Deformation studies in the Gulf of Patras, Western Greece

K. Paparzissi, D. Anastasiou, A. Marinou, C. Mitsakaki,
X. Papanikolaou, D. Paradissis

School of Rural & Surveying Eng., National Technical University of Athens, Greece

Abstract

In the present paper, statistically acceptable strain parameters for a deformation model are
evaluated, using GPS data from a geodetic network established in the broader area of the
gulf of Patras. Velocities were estimated for the network sites using mainly data from three
campaigns, taking place between 1998 and 2000, as well as all previous GPS positions
available for the region. The derived velocity field is in congruence with previous works. In
order to investigate the tectonic behavior of the area, several models for the secular defor-
mation were applied and the strain tensors for each case were computed and discussed.

1. Introduction

The gulf of Patras is part of the Ionian Islands region which is a unique one in
that it behaves as a multiple junction, where all four types of plate boundary (colli-
sion, subduction, transform and spreading) occur (Sachpazi et al. (2000)). The gulf
lies at the western end of a system of graben structures, among them the Corinth
and Rio rifts, associated with the active subduction in the Western Hellenic arc.
The outer part of the gulf is a linear trough with a length of ~ 22 km and extensive
active faulting of WNW-ESE trend on the southern flank of the trough (Ferentinos
et al. (1985)).

Earthquake epicenters in central Greece define a 200 km long and 40 km wide
belt from the Aegean to the lonian Sea with the central part occupied by the Cor-
inth-Patras rift (Doutsos et al. (1992)). The intersection of the Corinth and Rio gra-
bens is delineated by clustering of seismicity, while very low numbers of earth-
quakes appear in the Patras gulf (Figure 1). A similar picture emerges in the case of
the historic earthquakes (550BC-1986AC) for the region (Figure 2). Seismicity
records and geotectonic information for the active structures in NW Peloponnese
indicate that faults, although relatively small, may generate earthquakes with 5.0 <
Mg < 5.8. Thus, the more recent large earthquakes that occurred in the vicinity
attracted attention and were duly investigated (Roumelioti et al. (2004); Ganas et
al. (2009)).

Furthermore, the kinematic field of the western part of the Hellenic arc attracted
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Figure 1: Seismicity map of the region (1980 — 2010).
Data from the database of the National Observatory of Athens
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Figure 2. Historical earthquakes for the region with magnitudes Ms>6.
Data from Ioraldayog B. kot Ilomaldyov K., (2003) (in Greek)
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attention from the geodetic community since the late eighties. Several GPS cam-
paigns were carried out and the acquisition of the high quality satellite data con-
tributed significantly to the description of the kinematics of the area (Kahle et al.
(1995); Muller M. (1995); Hollenstein C. (2006)).

Equivalent attention has been focused on the Corinth gulf which has been ex-
tensively investigated, by seismic, geotectonic and geodetic studies for more than
twenty years (Briole et al. (2002); Avallone et al. (2004); Bernard et al. (20006).
However, so far, no systematic geodetic work has been carried out on the area sur-
rounding the Patras gulf. The present work is a first attempt to use all available
GPS data, compiled from campaigns where the NTUA was involved, to describe
the surface deformation pattern.

2. Analysis of GPS data

The GPS geodetic network consists of 31 sites occupied in 3 epochs, namely
1998.79, 1999.42, 2000.51. Most of the points are pillars of the National Geodetic
Network, while the rest are markers, established during the various interdiscipli-
nary projects of the past, carried out by both the NTUA and Institutes from abroad.
For the majority of pillars a special device was developed for the elimination of
centering errors.

Not all of the points were observed in all periods. Figure 3 shows the distribu-
tion of the GPS network, as well as the number of epochs each point was occupied.
An overview of all relevant information about the GPS network is given in Table 1.

Table 1: Overview of the GPS network

Epochs
Network details p 1998.79 1999.79 2000.51
Days of observations 6 2 4
Number of points 31 13 28
DREP and DION sessions (in hours) 24 12 24
Points with more than 4 hours sessions 6 1 3
Points with 4 hours sessions 23 10 23

All data processing was carried out with the Bernese V5 software package, us-
ing IGS precise orbits, IGS products for the earth rotation (IGS earth rotation pa-
rameters), relative receiver antenna Phase Center Variation (PCV) along with the
respective satellite phase pattern file and CODE-produced Code Differential Bias
(DCB) corrections.

Local ionospheric models for baselines longer than 600 Km were calculated, as
well as local tropospheric models for the whole of the network. A single zenith
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Figure 3. Distribution of the GPS sites and respective epochs of occupation

path delay parameter was estimated every 2 hours per site for the tropospheric
models. Automated cycle slip fixing was applied. The Quasi lonosphere Free Strat-
egy was used for the ambiguity resolution. A relatively low percentage (65%) of
ambiguities resolved was accepted, due to the fact that the campaigns took place
more than a decade ago and the duration of the observations was a short one in all
cases.

Next, all the baseline daily solutions were stacked, to produce final coordinate
estimates. For each epoch, the IGS station coordinates were kept stable providing a
realization of the ITRF2005 reference frame.

For all epochs, twelve IGS stations were chosen for the realization of the Refer-
ence Frame ITRF2005 together with two Hellenic stations; station Drepano
(DREP) and station Dionysos (DION). IGS stations were chosen in order to fulfil
as closely as possible the criterion of best network geometry, despite the fact that
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very few stations were available in the south. The two Hellenic sites were selected
because they have the longest sessions of observations; besides Dionysos is one of
the oldest sites in Greece, with well estimated tectonic motion. All available base-
lines between the two Hellenic sites and the twelve IGS stations were used for the
realization of the ITRF2005 (Figure 4).

Figure 4: The twelve IGS Stations and the two Hellenic ones used for the realization of the
ITREF2005.

All the relevant information regarding the number of points occupied during
each campaign, the duration of field observations, the length of sessions etc are
presented in Table 1. In all cases, the local network points were connected to the
local main station DREP. However, in order to maintain the length of the baselines
relatively short, other than the DREP points were used (Table 1, fourth row). In
Figures 5, 6 and 7 all the baselines formed for each day and each campaign respec-
tively are presented.

In all cases, more than 70% of the ambiguities were resolved for the local net-
work. However, due to a large amount of cycle slips some points failed to be re-
solved; for the first campaign point PRSL, RION for the second one and MYRT
for the last one.
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Figure 5: The network for epoch 1998.79
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Figure 6: The network for epoch 1999.79 Figure 7: The network for epoch 2000.51

3. The velocity field

The Patras network has been observed piecewise, during the various research
projects carried out by the NTUA and the collaborating international institutions,
since the nineties. A data base had to be build in order to include all relevant in-
formation (initial data and metadata) from all the campaigns.

In order to evaluate velocities for the network points all previous information
available in the database was exploited. All solutions were transformed to the
common reference frame of ITRF2005 using the official Helmert transformation
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parameters (available at http:/itrf.ensg.ign.fr/trans_para.php). The kinematic model
of Argus and Helfin (1998) was used for the velocity of the European plate with
respect to the world, with rates of Vnorth=+11.4 mm/yr and Veast=+23.6
mm/yr.

For each point, the respective time series were used, in order to calculate the
velocity vector. In most cases a statistically reliable solution was achieved while,
whenever this was not possible, the point was excluded; this was the case for three
points. In Table 2 estimated velocities with respect to a stable Europe model as
well as their standard deviations are presented.

Table 2: Velocities with Respect to a stable Europe

CODE Vn Ovn Ve Ove CODE Vn Ovn Ve Ove
AGHL | -13.6 +2.0 -7.4 +6.4 |K0O00 |-22.0 |+2.4 |-14.7 |+14
AGRP -9.8 +2.9 -9.1 +0.5 |KAST |-20.5 | +1.2 |-16.5 | £2.0
ARIO | -10.0 +6.1 | -14.0 +1.3 |[KYLN | -6.7 | £1.3 |-11.0 | £3.8
ATKO | -15.9 +1.3 -5.8 +1.3 |LO0O |-24.6 |+1.6 |-14.2 | +1.2
CG13 -8.7 +0.8 -5.8 +1.8 |LEPE | -54 | +0.6 | -8.2 | 0.2
CG30 -1.3 +03 | -12.8 +2.2 |JLEVK | -5.7 |+04 | -9.9 | £1.0
CG42 | -25.2 +1.1 | -12.7 +2.1 |[MAOR |-22.4 | £2.1 |-22.0 | £7.2
CG61 -22.8 +1.1 | -149 +1.9 |MESS | -62 |19 | -7.5 | £1.5
DOXA | -243 +0.5 | -17.8 +1.5 |MLSS |-21.5 | £0.0 |-21.2 | £0.0
DREP | -15.7 +0.8 | -10.9 +1.1 |RION [-11.0 | £0.0 |-20.7 | 0.0
E000 -27.5 2.4 | -144 +1.2 |TOLO | -8.7 | 1.2 |-17.2 | +2.1
G000 -23.8 +1.1 | -17.9 +0.7 |VELT |-22.0 | +04 |-21.1 |+14
H000 -9.7 +04 | -11.4 +0.7 |PRSL | -8.4 | £0.0 | 4.4 | 0.0
1000 -9.8 +13 | -12.6 +0.8

It should be mention here that the average velocity for the Dionysos site esti-
mated from the three campaigns (Vn=-11.5, Ve = 7.6 mm/yr) is in good agree-
ment with the value (Vn =-12.9, Ve = 8.6 mm/yr) resulting from several years of
observations.

In Figure 8 velocities and corresponding error ellipses referred to a stable
Europe are presented. The velocity field has a prominent south west direction while
the vectors appear to increase in size from North to South and to slightly rotate
towards west. This picture is compatible with the velocity field of Hollenstein et al.
(2008), Anastasiou et al. (2009) and Briole et al. (2002), Avallone et al. (2004).

The present work is based on a two-dimensional linear deformation model,
while the area under consideration is assumed as a thin calotte on a spherical earth
homogeneously deforming. Since the region under study is a limited one distortion
due to omitting the curvature would not exceed 10~ in scale and can be ignored.
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Besides, because of the average size of displacements, the infinitesimal elastic
strain theory is followed without loss of the required precision (Veis et al, (1992);
Agatza-Balodimou et al, (1994)). Thus, the parameters of strain inside each de-
forming block are estimated by least squares.
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Figure 8: Velocity field respect to stable Europe and corresponding error ellipses
The strain parameters for all cases examined are presented in Table 3.

Table 3: Strain tensor parameters for all cases

Secular motion model Kmax Kmin v 4z

(ppm) (ppm) (ustrain/Myrs) (deg)

single block +0.178 -0.052 +0.230 12.74
North - south | North +0.068 -0.115 +0.183 31.08
blocks South +0.131 -0.003 +0.135 156.18
East - west | East +0.230 -0.057 +0.287 19.59
blocks West +0.130 -0.133 +0.263 175.72
Four North - East +0.156 -0.146 +0.302 39.19
quadrants North - West | +0.354 -0.023 +0.330 138.29
model South - East +0.115 -0.098 +0.213 151.31
South - West |  +0.106 -0.234 +0.340 140.62

In order to get a detailed and realistic pattern for the tectonic behaviour of the
Patras gulf, several cases were considered. In the first one the whole area was
treated as a single block (Figure 9a). In all other cases the area was assumed as
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consisting of blocks with distinct sets of parameters. Thus, in the second case a two
blocks with North - South division was considered (Figure 9b). A third case was to
divide the area in two blocks (East-West) (Figure 9c¢). Finally a four blocks model
for the region was considered (Figure 9d).
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Figure 9d. Four block model

4. Discussion - Conclusions

As mentioned before the velocity field of the gulf of Patras (Figure 8) is in good
agreement with previous works. More particularly, it should be mentioned that the
velocity field of North Peloponnesus is, quite comparable with Briole et al. (2002)
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Figure 10: From Briole et al. (2002) Figure 11: Composite from Hollenstein C.
(2006) and Anastasiou et al.(2009)

(Figure 10) and Avallone et al. (2004). On the other hand a more pronounced west-
ward motion of some vectors on the South Sterea Hellas area is in better agreement
with Hollenstein C. (2006), Hollenstein et al. (2008) and Anastasiou et al. (2009)
(Figure 11).

In the case of the strain analysis an extension with a NNE- SSW direction is
apparent when the area has been considered as one block. However, the velocity
field of the Patras gulf appears to increase in size gradually from North to South
(Figure 8) and this may be interpreted wrongly as an extension, if the area is repre-
sented by a single block.

Thus, a second reasonable model to consider was to break the region in two
blocks, namely the north and the south one. In this case the north part appears to
retain the extensional trend with a slight clockwise rotation of the azimuth of the
elongation axis. On the other hand, the south part of the gulf is extending with a
NNW-SSE direction.

In the case of the third model a difference in the direction of the deformation
can be observed from west to east (Figure 9c). The west part is extending to a
NNW direction while the east part is extending to a NNE direction. Compression
rates are larger in the west part while extension rates are larger on the east part.

Since the two block models of north-south and east-west indicate a different
tectonic behaviour and the seismicity map (Figure 1) signifies a seismically active
zone in the south-western part of the gulf of Patras, where the Mihoi June 08, 2008
earthquake of Mw ~ 6.4 occurred (Ganas et al. (2009)), a four block model (four
quadrants) was also considered (Figure 9d).

The two quadrants of north Peloponnesus (south blocks) have similar orienta-
tions of the elongation axes, while the strain elements” values are different (Table
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3). In the case of south Sterea Hellas (north blocks), the strain tensor of the north-
eastern quadrant is comparable to the north one of the two-block model. The be-
haviour of the northwestern quadrant appears to be in agreement with the general
trend of north Peloponnesus. However, it should be mentioned here, that the exis-
tence of the westward trend of the velocity field of Sterea Hellas needs further in-
vestigation, since the number of sites used is a rather limited one.

Other cases were also examined, such as the division of the region into various
blocks, but with no significant improvement in the description of the tectonic be-
haviour of the area.

As a general remark, the strain accumulation, which appears in some of the
models considered, is not so far adequately documented from the available geo-
detic data.

The geodetic methods work efficiently for monitoring crustal movements if the
GPS sites are homogeneously distributed across the major geological features
(faults, etc) and a good spatial and temporal coverage for the broader area is en-
sured. Therefore, for a better understanding of the behaviour of the area, existing
points should be reoccupied, since a limited number of epochs are so far available,
while the densification of the network should also be considered.
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