Str. F: Stratoni Fault, V. F: Vourvourou Fault, L: Langadas Lake, V: Volvi Lake. The inset map in the upper right corner shows the

transpressive Circum Rhodope Belt Thrust System that dominates the deformation of the pre-Alpine and Alpine basement rocks from Oligocene to Miocene

times (modified from Tranos et al., 1999) and the position of the studied area in the Greek mainland (Fig. 2).
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precisely, during the present century two destructive

earthquakes, the Assiros (5 July 1902, M ¼ 6.5) and

Thessaloniki (20 June 1978, M ¼ 6.5) occurred in the

broader area of Thessaloniki along the E–W Mygdonia

graben. The Thessaloniki earthquake sequence (Table 2) is

comprised of the larger foreshock on May 23 (M ¼ 5.3), the

mainshock on June 20 (M ¼ 6.5) and the larger aftershock

on July 4 (M ¼ 5.0). The mainshock caused extensive

damage and loss of life in the metropolitan area of

Thessaloniki and the surrounding villages.

The most recent seismic activity close to the city of

Thessaloniki occurred in the central part of Mt. Chortiatis in

the summer of 1999 with the largest event of M ¼ 3.7 on

June 29. The shocks of this sequence were located in the

area containing Asvestochori, Panorama and Chortiatis

villages and were felt throughout the whole Thessaloniki

area (Papazachos et al., 2000).

3. The Thessaloniki–Gerakarou Fault Zone (TGFZ)

The ground ruptures observed during the 1978 Thessa-

loniki sequence (Papazachos et al., 1979) do not identify a

unique fault line; instead they delineate three main fracture

lines. The most prominent one has an ENE–WSW strike

and a length of about 12 km, starting from Peristerona

village, passing through Stivos and Nikomidino villages and

terminating abruptly to the west of Gerakarou village (Fig.

3). It is aligned along the ENE–WSW (70–808)-trending

Gerakarou–Stivos fault cutting either alluvial deposits or

the basement at the south edge of the Mygdonia graben, and

it is considered as the surficial trace of the main seismic fault

associated with the 1978 Thessaloniki earthquake (Papa-

zachos et al., 1979; Mountrakis et al., 1983).

The Gerakarou–Stivos fault is considered to extend

westwards to the Lagina–Ag. Vasilios fault that strikes

Fig. 2. Map showing the seismic activity of the broader Thessaloniki area and the main faults along the southern part of the Langada and Volvi lakes. The

studied TGFZ is indicated in the dark grey frame. Stars are the epicentres of the historically known strong (M . 6.0) earthquakes. Focal mechanisms

correspond to the main earthquakes of the 1978 sequence (see Table 2). Aftershocks spatial distribution (solid circles) of the 1978 seismic sequence (data from

Carver and Bollinger, 1981) and epicentres of the June 1999 sequence (solid triangles) recorded by a dense portable network (Papazachos et al., 2000) are also

shown. The A–A0 straight thin line denotes the cross-section shown in Fig. 6. Villages: PL: Pilea, PN: Panorama, PF: Pefka, A: Asvestochori, E: Exochi, CH:

Chortiatis, V: Vasiloudi, G: Gerakarou, LG: Laghadikia, N: Nikomidino, S: Stivos, PR: Peristerona, LV: Loutra Volvis, NA: Nea Apollonia, AP: Apollonia, K:

Kokalou, NM: Nea Madytos, R: Rentina, L: Lagina.

Table 1

Strong (M . 6.0) earthquakes in the study area since 500 A.D. For the

historical events, epicentres are the centres of the rupture zones determined

by macroseismic information and M is equivalent moment magnitude

(Papazachos and Papazachou, 1997)

Year Month Date Time c0
N l0

E M Reported intensity

620 40.700 23.500 7.0 Thessaloniki (VII)

677 40.700 23.200 6.5 Thessaloniki (VII)

700 40.700 23.100 6.6 Thessaloniki (VII)

1677 40.500 23.000 6.2 Vassilika (VIII)

1759 June 22 40.600 22.800 6.5 Thessaloniki (IX)

1902 July 5 14:56:30 40.820 23.040 6.6 Assiros (IX)

1978 June 20 20:03:21 40.728 23.253 6.5 Stivos (VIII þ )
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NW–SE (1308), dips to the NE and constitutes the boundary

fault of the Mygdonia graben to the south (south of Langada

Lake) (Mercier et al., 1983; Pavlides and Kilias, 1987;

Pavlides, 1993; Mountrakis et al., 1996; Chatzipetros and

Pavlides, 1998). It seems to join inherited structures of

various orientation and to form an arc shape facing to the N

(Pavlides, 1993). However, the focal mechanism of the 20

June 1978 mainshock (strike: 2788, dip angle: 468 and rake:

2708, Soufleris and Stewart, 1981) and the spatial

distribution of its aftershocks strongly support an almost

E–W strike. In addition, few isolated ground ruptures

observed in the northern suburb of Thessaloniki (around

Polichni) during the 1978 Thessaloniki earthquake have a

similar 1008 trend and they are located along the 2808

direction westwards of the Gerakarou–Stivos fault. The

discrepancy between geological and seismological obser-

vations triggered our interest to carry out the mapping of the

faults and their geometric and kinematical analysis from the

Table 2

Source parameters of the three strongest events of the 1978 sequence (Soufleris and Stewart, 1981)

Date Time Latitude (c0
N ) Longitude (l0

E) Depth (km) M Mechanism

Strike Dip Rake

1978, May 23 233411 40.698 23.295 6 5.8 265 40 283

1978, June 19 103106 40.707 23.258 10 5.3 281 44 266

1978, June 20 200322 40.729 23.254 6 6.5 278 46 270

Fig. 3. (a) Geological-tectonic map of the mountainous area east of Thessaloniki showing the geometry of the TGFZ. Squares A, B, C are the eastern, central

and western part of the TGFZ as described in the text. S–G F.: Stivos–Gerakarou Fault, Ag. P F.: Ag. Paraskevi Fault, A–Ch F.: Asvestochori–Chortiatis

Fault, P–A F.: Pefka–Asvestochori Fault, P–P F.: Pilea–Panorama Fault, L–AV. F.: Lagina–Ag. Vasilios Fault. Thin lines with square tick marks are

tectonic contacts. Thick lines, part broken, are the main fault traces of the TGFZ with solid bar tick marks pointing to the downthrown side of the faults. Thinner

lines are the certain faults or the possible or covered faults (broken lines) mapped in the area. (b) Inset rose-diagram of the joints and faults in the eastern (A)

and central (B) part of the TGFZ. Geological boundaries derived from the geological map at a scale of 1:50,000 of Thessaloniki (Kockel et al., 1978a) and

Thermi (Kockel et al., 1978b).
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western end of the Gerakarou–Stivos fault towards the

Thessaloniki city, where the 1999 seismic sequence

occurred.

For this purpose Landsat satellite images and air-photos

at a scale of 1:33,000 were used. We propose that the

Gerakarou–Stivos fault continues westwards through a

large number of subparallel small fractures and large faults

of E–W strike and N dip (Fig. 3a) up to Asvestochori

village and the city of Thessaloniki forming a complicated

fault zone named the Thessaloniki–Gerakarou Fault Zone

(TGFZ).

3.1. Description of the TGFZ

In describing the TGFZ we subdivide it into three main

parts: eastern (A), central (B) and western (C) (Fig. 3a).

Different orientation and architecture as well as geologic

features such as those that might be classified as ‘barriers’ or

‘asperities’, generally related to fault segmentation, charac-

terize each part of the TGFZ. Among such features are

minor fault bends (Bilham and Williams, 1985; King and

Nabelek, 1985), en échelon stepovers (Bakum et al., 1980;

Segall and Pollard, 1980; Deng and Zhang, 1984; Sibson,

1985), changing relief along the fault (Schwartz and

Coppersmith, 1984; Crone et al., 1987), cross-structures

(Schwartz and Coppersmith, 1986; Crone et al., 1987) and

changing bedrock types and hydrologic environment (Allen,

1968; Irwin and Barnes, 1975).

3.1.1. Eastern part of the TGFZ

The eastern part of the TGFZ (A, in Fig. 3a) consists of

the part, west and south of Gerakarou and Vasilloudi

villages, respectively, where the well-defined Ardameri–

Gerakarou sphenoid subbasin is exposed. This subbasin

consists of part of the larger Pre-Mygdonia graben, the latter

formed by the activation of the NW–SE-trending fault

system from Middle Miocene to Pliocene (Psilovikos and

Sotiriadis, 1983). The exposed sediments in the Ardameri–

Gerakarou subbasin are red beds of Villafranchian (Lower

Pleistocene) age that constitute the uppermost portion of the

Pre-Mygdonia basin. They belong to the Gerakarou

Formation and consist of alternating lens-shaped beds of

unconsolidated gravels, coarse sands and reddish-brown

silts and clays deposited in a fluvioterrestrial environment

(Koufos et al., 1995). The Mygdonia graben has been

developed along the Langada and Volvi lakes forming a

narrow Quaternary sedimentary strip of NW–SE strike at

the west and E–W strike at the east.

At this part, the TGFZ runs through the Ag. Paraskevi

stream (Fig. 4a) forming the most prominent fault strand

called Ag. Paraskevi fault. The eastern part of this fault,

similar to the Gerakarou–Stivos fault, strikes ENE–WSW

and dips to NNW, but to the west it bends towards a NNE–

SSW orientation perpendicularly terminating at the more

western Asvestochori–Chortiatis fault. Along this fault

travertine deposits have been found. Hancock et al. (1999)

suggested that many of the springs that are sources of

travertine deposits are located in step-over zones between

adjacent fault segments. Indeed, the same conditions have

been found in this part of the TGFZ, where a 2.5-km-long

extensional step-over zone between the left-stepping

Gerakarou–Stivos fault and Asvestochori–Chortiatis fault

is well established by our mapping.

Within this extensional step-over zone, fractures affect-

ing the Pleistocene sediments of the Gerakarou Formation

have been found, revealing a distinctly E–W strike with a

mean value of N808 (eastern part or A, Fig. 3b). They

comprise both joints and meso-scale extensional faults that

drift the drainage pattern along their strike. Also, because of

their presence, many subparallel NNE-drifted streams are

captured more or less along the E–W lineaments. The

observed joints are mostly vertical, single-layer fractures

and are presented as non-continuous fractures with no

uniform distribution, but their spacing on the scale of

outcrop is relatively constant (Tranos and Mountrakis,

1998).

3.1.2. Central part of the TGFZ

In the central part (B, in Fig. 3a) of the TGFZ our

mapping indicates that the fault pattern affecting the

basement is dominated mostly by the WNW–ESE striking

faults that dip to the N with high angles. NNE- to NE-

trending faults dipping mostly to the WNW at high angles

complete the fault pattern (central part or B, Fig. 3b). In

detail, two main WNW–ESE-trending faults both dipping

to the N constitute two subparallel major strands of the

TGFZ at this part, the northern strand named Asvestochori–

Chortiatis fault, trending 988, and the southern named

Pilea–Panorama fault, trending 998. These faults are linked

to each other, by two NNE- to NE-subparallel faults that

both dip towards WNW.

The Asvestochori–Chortiatis fault is comprised of an

array of subparallel, synthetic and successive in line fault

strands dipping mainly to the N forming a crescent-shaped

alignment at the large scale between the Asvestochori and

Chortiatis villages. This fault stands at the westward

prolongation of the Gerakarou–Stivos fault where it cuts

the Chortiatis mountain chain, and where a NW–SE fabric

dominates. However, some of the fault strands of the

Asvestochori–Chortiatis fault pre-existed as thrust surfaces

or surfaces of left-lateral thrust ramps of the CRBTS during

the Tertiary (Tranos et al., 1999).

In particular, along the northern slopes of the Mt.

Chortiatis and eastwards of the Chortiatis village, the

Asvestochori–Chortiatis fault consists of at least three 1008

striking subparallel synthetic fault strands dipping con-

stantly towards the N at an angle of 60–808. Among these

strands, which gradually lower the northern slopes of the

Mt. Chortiatis, the most prominent and rectilinear is the

middle one reaching eastwards towards the Ag. Paraskevi

fault. A prominent morphotectonic feature along these faults

is the reversal of the relief due to the northward tilted

M.D. Tranos et al. / Journal of Structural Geology 25 (2003) 2109–2123 2113



blocks. A vertical fissure striking 1008 cuts the erosion

mantle along the Northern Strand (Fig. 4b and c). This

fissure has a length of about 50 m, a heave of 1.5 m and a

depth of about 2–2.5 m, and is possibly associated with the

1978 main shock. Within this fissure, which appears fresh,

one can observe a small brittle fault surface cutting the

phylitic rocks underneath the erosion mantle at the base.

To the west, between the Asvestochori and Chortiatis

villages, along the Asvestochori–Chortiatis fault, a valley

filled to a depth of about 70 m (data from water wells) with

Pleistocene fluvioterrestrial sediments (coarse sands and

gravels) has developed. Although the valley obliterates the

traces of the fault strands previously mentioned, it is

delimited to the south by a southern fault strand of the

Asvestochori–Chortiatis fault (Figs. 3a and 4d), thus

suggesting that it is closely related to the Asvestochori–

Chortiatis fault reactivation and could be characterised as a

fault-bounded valley. In this part, more southern fault

strands also belonging to the TGFZ have been mapped up to

the Exochi and Asvestochori villages. They run through the

northern part of the Chortiatis village and cut the NNE–

SSW faults that depress Mt. Chortiatis to the west (Fig. 4d).

In some localities, however, the NNE–SSW faults cut the

major WNW–ESE faults. This reciprocal cutting between

the WNW–ESE and NNE- to NE-trending faults suggests

that both have simultaneously reactivated under a unique

stress field.

The Pilea–Panorama fault strand, which is subparallel to

the Asvestochori–Chortiatis fault, strikes WNW–ESE and

dips to the N forming an elongated deep valley (Fig. 4e),

filled with Neogene redbeds unconformably overlain by

Quaternary sediments (Fig. 3a). The fault juxtaposes these

sediments (hanging wall) against the ophiolitic rocks to the

south (footwall). The fault has an observed length of about

8 km and possibly continues westwards to the Thessaloniki

city cross-cutting a NNE–SSW fault. The Pilea–Panorama

fault to the east joins successively to the NNE–SSW faults

that rapidly lower the western slopes of Mt. Chortiatis, and

links through them to the Asvestochori–Chortiatis fault.

Therefore, in this intermountainous region the TGFZ

bifurcates into two subparallel fault strands, the Asvesto-

chori–Chortiatis and Pilea–Panorama, which, along with

the NNE- to NE-faults, form at least two successive fault

duplexes that dominate this part.

Fig. 4. Field photographs along the TGFZ showing the: (a) eastern part of the TGFZ. Solid arrows indicate the Ag. Paraskevi fault, (b) huge vertical fissure,

possibly associated with the 1978 Thessaloniki main shock in the central part of the TGFZ (view towards E), (c) same as (b) but looking towards W, the fissure

shown with black arrows, (d) central part of the TGFZ in the west part of Chortiatis village (view towards SE). White arrows indicate a strand of the

Asvestochori–Chortiatis fault that bounds a small Quaternary valley to the south. In the background, the highest peak of Mt. Chortiatis is shown as well as the

main NNE–SSW-trending fault (white broken lines) joining the Asvestochori–Chortiatis Fault with the Pilea–Panorama Fault, (e) Pilea–Panorama fault that

forms a narrow rectilinear valley shown by white arrows, (f) western part of the TGFZ. The rectilinear alignment of the Pefka–Asvestochori fault is shown by

the white arrows.
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3.1.3. Western part of the TGFZ

Westwards of the Asvestochori village, the TGFZ

continues through the 9.5-km-long Pefka–Asvestochori

fault to the NW limits of Thessaloniki city where it possibly

crosscuts a large NNE–SSW fault (C, Fig. 3a). The latter is

considered as the western observed end of this segment of

the TGFZ. Detailed tracing of the TGFZ on a Landsat image

in between the Asvestochori and Exochi villages indicates

that a minor fault bend exists between the Asvestochori–

Chortiatis fault and the Pefka–Asvestochori fault. This

minor fault bend is considered in this study as a distinctive

barrier of the TGFZ because the latter exhibits a different

orientation and architecture westwards of this point

compared with the central part. The Pefka–Asvestochori

fault passing through the Asvestochori and Pefka villages

strikes WNW–ESE and forms a distinctly straight fault

trace (Fig. 4f), along which a narrow valley partly filled with

Neogene and Quaternary detrital sediments has been

formed. E–W antithetic smaller faults in the hanging wall

of the Pefka–Asvestochori fault dipping to the S at high

angles complete the fault pattern in this western part. These

faults control the hydrographic network of the valley,

forming long parallel streams in an E–W orientation, and

cutting small WNW–ESE faults that parallel the Pefka–

Asvestochori fault.

Just after the 1978 earthquake, some 1158 striking

seismically-induced cracks were observed at the Polichni

suburb (Papastamatiou, 1978; Mercier et al., 1983). Mercier

et al. (1983) attributed these cracks to the Pefka–

Asvestochori fault reactivation. Instead of finding similarly

oriented cracks along this fault, we observe that an 808-

striking ground fissure of about 10 cm heave forms a hollow

in the road running subparallel to the Pefka–Asvestochori

fault (in its footwall). The fissure has been formed along an

808-striking fault dipping at 848 to the N that affects the

metaclastic rocks of the CRBTS, and it possibly indicates

the tectonic instability of the area. It suggests that the least-

principal stress axis (s3) is in the NNW–SSE (3508)

orientation. This part of the TGFZ is characterized by low-

intensity and high frequency seismicity. However, the

calculated fault plane solutions could not define its

geometry (Hatzidimitriou et al., 1991).

3.2. Kinematics

The kinematics of the TGFZ has been deduced using

microstructures widely accepted as slip and sense-of-shear

indicators such as slickenlines, accretion steps, Riedel

structures and S–C cataclastic fabric (Hancock, 1985;

Pettit, 1987). A significant problem arises from the fact that

in Central Macedonia the faults affecting the basement

rocks reveal a more complicated kinematics since their

slickensides bear commonly more than one set of slick-

enlines (Pavlides and Kilias, 1987; Pavlides et al., 1990;

Tranos, 1998; Tranos et al., 1999). To overcome this

problem, we determined the chronological order of the

different fault movements along the TGFZ by observations

of cross-cutting structures, as well as superposition of the

different sets of slickenlines and the associated cataclastic

material. In addition, we correlate this chronological order

with that derived from the faults and the fractures affecting

the Neogene and mainly the Quaternary sediments, since the

latter have been affected only by the N–S stress regime.

In the eastern part of the TGFZ the faults of the zone

striking E–W cut mostly the Pleistocene sediments of the

Gerakarou Formation. These faults bear only one set of

slickenlines that indicate a normal to oblique left-lateral

normal movement. Similarly orientated slickenlines indi-

cating oblique left-lateral normal movement (rake: 2608 to

2908) have also been observed along some faults affecting

the exposed basement and along the Ag. Paraskevi fault

(Fig. 5a). This fault movement fits well with the least

principal stress axis (s3) determined by neotectonic joints

affecting the Pleistocene sediments (Tranos and Mountra-

kis, 1998) and parallels the slip vector of the 1978 seismic

fault defined by the focal solution of the main shock

(Soufleris et al., 1982). In addition, these slickenlines are

superposed on all the sets of slickenlines with different

orientations and determine maximum extension from 3558

to 278 (Tranos, 1998). Therefore, this fault displacement is

the latest movement revealed by the E–W faults forming

the TGFZ. The asymmetric rhomb-shape of the extensional

duplex mapped at this part, which suggests a left-lateral

component of the fault movement, fits well with this

kinematics.

In the central part of the TGFZ, the WNW–ESE faults

affecting the basement reveal at least three sets of

slickenlines with different orientations indicating the

following fault movements: (a) a left-lateral strike-slip

movement, which is attributed to Oligocene–Miocene

deformation (Tranos, 1998; Tranos et al., 1999), (b) an

oblique right-lateral normal movement, which is attributed

to the NE–SW extensional stress field of the Late

Miocene–Pliocene times, and (c) an oblique left-lateral

normal movement that is considered as the most recent. The

WNW–ESE-trending Asvestochori–Chortiatis and Pilea–

Panorama fault strands reveal oblique left-lateral normal to

normal movement (rake: 2608 to 2908) similar to the latest

movement. This suggests strain compatibility between both

these strands.

The kinematics of the NNE- to NE-trending faults is best

defined along the faults cutting the carbonate rocks of the

central part. These faults reveal at least three sets of

slickenlines that define three different fault movements,

which are from oldest to youngest: (1) left-lateral strike-slip

movement (rake: 0–208 to 160–1808), (2) oblique left-

lateral normal movement (rake: 2608 to 2808), and (3)

oblique right-lateral extensional movement (rake: 21208 to

21508) as found by Tranos (1998). The latest one

determines that the maximum extension strikes from 3248

to 0088 and reveals strain compatibility with the aforemen-

tioned normal to oblique left-lateral normal movement of
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the WNW–ESE-trending faults (Fig. 5b). The recently

recorded reactivation of these faults as indicated by focal

mechanisms (Hatzidimitriou et al., 1991) supports their

right-lateral oblique extensional movement and the simul-

taneous reactivation of the NNE- and WNW-trending faults.

Finally, in the western part of the TGFZ, the oblique left-

lateral normal movement is also the latest movement that

characterizes the Pefka–Asvestochori fault and smaller

antithetic E–W faults (Fig. 5c).

3.3. Seismotectonic implications of the TGFZ

Our investigation focusing on the fault geometry and

kinematics suggests that the TGFZ could be the western

extension of the 1978 earthquake fault. In particular, the E–

W strike and the left-lateral oblique-normal movement of

the TGFZ is similar to the geometry and kinematics of the

1978 earthquake fault as determined by the fault plane

solution of the mainshock, the distribution of its aftershocks

and the main active and seismic faults of the broader area of

Chalkidiki and Central Macedonia (Mountrakis et al., 1983;

Pavlides and Tranos, 1991; Tranos, 1998; Papazachos et al.,

1998). Moreover, the isolated ground ruptures observed

after the 1978 earthquake in the northern suburb of the

Thessaloniki city and the occurrence of the latest 1999

seismic sequence in the central part of Mt. Chortiatis can be

attributed to the reactivation of faults belonging to the

TGFZ.

Papazachos et al. (2000) interpreted this latest 1999

seismicity to be caused by the reactivation of a NW–SE

striking normal fault dipping to the SW under the city of

Thessaloniki. However, there are some arguments concern-

ing this interpretation. Our detailed mapping (Fig. 3)

indicates that there is no significant normal fault striking

NW–SE and dipping to the SW; there are only the main

mapped faults of the TGFZ that strike WNW–ESE (1008)

and dip towards the N. In addition, the NE–SW maximum

extension defined by the focal mechanism does not fit well

with the N–S maximum extension of the broader area

determined by the latest kinematics of the faults (Pavlides

and Kilias, 1987; Pavlides et al., 1990; Mountrakis et al.,

1996; Tranos, 1998), the neotectonic joints (Tranos et al.,

1995; Tranos and Mountrakis, 1998) and the focal

mechanisms of the large earthquakes (Papazachos et al.,

1998).

The A–A0 cross-section of the TGFZ, in the area from

Panorama to the Mygdonia graben, relates the surficial

geometry of the TGFZ to the spatial distribution of the 1999

sequence hypocenters (Fig. 6). It demonstrates that the N-

dipping geometry of the TGFZ, as defined by the surficial

mapping (Fig. 6a), is well verified by the spatial distribution

of these hypocenters (Fig. 6b). More precisely, the TGFZ

forms a ramp-flat geometry with both Pilea–Panorama and

Asvestochori–Chortiatis fault strands dipping to the N at

about 66–678 to a depth of 4 km, and it reaches northwards

beneath the lakes to a depth of 13 km at 288. Some events

with focal depths around 13 km that occurred in the

mountainous area beneath the Panorama–Chortiatis area

possibly belong to the NNE (108)-dipping Anthemountas

Extensional Detachment Fault (AEDF), which reaches the

Earth’s surface south of Thessaloniki city and forms the

1008 striking Anthemountas basin. The extensional detach-

ment level thus seems to be around a depth of 12–13 km.

The geometrical and kinematical characteristics of the

TGFZ and the spatial distribution of the seismic activity

enrich our understanding of the general fault pattern of the

study area. East of the Gerakarou–Stivos fault there are

faults such as the Nea Apollonia, Kokalou–Nea Madytos

and Rendina that form almost identical geometries to that of

the TGFZ and Gerakarou–Stivos fault (Fig. 7). They are

characterised by similar kinematics to the TGFZ and

Stivos–Gerakarou faults (Mountrakis et al., 1994, 1996)

and more travertine deposits analogous to that of the eastern

part of the TGFZ have been found along them. The fact that

these travertine deposits have been superimposed on top of

the Middle–Late Pleistocene sediments of the Mygdonian

system (Sotiriadis et al., 1972; Psilovikos and Sotiriadis,

1983) strongly suggests the Quaternary reactivation of these

faults. Therefore, it is suggested that both the 1978

earthquake fault and the TGFZ belong to a 65-km-long

E–W-trending rupture fault system that extends from the

Strymonikos gulf to the east, through the southern part of

Fig. 5. Fault planes and slip vectors from the different parts of the TGFZ plotted on lower hemisphere equal-area stereonets. The paleostress axes are derived for

each sub-area using the StereoNett software (Duyester, 1999). Square is the least principal stress axis (s3), rhomb is the intermediate principal stress axis (s2)

and circle is the greatest principal stress axis (s1).
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the Mygdonia graben, to the city of Thessaloniki at the west.

This fault system, here called Thessaloniki–Rentina Fault

System (TRFS) (Fig. 7) consists of 17–20-km-long left-

stepping 1008-trending main fault strands that form under-

lapping steps bridged by 8–10-km-long ENE–WSW faults

so that the general trend of the TRFS is orthogonal to the

regional active N–S extension stress field. This specific

fault geometry of the TRFS has been clearly verified in the

area of Stivos by the 1978 seismic sequence. In particular,

the foreshock that occurred on 23 May 1978 with Ms ¼ 5.8

has a fault plane solution indicating a 858 fault plane that is

associated on the surface with similarly oriented seismic

ground ruptures along the Gerakarou–Stivos fault, whereas

the main shock occurred on 20 June 1978, has a fault plane

solution that indicates a 1008 fault plane and distribution of

aftershocks along the same orientation. Thus the ENE–

WSW Gerakarou–Stivos fault is considered as the bridge

fault joining the Nea Apollonia fault (Mountrakis et al.,

1996) at the east with the TGFZ.

In order to estimate the slip-rate of the TRFS, we take

into account the maximum downthrow of the Lower

Pleistocene/Middle Pleistocene contact between the sedi-

ments of the Pre-Mygdonia and Mygdonia groups. This

contact coincides with the uppermost surface of the

Gerakarou Fm., and its downthrow due to the TGFZ and

Gerakarou–Stivos fault segments of the TRFS as estimated

from drilling data, (BRGM and YEV drillings, in Psilovi-

kos, 1977) is about 350 m. Therefore the slip-rate of the

TRFS is very small, approximately 0.4 mm/y. As a result,

the Mygdonia graben, which is fault-bounded to the TRFS

at the south, is not as deep as would be expected from the

intense seismicity of the area. Comparably shallow depths

characterise most Quaternary sediments in the fault-

bounded basins established along the CRBTS and the

Serbomacedonian massif (Kockel et al., 1977; Mountrakis

et al., 1983; Syrides, 1990). Although this contradiction

needs further research, we think that the small slip-rate

determined by these Quaternary sediments can be explained

by the strain diffusion through the reactivation of the many

N1008-trending faults that already existed within the general

fault pattern, and the fact that they possibly have large

periods of reactivation. There are a large number of 15–20-

km-long active 1008 striking faults dispersed throughout the

Chalkidiki peninsula and the Central Macedonia, as well as

similarly dispersed seismicity including earthquakes with

magnitudes in the range 5.5–6.5.

The TRFS reveals different morphotectonic features

along its length, which depict the different slip rates along

its segments. In the area between Gerakarou and Nea

Madytos villages, where the Gerakarou–Stivos, Nea

Apollonia and Kokalou–Nea Madytos faults exist, it causes

a strong imprint or modification of the pre-existing NW–SE

fabric. On the other hand, in the mountainous area of

Thessaloniki the pre-existing NW–SE fabric is significantly

less modified by the TGFZ, which is characterised by tree-

like fault geometry towards the city of Thessaloniki,

comprising of 1008-trending faults that, along with the

NNE- to NE-faults, form multi-level branching. Therefore,

the TGFZ seems to reveal a rather ‘embryonic’ development

in that mountainous area both in horizontal and vertical

directions with the strain distributed along several inherited

faults, possibly joined by small neo-formed faults.

4. Stress changes and triggering of seismicity during the

1978 seismic sequence

The geometry of the TRFS at the part of the 1978 seismic

rupture as described previously, along with the fact that the

Fig. 6. (a) Part of the map of Fig. 2 showing the TGFZ geometry in the

mountainous area east of Thessaloniki where the 1999 earthquake sequence

occurred (triangles are the epicentres of the 1999 sequence). A–A0 is the

cross-section in (b). (b) Cross-section in NNE–SSW orientation showing

the distribution of the hypocentres in combination with the geometry of the

Pilea–Panorama fault (P–P F.), Asvestochori–Chortiatis Fault (A–Ch F.)

and Lagina–Ag. Vasilios Fault (L–AV F.). The Anthemountas Extensional

Detachment Fault (AEDF) has been drawn taking also into account its fault

trace and geometry. The dip-angle of the P–P F. and the As–Ch F. are

indicated in respect to the depth. The trace of the cross-section is shown in

Fig. 2 and (a).
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1978 earthquake sequence has been separated temporarily

and spatially into two main sub-sequences (May 8–June 1

and June 1 –July 2; after Papazachos et al., 1982)

corresponding to foreshock (eastern part) and mainshock

(western part), led us to suggest that the 1978 seismic

rupture occurred initially along the ENE–WSW Gera-

karou–Stivos fault, whereas the mainshock took place later

along the WNW–ESE-trending TGFZ (Fig. 8). Moreover,

the limit of aftershock activity of the 1978 mainshock seems

to coincide well with the distinctive barrier of the TGFZ in

between the Asvestochori–Chortiatis fault and the Pefka–

Asvestochori fault. The migration of seismic activity from

the Stivos–Gerakarou fault to the TGFZ (faults which are

characterised by small strike difference), suggests that the

latter was reacting to changes in the stress transfer induced

by movement along the former. Slip on a section of an en

échelon fault segment would change the surrounding stress

field and therefore could affect the location of the next fault

segment to experience slip. Therefore, it is of importance to

investigate possible triggering in the study area.

Stress changes, i.e., values of DCFF (changes in

Coulomb failure function), caused by the May 23, 1978

(M ¼ 5.8) earthquake are computed for a dip-slip fault,

specifically for the fault determined for the June 20, 1978

(M ¼ 6.5) main shock. The stress calculations are per-

formed for an isotropic elastic half space (Erikson, 1986;

Okada, 1992). The shear modulus and Poisson’s ratio are

fixed as 33 GPa and 0.25, respectively. The value of the

apparent coefficient of friction, m0, is taken equal to 0.4 in

the calculations of this study, considering previous relative

research. Extensive discussions on the choice of this value

have been made by Deng and Sykes (1997a,b), who have

taken m0 equal to 0.2 or 0.6 in their computations and found

that the results are not very sensitive to the changes of this

parameter. The stress field was computed at a depth of

10 km. This depth is chosen to be several kilometres above

the bottom of the seismogenic layer, which in this case is

considered to be about 15 km, as derived from aftershock

hypocentral determination. This is in agreement with King

et al. (1994), who found seismic slip peaks at mid-depths in

the seismogenic zone, and thus deformation must be

localized on the faults at these depths.

Furthermore, the fault length (L) and average displace-

ment (u) must be known, since these are two parameters

necessary for the model application. The distribution of the

slip is actually non-uniform along a fault, but we are

interested in its average value, as well as for a fault length

expressing the main rupture. To a first approximation,

scaling laws derived for a certain area can be used for the

estimation of these parameters. For this reason, we used the

following scaling laws suggested by Papazachos (1989) for

the broader area of Greece, in order to calculate both these

values, as a function of the magnitude, M, of the particular

earthquake:

logL ¼ 0:51M 2 1:85 ð1Þ

logu ¼ 0:82M 2 3:71 ð2Þ

Using the scaling laws of Eqs. (1) and (2), a fault length

equal to 13 km and a slip equal to 11 cm have been

estimated for the May 23 event. Taking into account the

total length of the ground ruptures associated with this event

aligned along the Gerakarou–Stivos fault and the aftershock

distribution during the period May 8–June 1 (Fig. 8a and b),

a fault length equal to 10 km has been adopted in our model.

The rupture model is approximated by rectangular surface,

dipping at 468, with two edges parallel to the Earth’s

surface. Although the rupture is more complicated and

Fig. 7. General map of the Thessaloniki–Rentina Fault System (TRFS) with its several fault segments: P–A F.: Pefka–Asvestochori Fault, P–P F.: Pilea–

Panorama Fault, A–Ch F.: Asvestochori–Chortiatis Fault, G–S F.: Gerakarou–Stivos Fault, NA F.: Nea Apollonia Fault, K–NM F.: Kokalou–Nea Madytos

Fault, R F.: Rentina Fault. Villages indicated as in Fig. 2. Near-stress field orientations from Tranos and Mountrakis (1998) and far-stress field orientations from

Papazachos and Kiratzi (1996) and Tranos (1998).
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displacement varies along its segments, it is believed that

the above approximation is sufficient to identify areas of

enhanced future activity by stress changes caused by the

main event.

The co-seismic stress changes associated with the May

23 strong shock are computed and shown in Fig. 9a. The

technique applied here enables the inversion of the

computed stress field according to the fault plane solution

of the earthquake whose triggering is inspected. Therefore,

the stress field is computed for a dip-slip fault striking 2788

and dipping at 468 to the N, according to the fault plane

solution of the main event (June 20, 1978), which is

representative for the study area. In Fig. 9a, dark regions

denote negative changes in Coulomb stress and decreased

likelihood of fault rupture. These regions are called stress

shadows following the terminology of Harris and Simpson

(1993, 1996). Light regions represent positive DCFF and

increased likelihood of rupture. The positive regions are

called stress bright zones. It should be noted here that since

stress is a tensorial and not a scalar quantity, shadow and

bright zones must be viewed in the context of specified

styles of fault slip, i.e. similar strike, dip, and rake (Deng

and Sykes, 1997a). For example, a particular location could

be situated in a bright zone for strike-slip faults, while it

could be located in a shadow zone for thrust faults. In this

figure faults are also projected at a depth of 10 km. The May

23 event created bright zones located along the main fault

zone both to the west and east of its rupture. The main shock

(M ¼ 6.5) occurred in the region where positive changes in

Coulomb failure function (DCFF) had the largest values.

This shows that the May 23 shock enhanced stress and

brought the adjacent fault segment closer to failure.

The DCFF was also computed on a plane dipping at 468

to the N and having a strike of 2788, that is, for a plane

containing the fault plane of the June 20 main shock. Stress

changes are shown in Fig. 9b along with the hypocentres of

the three largest events of the sequence, projected onto the

computation plane. It is evident that the main shock

occurred in an area where positive DCFF had the largest

values. The above demonstrates that the location and

geometry of these largest earthquakes agree well with the

pattern of Coulomb stress changes, suggesting elastic

interaction between the different fault segments.

The cumulative DCFF, just after the main shock, is

shown in Fig. 9c. The length of the causative fault for the

June 20 mainshock is considered equal to 20 km, according

to the spatial distribution of its aftershocks (Fig. 2), the

geometry of the TGFZ is as defined in the present paper, and

the location of a barrier is identified with the limit of

aftershock activity (Fig. 8d), being in quite good agreement

with a value of 25 km resulting from Eq. (1). The strike

provided by the fault plane solution is in excellent

agreement with the strike found by the structural analysis

of the TGFZ described in the previous paragraph. The

location of all aftershocks to the north of the fault trace

supports the northward dip of the TGFZ.

Since our main concern is the possible continuation of

the seismic activity to the west of the rupture zone of the

1978 main shock, we compute the stress field at a depth of

8 km and according to the geometry of the TGFZ, which is

dominated by the N1008 strike. Bright zones are created to

the east and west of the causative fault as expected for

normal faults, showing the areas where failure is expected in

the future. It appears that the TGFZ and the Nea Apollonia

fault (Mountrakis et al., 1996), projected in Fig. 9c, are

brought closer to failure at the computation depth by

enhanced stress after the occurrence of the June mainshock.

The Nea Apollonia fault, however, has moved away from

failure by the large Ierissos earthquake (26 September 1932,

Fig. 8. Epicentral distribution of the events of the 1978 seismic sequence

with M ^ 4.3 that occurred during: (a) May 8–23, (b) May 24–June 1, (c)

June 01–June 20, 1978, (d) June 20–July 14 (after Papazachos et al., 1982).

Fault plane solutions of the larger events are presented as lower hemisphere

equal area projections. Fault traces (grey lines) and the estimated rupture

lengths of the May 23 and June 20 earthquakes are shown by heavy lines.
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M ¼ 7.0, strike ¼ 938, dip ¼ 538, rake ¼ 2938) associated

with the WNW–ESE Stratoni fault in the SE part of the

Chalkidiki peninsula (Pavlides and Tranos, 1991) as

indicated by the calculated DCFF (Fig. 9d). Therefore, it

seems more plausible that the future seismic activity is

expected to take place at the western part of the TRFS, i.e.

the TGFZ.

The 1308-striking Lagina–Ag. Vasilios fault does not

seem to be the western prolongation of the 1978 earthquake

fault, as believed up to now, because its strike differs

significantly from that derived from the fault plane solution

of the 1978 mainshock. If we accept that this fault branch

was associated with the 1978 mainshock occurrence, its

rake should be equal to 2358 (i.e. strike-slip movement)

instead of the actual 2708, to be dynamically compatible

with the 1978 earthquake fault so that an almost horizontal

T-axis would be oriented at 178, as derived from the fault

plane solution. Additionally, Coulomb stress changes

induced by the mainshock of the 1978 earthquake sequence

as shown in Fig. 9c, indicate that this fault branch moved

away from failure.

5. Concluding remarks

The present research including fault mapping in the area

west of the 1978 Thessaloniki earthquake fault as well as the

elaboration of the Coulomb stress changes associated with

the occurrence of the 1932 Ierissos (M ¼ 7.0) and 1978

Thessaloniki foreshock (M ¼ 5.7) and mainshock

(M ¼ 6.5) provides new insights to the active faulting of

the area and seismic hazard assessment.

In particular, the Gerakarou–Stivos fault, which is

clearly associated with the latest destructive 1978 Thessa-

loniki earthquake sequence, continues westwards to the

presently described 20-km-long Thessaloniki–Gerakarou

Fault Zone (TGFZ) and does not continue to the NW–SE-

trending Lagina–Ag. Vasilios fault as previously con-

sidered. The TGFZ reaches the city of Thessaloniki and it is

compatible with the contemporary regional N–S exten-

sional stress field that tends to modify the pre-existed NW–

SE tectonic fabric that dominates the mountainous region of

Thessaloniki.

Both the Gerakarou–Stivos fault and TGFZ belong to a

ca. 65-km-long E–W-trending fault system, the Thessalo-

niki–Rendina Fault System (TRFS), that extends from the

Strymonikos gulf to the east to the city of Thessaloniki to

the west running through the southern part of the

Mygdonian graben. This fault system consists of two 17–

20-km-long left-stepping 1008-trending main fault strands

that form underlapping steps bridged by 8–10-km-long

ENE–WSW faults. The TRFS reveals different morpho-

tectonic features along its length, which represent the

different slip rate along its segments. In the area east of

Gerakarou village, where it consists of the Gerakarou–

Stivos, Nea Apollonia and Kokalou–Nea Madytos faults, it

causes a strong imprint or modification of the older NW–SE

fabric. In the mountainous area of Thessaloniki, where the

TGFZ has been recognised, the modification of the NW–SE

fabric is significantly less. As a result, the TGFZ reveals a

rather ‘embryonic’ development in both horizontal and

vertical directions with the strain distributed along several

inherited faults, possibly joined by small neo-formed faults.

Historical information and instrumental data demonstrate

that the whole TRFS has repeatedly experienced strong

(M . 6.0) earthquakes. However, the continuation of this

activity towards the west resulted from Coulomb stress

changes associated with the 1932 and 1978 events. There-

fore, the possible reactivation of the TGFZ, which

constitutes the westernmost segment of the TRFS, rep-

resents a major threat for the city of Thessaloniki that has

already experienced the destructive consequences of the

1759 earthquake.

The results obtained in this study indicate that tectonic

analysis in combination with the Coulomb stress changes

can be a valuable exploratory tool as well as a device for

investigating well-established fault systems and to make

implications on the future seismic hazard assessment of

rupture zones.
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