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SUMMARY

Previously, geodetic data associated with earthquakes have been widely modelled using co-
planar rectangular dislocations in an elastic half-space. However, such models appear inade-
quate when complex geometries such as variations in strike and dip or multiple fault segments
are involved. Here we revisit the 1995 M = 6.6 Kozani—Grevena earthquake, and use synthetic
aperture radar (SAR) interferometric measurements, tectonic observations and seismological
data to constrain a fault model with a realistic geometry. We undertake a critical analysis of
all available SAR data, including characterization of atmospheric artefacts. These are partially
removed and the possibility that such effects are misidentified as secondary faulting is exam-
ined. Three well-correlated interferograms provide an accurate and complete description of the
ground deformation field associated with the event. To take into account the complexity of the
fault system activated during the earthquake, we construct a 3-D fault model, composed of
triangular elements, that is geometrically more consistent with surface ruptures than those of
previous studies. Using first trial-and-error and then iterative inversion, we explore the ranges
of geometric parameters that can explain the data. We obtain an average final model and its
standard deviation, with small slip amplitude at the surface, consistent with the field observa-
tions, and with slip as large as 2.5 m at depth. This model is compared with those previously

published. We conclude that an antithetic fault is not required to explain the SAR data.
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1 INTRODUCTION

Maps of surface co-seismic deformation fields obtained by analy-
sis of interferometric synthetic aperture radar (InSAR) images have
significantly improved the description of earthquake source mech-
anisms. The high spatial sampling density (more than 100 mea-
surements per km?) and the high precision (a few mm) allow the
detection of very subtle deformations inaccessible to other geode-
tic techniques, as long as the images remain correlated (no drastic
changes of surface conditions, no excessive gradients of deforma-
tion) over the time interval covered by the interferogram. It is now
possible to determine with confidence the detailed geometry and the
distribution of slip on a fault system activated during an earthquake
(for example, Feigl e al. 1995; Hernandez et al. 1999; Feigl et al.
2002), the interseismic loading (for example, Wright et al. 2001),
the post-seismic relaxation (for example, Massonnet e al. 1994) and
the possible spatial and temporal variations of the mechanical be-
haviour of the crust (Peltzer et al. 1998). However, the displacement
field measured at the surface is interpreted in terms of a rupture
mechanism that takes place at depth. Because of the large num-

© 2004 RAS

ber of free parameters, inversions suffer from intrinsic problems:
solutions are non-unique and unstable due to trade-offs between pa-
rameters. Thus, it is essential to consider other observations and to
fix some known parameters such as surface ruptures, geometry of
faults consistent with geology, the location of the hypocentre or the
aftershock distribution. To take advantage of the information given
by these data, the approaches and the models must be allowed to
evolve. In most cases, faults are simplified and represented by co-
planar rectangular dislocations embedded in an elastic half-space;
the complexity of faults, as represented by changes in strike, step
over, or the existence of en echelon segments, is smoothed out, and
assumed as of second order.

For all these reasons, the study of the Kozani—Grevena earthquake
in northern Greece is of particular interest. On 1995 May 13, Kozani
and Grevena were struck by an M = 6.6 earthquake, causing ex-
tensive damage. Using local seismological data and a strong motion
record, Hatzfeld et al. (1997) relocated the main shock at 40.183°N
and 21.660°E with a precision of 2 km, beneath the Vourinos moun-
tains at a depth of 14.2 £ 2.4 km (Fig. 1). The overall structure
and morphology of this region is well known (Meyer et al. 1996).
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Figure 1. Location map of the 1995 Kozani-Grevena earthquake on a Dig-
ital Elevation Model (DEM) built with stereometric SPOT scenes. The star
locates the epicentre of the main shock (Hatzfeld et al. 1997). The active
normal faults are drawn in thin black lines and the thick lines correspond to
the faults where surface breaks were observed after the quake (from Meyer
et al. 1996). The arrows denote artefact areas of the DEM.

The landscape is dominated by the NW-SE trending Hellenic fold
thrust belt, with two parallel basins corresponding to broad syn-
clines (Grevena and Kozani) separated by the Vourinos mountain
range (Fig. 1) formed of ophiolitic units. Post-Pleistocene deforma-
tion is dominated by normal faulting, dipping mainly to the north-
west and striking NE-SW, nearly orthogonal to the earlier Hellenic
structure. Although this area is characterized by a low historical and
instrumental seismicity, morphological evidence of young Quater-
nary dip-slip faulting is clear along the Servia Fault, with 1000 to
2000 m of structural offset, and along the Paliuria Fault (Meyer et al.
1996). The 1995 earthquake did not rupture this well-developed en
echelon fault system. Meyer et al. (1996) reported surface ruptures
over 8 km comprising open fissures and scarps of 2-4 cm down-
to-the-northwest slip on the pre-existing Palaeochori Fault striking
N70°E. At the eastern extremity of the Palacochori Fault, numer-
ous small slumps over smaller splaying faults indicate that these
segments ruptured during the main event (Meyer ef al. 1996). The
surface breaks lie about 15 km south of the epicentre and of the main
cluster of aftershocks (Hatzfeld e al. 1997). There was no evidence
of surface rupture west of the Palacochori Fault despite the presence
of significant aftershock activity.

In a previous paper, Meyer et al. (1996) proposed a first-order
model of the rupture combining tectonic observations of surface
ruptures and SAR interferometry, which consisted of a principal nor-
mal dislocation intersecting the surface at the trace of the mapped
fault and a minor en echelon splay in the eastern part, as required
by SAR data. Meyer ef al.’s model involves faulting down to 15 km
depth and yields a total seismic moment of 6.4 x 10'® N m, close
to the Harvard CMT estimate of 7.6 x 10'® N m. Although this
model satisfactorily explains the available data, some inconsisten-
cies have not so far been discussed. In particular, the complexity
of the fault system, with segments changing in strike and dip, is
not well described by rectangular dislocations. This approach leads

to discontinuities and overlaps along the fault system, producing
unrealistic singularities at the edges of the dislocations.

Questions also remain concerning the consistency of this model
with seismological data. First, Meyer et al.’s model does not cross
the main-shock hypocentre. This model also disagrees with those
proposed by Clarke et al. (1997) and Hatzfeld et al. (1997), which are
very similar. In both cases, the rupture extends 12—15 km farther to
the west without reaching the surface, the surface breaks observed
in the field being considered secondary effects of the quake (see
comments in Meyer et al. 1998; Clarke et al. 1998). Some authors,
on the basis of aftershocks, have also suggested an antithetic fault
dipping to the south, located north of the main rupture which would
have been activated during the earthquake (Hatzfeld et al. 1997;
Chiarabba & Selvaggi 1997; Resor et al. 2001; Pollard et al. 2001).
Though these models account for the position of the main-shock
hypocentre, they account for the surface breaks and the fault geom-
etry only poorly. Moreover, none of these models can be reconciled
with the ground displacement field depicted by the ERS SAR inter-
ferogram (Meyer et al. 1998).

To discuss all these problems, we here revisit the model of the
M =6.6,1995 Kozani—Grevena earthquake using a smoother fault.
Specifically, we processed all the available ERS SAR data including
the earthquake date (15 interferograms). Detailed analysis of these
data allows the identification and removal of atmospheric artefacts
to determine with confidence the geometry of the faults activated
during the earthquake and the uncertainties associated with the data
set. To take into account the complexity of the fault system, we con-
struct a more realistic fault model with triangular elements allowing
smooth fault geometry. We compute the surface displacement field
using the Poly3D program (Thomas 1993; Pollard ez al. 2001). This
uses a boundary element method (BEM) in homogeneous elastic
half-space. Our methodology consists of three steps. First, we ex-
plore the fault geometry with respect to the available data. Second,
we hold the fault geometry fixed, and explore the slip direction.
Third, we determine the slip distribution by inverting the ground
deformation field. We confirm that the earthquake activated a nor-
mal fault system with a topographic relief lower than 50 m. This
fault is part of a larger en echelon system including the Paliuria and
Servia faults.

2 SAR DATA PROCESSING

We calculated 15 differential interferograms (Table 1) from nine
radar images acquired by the European ERS-1 satellite in C-band (56
mm wavelength) in its descending orbit. The interferograms were
computed with the DIAPASON software developed at the French
Centre National d’Etudes Spatiales (CNES) (Massonnet et al. 1993).
Using a two-pass approach, we corrected the topographic effect
using a digital elevation model (DEM) (Massonnet & Feigl 1998).
The DEM obtained from a pair of stereometric SPOT scenes was
resampled to 80 m by 80 m pixels and has a vertical rms accuracy
of 8 m (Fig. 1).

For all interferograms, the altitude of ambiguity (Ha) is suffi-
ciently high (more than 120 m, Table 1) with respect to the rms ac-
curacy of the DEM to ensure moderate topographic residuals overall.
However, there are small areas in the DEM with spurious elevations
(arrows in Fig. 1), most probably due to the presence of clouds on
the SPOT scenes. Indeed, the comparison of the DEM with 1/50 000
scaled topographic maps indicates a maximum topographic error of
300 m close to the Palaeochori Fault. These errors might induce
localized additional fringes. For example, for an interferogram with
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Table 1. The calculated interferograms. At is the time delay in days between the acquisition date of the images and the
earthquake date; Ha is the altitude of ambiguity. The bold rows correspond to the interferograms used for the inversion.

Image 1 Date 1 Image 2 Date 2 At (days) Ha (m) Coherence
5205 19920714 21581 19950831 —1023/4+120 —558 30 per cent
5205 19920714 6918 19960816 —1023/+471 —179 S per cent

5205 19920714 30559 19970522 —1023/4750 —1675 5 per cent

5706 19920818 21581 19950831 —988/+120 —124 30 per cent
5706 19920818 6918 19960816 —988/4-471 —256 40 per cent
5706 19920818 30599 19970522 —988/+750 —110 20 per cent
6708 19921027 12219 19931116 —887/—502 479 60 per cent
6708 19921027 22082 19951005 —887/ + 186 —228 70 per cent
6708 19921027 22583 19951109 —887/4-221 837 0 per cent

12219 19931116 22082 19951005 —502/ + 186 —155 80 per cent
12219 19931116 22583 19951109 —502/ + 221 —1116 80 per cent
21581 19950831 6918 19960816 +120/4+-471 —264 10 per cent
21581 19950831 30599 19970522 +120/4-750 837 40 per cent
22082 19951005 22583 19951109 +186/+-221 179 90 per cent
6918 19960816 30599 19970522 +120/4-750 —201 40 per cent

an altitude of ambiguity of 120 m, one fringe is generated if the dif-
ference between the altitude in the artefact area of the DEM and the
real altitude on the field is at least 120 m. Then, close to the Palaeo-
chori Fault, it is possible for the resulting DEM error to generate
two additional fringes on the 12219-22082 interferogram (Ha =
155 m) used by Meyer et al. (1996).

As shown in Table 1, the interferograms span various intervals,
the shortest being 35 days (22082-22583) and the longest 1173 days,
that is 4.8 yr (5205-30599). Eleven interferograms include the date
of the earthquake, and four span post-seismic periods. To retrieve
a more precise and complete displacement field for inversion, we
retained the three interferograms with the best correlation (Table 1,
Fig. 2a). Two have an altitude of ambiguity Ha of less than 300 m
(228 and 155 m respectively), and may contain spurious co-seismic
fringes within the DEM error area. Nevertheless, these fringes (at
most two) are located in known areas which are small compared with
the total area affected by the co-seismic deformation. Their effects
on the displacement field are negligible. The third interferogram,
with Ha >1000 m, is insensitive to DEM errors. We have therefore
not sought to account for the small effects that might have been
induced locally, close to the Palaeochori Fault.

3 DATA ANALYSIS AND
TROPOSPHERIC CORRECTIONS

The three selected interferograms are shown in Fig. 2(a). They have
a very comparable general shape with 11 to 12 concentric fringes,
outlining a similar kidney-shaped area of subsidence elongated E—-
W. On the southern part of all the interferograms, the fringes coincide
with the observed ruptures, as mentioned by Meyer ef al. (1996).
They also differ in particular areas and some characteristics have
not previously been discussed.

The northern part of the deformed area displays distortions and
discontinuities in the fringe pattern (northern inset on Fig. 2a) that
have not been analysed before. The origin of these distortions is of
particular interest because it may correspond to the activation of an
antithetic fault, as proposed by Hatzfeld ez al. (1997). However, the
shape of the feature differs on the three interferograms presented in
Fig. 2(a). Undulations can be also observed at the eastern part of the
deformed area (eastern inset on Fig. 2a). These features appear to
correlate with sharp topographic gradients. This correlation is par-
ticularly remarkable on the 35-day post-event interferogram starting

© 2004 RAS, GJI, 157, 727-736

7 months after the quake, presented in Fig. 2(b). This post-event in-
terferogram displays 1.5-2 fringes between the Vourinos summit
and the transverse E-W valley north of the Palaeochori Fault. These
fringes cannot be related to ground deformation because the 35-day
interval is too short to observe any significant post-seismic defor-
mation. It is more likely to be an atmospheric effect correlated with
topography as described by various authors (for example, Delacourt
et al. 1998; Massonnet & Feigl 1998; Cakir et al. 2003). Changes
in the tropospheric delay between the acquisition dates of the two
radar images cause phase shifts that decrease with increasing eleva-
tion. Multiplying the topography by a dimensionless scaling factor
of —4.5 x 1073 reproduces the 35-day interferogram satisfactorily
(Fig. 2b). The small residuals can be explained by deviations from
our assumptions of a homogeneous atmosphere (Delacourt et al.
1998). The model fails to reproduce the tropospheric fringes close
to the Palacochori Fault (Fig. 2b) with a difference between the ob-
served and the calculated interferograms of half a fringe, as expected
from the DEM errors. Nonetheless, the overall resemblance between
the topography-correlated tropospheric artefact and the 35-day
interferogram suggests that atmospheric corrections should be ap-
plied to the co-seismic interferograms (Fielding et a/l. 1998). We then
corrected the three selected interferograms by scaling the DEM by
factors of —4.5 x 107°, — 4.0 x 107> and —2.5 x 1073 respec-
tively to remove most of the artefact fringes (Fig. 2¢). In that way,
we reduced the differences between each of the three selected inter-
ferograms from two to three fringes to one to one and a half fringes.

Next, we unwrapped the phase of each of the three corrected in-
terferograms. Because of the poor radar correlation in the western
part of the fringes, the unwrapping software does not resolve the en-
tire deformation field, even when fringes are distinguishable by eye.
Then, for each interferogram and for approximately 1500 pixels we
digitized the fringes to find the range change (mm) in the ground-to-
satellite line of sight (for example, Fig. 3(a) for the 12219-22 583
interferogram). As can be seen in Fig. 3(a), the limit of null defor-
mation does not appear on the north and on the west edges of the
interferogram. This condition represents a lack of constraint in the
displacement field for the inversion procedure and will overestimate
the slip on the fault. We interpolated these displacements onto a reg-
ular grid to define a null deformation zone for the entire area studied
(Fig. 3b). The three displacement fields, smoothed with respect to
the digitized fringes, were resampled onto a 500 m mesh to reduce
the computation time.




May 0, 2004 16:506 Geophnysical Journal International gizzy

730  A. Rigo etal.

540 555 570 540 555

| |
4455 887/+186 6708-22082 -502/+186

4440

4425
4455

4440

4425
4455

4440

4425

540 555 570 540 555

570 540 555 570
| -

12219-22082

(a)

(b)

12219-22583

(c)

570 540 555 570

range change (cm)

I —

0.00

0.56 1.12

1.68 2.24 2.80

Figure 2. (a) The 6707-22082, 12219-22082 and 12219-22583 co-seismic interferograms (see Table 1 for details). The colour scale corresponds to one
fringe, that is 2.8 cm of range change in the ground-to-satellite line of sight. (b) The post-seismic interferogram 22082-22583 over a period of 35 days (left)
compared with a tropospheric model (right) obtained by multiplying the digital elevation model by a factor of —4.5 x 10~>. (c) The same interferograms as (a)
with the tropospheric contribution removed in the outlined area (see text for details). Az, the time delay in days between the acquisition date of the images and
the earthquake date, is indicated at the top left corner in each interferogram.

4 MODELLING STRATEGY

To determine the fault model, we followed a three-step strategy,
integrating various existing algorithms and combining direct mod-
elling with formal inversion. We first explored the 3-D geometry
of the fault system activated. At the surface, these faults follow the
mapped surface ruptures and fault scarps identified on SPOT images
(Meyer et al. 1996). At depth, the only constraint is given by the
location of the hypocentre, which should intersect the fault plane.
The fault system was subdivided into five subfaults that were sub-
divided into 1572 triangular elements following the method used

by Oleskevich et al. (1999). The surface obtained is smooth with
gradual changes in strike and dip (Fig. 4). In the second stage, we
explored the slip azimuth (rake projection at the surface), fixing it
first to the extension direction indicated by the focal mechanism for
all the subfaults. This implies small right-lateral components on the
western segments and left-lateral components on the eastern ones.
The slip direction is progressively changed to fit the pattern of the
deformation field. The rakes determined tend to be purely normal
on each fault (Fig. 4). Finally, at each change in the fault geometry
or slip direction, we estimated the slip distribution using an itera-
tive gradient strategy with least square constraints minimizing the
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Figure 3. Digitized fringes (a) subsequently interpolated on a regular grid and (b) with the faults drawn for the 12219-22583 interferogram. The numbers
correspond to the range change in mm in the ground-to-satellite line of sight.

rms misfit between the observed and calculated range changes. The and 4 in accord with the tectonic observations (Meyer et al. 1996).
geometry and the slip azimuth are determined step by step for the The other triangular patches are free of slip constraints. A map of
three selected interferograms. The only a priori constraints are null residuals to be minimized is produced, and the slip distribution is
slip at the surface (first row of triangular elements) for subfaults 2 evaluated and analysed.
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Figure 4. Fault plane model composed of 1572 triangular elements. The aftershocks and the location of the main shock (star) from Hatzfeld ez al. (1997) are
shown. Top, 3-D view from the northeast; bottom, map view; the arrows correspond to the slip azimuth and the numbers to the subfaults described in Table 2.

Table 2. Geometric characteristics of the five subfaults that make up the
fault model.

Table 3. Inversion results obtained from the three displacement fields re-
trieved from the three corrected interferograms shown in Fig. 2(c); Mo is the
scalar seismic moment.

Area Slip azimuth

Subfault Triangles (km?) Mean strike (°E) Mean dip (°) (°E) Inverted data RMS (mm) Maximum slip (m) Mo (10" N m)
1 420 266 238 43 350 1221922583 11.7 2.86 777

2 64 90 271 43 0 12219-22082 11.4 3.33 8.01

3 480 159 298 43 15 670822082 11.4 2.94 7.71

4 432 91 319 53 50

5 176 84 242 54 350

1572 690

Obviously, these three steps in our modelling strategy are linked
because of a trade-off between dip, slip azimuth and slip amplitude.
For example, increasing the dip of the fault plane at the surface
means that a dip of less than 15° at depth is required to intersect the

hypocentre, and the amplitude of slip reaches more than 9 m, which
is unreasonable. Conversely, if the dip is decreased at the surface,
the fault plane does not pass through the hypocentre.

Constructing the fault model to include the hypocentre and sur-
face breaks, we find our preferred fault geometry as presented in
Fig. 4 and Table 2. The fault area is about 691 km? and covers most
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of the aftershock area. The dip is 65° at the surface, 40° at 9 km
depth and 22° at the hypocentre location. Fixing the slip azimuth on
all the faults to the rake value deduced from the focal mechanism
leads to large residuals because the elliptical shape of the deformed
area is larger than observed. At the other extreme, purely normal
slip on each subfault fits the observations well. However, the rake
cannot be determined with an accuracy better than 15° and there is
room for small lateral components on the end of the faults.

The 1995 Kozani—Grevena earthquake revisited — 733

5 RESULTS

We obtained three different models, one per input ground deforma-
tion, with rms overall misfits of less than 12 mm (Table 3). The
maximum slip is 3.0 = 0.3 m and the scalar seismic moment is 7.8
+ 0.2 10"® N m. The maximum slip is always located on the same
area of the fault plane at 12.5 km depth; the neighbouring patches
have 0.5 m less slip.

cm

—

90

—
120

150 180 210 240 270 300
| | |
4450 -4450
4440 5% 6- 4440
/
4430 / -4430
| | | | | |
550 560 570 550 560 570
(a)
cm
‘ ‘ ‘ ﬁ
0 10 20 30 40 50 60 70
| | | | | |
4450 -4450
4440 -4440
4430 -4430
| | |
(b) 550 560 570
This study 1 2
6.9 7.6 6.2

Figure 5. Averaged co-seismic slip distribution model (a) and corresponding standard deviation (b). Focal mechanisms for each subfault are shown. The
composite focal mechanism is compared with (1) the Harvard CMT determination and (2) that obtained by Hatzfeld ef al. (1997), the seismic moment Mo

(10'® N 'm) being indicated below.
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We calculate an average model from these three different models
and its associated standard deviation (Fig. 5). The average model
exhibits slip values ranging from 0 to 300 cm. The slip at the surface,
in those areas where it was not constrained to zero, reaches a value
of 4-6 cm for subfault 1, consistent with what was observed in the
field by Meyer et al. (1996), and 5 cm and 2 cm for subfaults 3 and 5
respectively. This consistency between the estimated and observed
slip at the surface gives us confidence in the slip distribution deter-
mined at depth. The model shows heterogeneous slip with 80 cm at
the nucleation zone of the earthquake, and a fault plane area with
a slip of about 2.8 m that was unresolved in the previous models.
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Subfault 2 shows almost no slip at depth, indicating that the rupture
propagated eastward on the shallowest part of the fault. Subfault 3
exhibits high values of slip at 1-1.5 m. The slip on subfaults 4 and
5 is more homogeneous at roughly 80 cm. The standard deviation
of the slip amplitude does not exceed 15 cm over most the model,
except for the maximum slip area where it reaches a value of 70 cm
(Fig. 5). This highest value could be due either to uncorrected tro-
pospheric effects to the north of the deformed area, or to the poorly
resolved edges of the null ground deformation zone.

In Fig. 6(c), we show the residuals for the 12219-22583 inter-
ferogram obtained by subtracting the synthetic fringes (Fig. 6b)
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Figure 6. 12219-22583 interferogram: (a) observed and (b) synthetic interferogram obtained from the averaged co-seismic model; (c) residual interferogram
obtained by removing (b) from (a)—the arrow indicates the location of a hypothetical antithetic fault (see text for details); (d) residual interferogram obtained

by removing the model of Meyer et al. (1996) from (a).
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Table 4. Parameters of the nodal plane dipping to the north of the focal
mechanisms determined for the Kozani—Grevena earthquake.

Strike (°E) Dip (°) Rake (°)
This study 257.8 38.2 —-97.1
Harvard CMT 240 31 —-90
Hatzfeld et al. (1997) 252 41 —87

calculated for the averaged model from the observed one (Fig. 6a).
The residuals, at slightly over one fringe over most the interfero-
gram, correspond to atmospheric heterogeneities not accounted for
by our correction. For comparison, Fig. 6(d) shows the residuals
obtained with the model proposed by Meyer et al. (1996). These
residuals are more than three fringes due to (1) atmospheric and
DEM artefacts, (2) the absence of high slip on the fault at depth
and (3) a less precise fault geometry, which generates the NE-SW
rectangular fringe pattern in the western part.

Finally, we determined the composite focal mechanism of the
averaged model (Fig. 5, Table 4), which differs slightly from that
determined by waveform modelling (Hatzfeld ef al. 1997). The cor-
responding seismic moment yields (6.9 4 0.5) x 10"*N m in good
agreement with the CMT determination.

6 DISCUSSION AND CONCLUSIONS

We have determined a fault model in agreement with the tectonic
and seismological observations that fits the differential InSAR (DIn-
SAR) observations better than previous models.

In our inversion we do not take into account the composite trian-
gulation GPS data of Clarke et al. (1997). As discussed by Meyer
et al. (1998), because the triangulation survey was undertaken in
1984-1986 and the GPS survey just after the quake, these data
might include substantial interseismic strain or large errors, such as
has been seen in the Gulf of Corinth (Briole ez al. 2000).

There is an aftershock cluster WSW of the fault (Fig. 4), between
7 km and 10 km depth, including events with strike-slip mechanisms
(Hatzfeld ef al. 1997). This cluster seems to be associated with one
circular fringe in the southwestern limit of the elliptical fringe pat-
tern (Figs 2a—c). We did not model this peculiar fringe because of
its uncertain origin. It might be due to an uncorrected atmospheric
contribution or to human activities such as water pumping for culti-
vation or to tectonic deformation. Specifically, it is difficult to relate
this apparent deformation with the aftershock cluster, which seems
to be too deep to generate such a signal. Nevertheless, this feature
could be associated with post-seismic shallow processes such as
pore fluid transfers in the sedimentary basin in response to high
strain accumulation at the end of the co-seismic rupture. Such pro-
cesses were observed in compressive jogs after the 1992 Landers
earthquake (Peltzer et al. 1998).

The primary discrepancy between our model and the SAR data is
found in the northern part of the deformed area (arrow in Fig. 6¢).
We explore the possibility that this feature corresponds to secondary
faulting during the earthquake, as suggested by various authors from
analysis of the aftershock distribution and from local tomography
(Hatzfeld et al. 1997; Chiarabba & Selvaggi 1997; Resor et al. 2001).
These residues can be explained by small slip (20 cm) on a shallow
fault (0-5 km) extending over 5 km, dipping to the south, and lying
north of the Palaeochori Fault where the fringes are distorted. We do
not find this argument compelling. First, this model induces an uplift
of the northern area, which is not observed on the interferograms.
Second, this model implies therefore the presence of a fault that
was not observed in the field. Moreover, no indirect evidence for
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tectonic faulting (such as cracks or slumps) has been mapped there.
Since activity on an antithetic fault seems to be incompatible with
the SAR and tectonic observations, we attribute the residual fringes
to atmospheric effects not accounted for by our corrections.

The most important and robust result is the presence of a fault
area of approximately 20 per cent of the main surface fault, with slip
reaching 2.8 & 0.5 m, that corresponds to a zone of low aftershock
activity. The model proposed is composed of five subfaults, of which
two (1 and 3) account for 80 per cent of the total seismic moment
(Fig. 5), of which 85 per cent occurs on the deeper part of subfault
1, indicating that the general trend of the extension in this region is
N-S. Moreover, the large area with significant slip corresponds in
this activated fault system to the faults with the clearest morpho-
logical expression. The Paliuria Fault has a similar geometry but a
more prominent morphology than the Palaecochori Fault. The latter
might be of younger inception than the former. This may indicate
an attempt by the Servia and Palaeochori fault systems to connect
across the Vourinos mechanical obstacle, an ophiolite massif where
the deformation is more diffuse and not easily localized on faults.
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