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using earthquake focal mechanisms from
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Abstract

Stress tensor inversion has been applied to estimate principal stress axes orientations in Western Greece, from
178 earthquake fault plane solutions from the Kozani-Grevena May 13, 1995 sequence. All focal mechanisms
were previously determined through the deployment of a dense portable array. The magnitude range is 2.7-6.5
and the depth range is 4.0-15 km. A single stress tensor with an average misfit of 6.5°, small enough to support
the assumption of stress homogeneity, can describe the stress field. The maximum compressive stress, 0,, has a
NNE-SSW trend (N26°E) and a nearly vertical plunge (80°) while the minimum compressive stress, 0,, has a
NNW-SSE orientation (N159°E) and a shallow plunge (7°) southwards. The scalar quantity, R (stress ratio) was
found equal to 0.4 suggesting a transtensional regime (normal faulting with strike-slip motions) in which o, is
compressional. The identification of the fault plane from the auxiliary plane was achieved for 99 fault plane
solutions out of 178 in total (56%). Vertical cross sections support previous results concerning the north dipping
main fault segments and the south dipping antithetic faulting. The strike-slip motion is mainly dextral, along
NNE-SSW structures, which follow the direction of the main neotectonic faults while the scarce sinistral strike-
slip motion is connected to NW-SE trending zones of weakness pre-existing the old phase of compression in the
Aegean. The strong strike slip motion that supports the transtensional regime probably reflects the effect of the
motions of the North Anatolian Fault, taken up by normal faulting in the area of Western Greece.

Key words  stress distribution — inversion — fault caused extensive damage in many villages lo-
plane solutions — Greece cated within the epicentral area and considera-
bly affected the two largest cities, Kozani and
Grevena. The earthquake sequence has been
extensively studied and a series of publications
are available to the reader (Pavlides et al., 1995;
. Mountrakis ef al., 1995, 1998; B. Papazachos
On 13 May 1995 an earthquake of magni- - P
tude M,, = 6.5 occurred in Northwestern Greece et 31.8119 9, 19?3,97C l%:rkic) etal, 11? 96; Chll a{%bg%a
(40.183°N - 21.660°E) in an epicentral area that ia{nt feldvafgll, 1 997’ 1 9‘985}%%“ ost et al. ‘al ’
was considered to be of low seismicity (Papaza- 1 9392 'eP el.‘é' d’Ki ’ lgggnas assiou et al.,
chos and Papazachou, 1997; B. Papazachos ; ravides an ng, )-

. Q4 All the studies conclude that the sequence
et al., 1995, 1998; Stiros, 1998). The carthquake was due to a normal fault striking ENE-WSW

and dipping to NNW with an angle of 35°-45°

with the mainshock generated in the central,
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1. Introduction
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(Mountrakis, 1986). Neotectonic studies have
shown that the area is dominated by NE-SW
trending neotectonic active faults, one of these
being the Aliakmon River Fault that forms the
exit of the river to the Aegean Sea (Pavlides and
Mountrakis, 1987; Pavlides and Simeakis, 1988).
At the area of Lake Polifitos two fault segments
are identified, the Servia Fault that remained
inactive during the sequence and the segment
of Rimnio-Paleohori-Sarakina-Nisi which is
the main seismogenic fault of the 1995 event.
This fault was identified by field studies con-
ducted after the occurrence of the mainshock
(Mountrakis et al., 1995). It has a length of about
30km, a NE-SW strike and a NW dip. The clearest
evidence of the fault was the surface traces at
the area of Paleohori-Sarakina-Nisi covering a

distance of ~ 15 km. Antithetic faulting having
the same strike but dipping to SE was observed
at the same area (Mountrakis et al., 1998), mainly
along the traces of Chromio-Myrsina (fig. 1).
This antithetic faulting is probably connected to
the Aliakmon River Fault at the site of Rimnio
(Pavlides, 1998). Both the Servia Fault and the
Paleohori Fault segments are characterized by a
very large return period of ~2000-4000 years
for earthquakes of M 6 up to 6.8.

In the present study we use a data set of 177
fault plane solutions of aftershocks (all deter-
mined by Hatzfeld et al., 1997) as well as the
focal mechanism of the 1995 mainshock, deter-
mined by inversion by the Geological Survey of
Japan (GSJ), to invert for the present stress re-
gime acting in Western Greece.

r
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Fig. 1. The Kozani-Grevena area with the main geological faults. The surface ground ruptures of the main fault
(Paleohori-Sarakina-Nisi), the antithetic fault (Chromio-Myrsina) as well as the focal mechanism of the mainshock

are also shown.
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2. Stress tensor inversion
2.1. Method

The directions of the stress tensor were cal-
culated following the Gephart and Forsyth (1984)
and Gephart (1990) method. The basic assump-
tions of this method are: a) the deviatoric stress
is uniform over a given rock volume and time
interval; b) earthquakes are shear dislocations
on pre-existing faults and c) slip occurs in the
direction of the resolved shear stress on the fault
plane. The last condition is fully satisfied if the
slip direction on a plane of any focal mecha-
nism is aligned with the direction of the re-
solved shear stress.

The algorithm inverts for the orientation
of the stress principal axes 0,, 0,, and o, (max-
imum, intermediate and minimum stress res-
pectively) and the parameter R {= (0, —0)/
(0, — 0))} which gives a relative measure of
stress magnitudes and constrains the shape of
the stress ellipsoid. The inversion scheme tries
to minimize the differences between the slip
direction, computed from the stress tensor and
the observed slip on each plane of the focal
mechanisms. The difference between the com-
puted slip and the observed slip is evaluated
through an angular rotation (misfit), F, about an
arbitrary axis. Thus, the misfit is the minimum
rotation that brings the slip of one of the two
nodal planes to match the resolved shear stress
tensor. It is calculated through a grid search,
systematically varying the orientation of the
principal stresses and the parameter R. The stress
tensor that corresponds to the minimum average
rotation angle is assumed to be the best stress
tensor for the specific population of focal mech-
anisms.

Gephart and Forsyth (1984), assuming that
all the misfits follow a Gaussian distribution
around the minimum misfit, found that the L1
norm is an appropriate measure of the misfit on
the grounds that it limits the effects of any poor-
ly fitting data. The quality of the inversion is
evaluated through the calculation of the 95%
confidence limits of the best fitting model as
described in Parker and McNutt (1980) and
Gephart and Forsyth (1984), according to the

727

expression

[1.96(::/2—1)“2;1”2 +n
Z 95 =
n—k

JZ win (2.1)

where ¥ = F, i.e. the minimum average rota-
tion angle, 7 is the number of the focal mecha-
nisms used and  is the number of the variables
of the model. The number of variables is 4 in
this case, that is 3 principal stress directions
(Euler angles) and the stress ratio, R. This test
gives us an expression of the confidence limit
once we have found the best-fitting model.

The value of the average misfit corresponding
to the best stress model provides a guide as to how
well the assumption of stress homogeneity is ful-
filled, in relation to the seismic sample submit-
ted to inversion (Michael, 1987). In a series of
tests carried out by Wyss ez al. (1992) it was found
in the case of homogeneous stress, errors in the
data (focal mechanisms) of the order of 5°,10°,
and 15° were associated with misfit values not
larger than 3°, 6°, and 8°, respectively.

2.2. Results

From the 178 focal mechanisms submitted
in the inversion only the fault plane of the main-
shock was assumed known a priori, on the basis
of previous studies (Pavlides er al., 1995;
Hatzfeld ez al., 1997, 1998: B. Papazachos et al.,
1995, 1998). Aftershock magnitudes ranged
from 2.7-4.4. All data were equally weighted,
w = 1, except the mainshock which was as-
signed a w = 2. The aftershock focal mecha-
nisms were all determined by more than 20
polarity readings (Hatzfeld ez al., 1997) so we
assumed that they were all determined with er-
rors in the strike, dip and rake no more than 10°.

The resulting stress tensor, as listed in table I,
shows an extensional regime, with a nearly ver-
tical 0,, with o, trending SW-NE and 7° plung-
ing to the SW, and o, trending NW-SE and 7°
plunging to the SE. The minimum average mis-
fit, Fis 6.5° and the value of R is 0.4. Following
our previous discussion, given the F value ob-
tained, and the assumed error in the fault plane
solutions (~10°), we conclude that the stress
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homogeneity criterion is fulfilled and no further
attempt was made to invert for smaller subsets.
The value of the stress ratio (R = 0.4) corre-
sponds to a normal faulting regime, combined
with strong strike-slip motion, in which o, is
compressional (Bellier ef al., 1997).

Figure 2 shows the distribution of misfit rota-
tion angles for every individual earthquake. Any
individual misfits greater than 20° (only six) may
be assumed to prove inconsistency between the
focal mechanism and the resolved stress tensor.
The mainshock (No. 1 in fig. 2) has a very small

Table I. Stress tensor inversion results for the earthquakes of Western Greece.

Average 7, 9, T
misfit, F Dip  Strike Dip  Strike Dip Strike R N
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Fig. 2. Distribution of earthquake individual misfits (in degrees) computed with respect to the best stress model
(misfit rotation angle versus number of earthquake, No. 1 is the mainshock).
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]

Fig. 3. Orientation of principal stresses in Western Greece, together with the 95% confidence limits for g, 0,
and o,. The inset shows the distribution of R within the 95% confidence models.

misfit (1.45°) relative to the best stress model
suggesting that this event did not perturb the
stresses in the region, that is, the stresses affect-
ing the mainshock were the same as those felt by
the aftershocks. Plots of the variation of the earth-
quake individual misfit versus depth and longi-
tude revealed no systematic trend.

Figure 3 shows the 95% confidence limits
evaluated for the best-fitting model, (from
eq. (2.1) withn=178, k=4 and 2. =6.5%), and
itis seen that the stress tensor is well resolved as
the areas defined on the stereonet by the limits
of the orientations of 0, and o, do not overlap.

3. Identification of the fault plane
from the two nodal planes

According to Gephart and Forsyth (1984)
the actual failure plane of each focal mechanism
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has a smaller misfit than the auxiliary plane.
They consider a good fitting to the data when
the actual fault plane has an angular rotation
of less than 20° and the differences in angular
rotation between the two nodal planes is greater
than 10°. With these conditions, from the 177
focal mechanisms of the aftershocks we were
able to identify a preferred fault plane from the
auxiliary plane in 98 cases. For 79 solutions this
was not possible because the difference in angu-
lar rotations between the two planes was less
than 10°. Thus, only these focal mechanism
solutions for which the fault plane could be
unambiguously determined were further used to
investigate the information they give in compar-
ison to the previous knowledge about the fault
that caused the Kozani-Grevena earthquake.
Figure 4a-d shows the focal mechanisms
of those earthquakes for which the fault plane
could be unambiguously identified. They were
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separated in four subsets using the RAKE soft-
ware (Louvari and Kiratzi, 1997): normal fault-
ing (rake angle —135° up to —45°) with fault
planes dipping north (fig. 4a); normal faulting
with planes dipping south (fig. 4b) dextral strike-
slip faulting (rake angle in the range 135°-180°
and —180° up to —135°) (fig. 4c), and sinistral
strike-slip faulting (rake angle in the range — 45°
up to 45°) (fig. 4d). Vertical cross sections in a
NNW-SSE direction (perpendicular to the main
fault) are also shown on the right in fig. 4a-d.
The majority of the focal mechanisms indicate
normal faulting. The main fault caused by the
occurrence of the mainshock, that has a north-
ward dip, is well defined in the cross section of
fig. 4a. The mean dip angle of these north-
dipping planes is 52° + 13°. The dip angles are
sharper in the shallower depths (~ 55°) and tend
to become smaller (~ 47°) as we go deeper than
9 km. The measured dip angles on the surface
were very large (Mountrakis et al., 1995, 1998)
which suggests either a planar fault with a dip
angle that changes with depth or a listric geom-
etry. The Chromio-Myrsina antithetic faulting,
well observed from the distribution of after-
shocks (Hatzfeld et al., 1997, 1998; Papazachos
et al., 1998) and the surface traces (Mountrakis
et al., 1998), is shown in fig. 4b. The mean dip
angle of these south-dipping planes is 43°+ 17°.
Figure 4c depicts the dextral strike slip faulting
observed at the edges of the main fault scarp
along planes that dip at 68°+ 12° northwards.
Most of this dextral strike-slip faulting is locat-
ed at the western edge of the Paleohori Fault, at
the area covered by the Grevena basin. Figure
4d shows a few left lateral strike-slip focal mech-
anisms representing motion along NW-SE strik-
ing, probably older, structures prevailing in the
area (Pavlides, 1998).

4. Conclusions

The method of Gephart and Forsyth (1984)
was used to determine regional stresses in West-
ern Greece using earthquake focal mechanisms
from the Kozani-Grevena 1995 earthquake se-
quence. The results indicate that a single stress
tensor is able to explain the fault plane solutions
of the aftershocks as well as of the main shock.
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The data used sample the crust at depths be-
tween 4 and 15 km. The maximum compressive
stress, 0,, has a NNE-SSW azimuth (N26°E)
and a nearly vertical plunge (80°) while the
minimum compressive stress, o,, has a NNW-
SSE orientation (N159°E) and a shallow plunge
(7°) southwards. The scalar quantity, R, was
found equal to 0.4 which indicates the existence
of a rather transtensional regime (normal fault-
ing with strike-slip motion) with o, compres-
sional (Bellier et al., 1997). The stress tensor is
well resolved with the 95% confidence limits
for o, and o, well separated. The average misfit
is 6.5° indicating a quite homogeneous distribu-
tion of stress in the area examined. The method
applied allowed the identification of the fault
plane from the auxiliary plane. This was achieved
for 98 aftershock focal mechanisms out of 177
in total, plus the fault plane of the mainshock,
which is known from previous studies. Vertical
cross sections of these fault planes support pre-
vious results concerning the north dipping (mean
dip ~ 52°) main fault segments at sharp dip
angles which become smaller as we go deeper
than 9 km. The south dipping antithetic faulting
was also well identified with planes dipping at
~43°. Inversion of GPS measurements yielded
a source mechanism consisting of a 43°NW
dipping normal fault, with an average slip of
1.2 m and a minimum depth of faulting of 2.8
km (Clarke et al., 1996). In addition SAR inter-
ferometry measurements led Meyer et al. (1996)
to propose a main normal fault between 4 and 15
km depth which branches into small fragments
at the surface. All aftershocks are distributed
below ~ 5 km depth (Hatzfeld et al., 1997, 1998;
Papazachos et al., 1998). On the other hand, we
definitely have a fault that has a sharp dip at
shallow depths that becomes smoother at its
deeper parts. Since the seismicity did not reach
shallow depths it is difficult to talk about listric
geometry. This depth variable dip angle fault
geometry was observed in other normal faulting
events in Greece, like the Thessaloniki 1978
earthquake (B. Papazachos et al., 1979; Soufleris
and Stewart, 1981) and the Volos (Thessalia)
1980 earthquake (B. Papazachos et al., 1983).
The resolved direction of the extensional
stress axis, o,, is in good agreement with the
NNW-SSE trend of extension in Western Greece
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(Pavlides, 1985; Papazachos and Kiratzi, 1996).
Almost all of the normal faulting in the area was
combined with significant strike-slip motions.
The identified fault planes in this work indicate
that this strike-slip motion is mainly dextral,
along NNE-SSW trending structures, which is
the direction of the main neotectonic faults (Pav-
lides, 1998), while the scarce sinistral strike-
slip motion is connected to NW-SE trending
pre-existing zones of weakness, a signature of
the past compressional phase. Thus, although
the faults in the area of Western Greece are
activated as normal, however there is a strike-
slip component present. This is not observed in
Western Greece only, but in Central Macedonia
and the Chalkidiki as well (Pavlides et al., 1990).
The dextral strike-slip component is dominant
in Western Greece, probably connected to the
dextral movement of the North Anatolian Fault,
which affects the motions. We believe we will
see the limits of these strike-slip motions in a
future work by applying the stress inversion
method to the Aegean and the surrounding lands
as a whole.

The limited sinistral strike-slip motions are
along NW-SE trending structures inherited from
previous deformations. In conclusion, the com-
plexity of the fault geometry is the result of the
superimposition of the young extensional tec-
tonics on the mature well-developed old thrust
faults of Central Hellenides. As Chiarabba and
Selvaggi (1997) point out, the active stress field
generates normal faults and basins perpendicu-
lar to the preexisting thrust belt. The reactiva-
tion of these thrusts that are favorably oriented
with the regional stress is a mechanism that
probably controls the seismotectonic evolution
of Western Greece.
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