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Abstract The Corinth Rift is one of the narrowest and fastest extending continental regions worldwide
and has one of the highest seismicity rates in the Euro-Mediterranean region. At its western termination,
several active faults are located beneath the city of Patras and the surrounding area, a region of major
socioeconomic importance for Greece. Displacement rates for the period 2002–2010 obtained from
ascending and descending ASAR/ENVISAT multitemporal interferometry are combined with Global
Positioning System measurements from permanent and campaign stations to produce a map of vertical and
east-west ground velocities. Cross sections are produced in order to quantify the deformation rates with
higher precision. In the vertical, the motion combines tectonic deformation, urban subsidence, and
subsidence due to deltaic sediments compaction. In the city of Patras and through the gulf of Patras, the
northern continuation of the 2008 Movri earthquake fault is connected to the oblique transform zone of Rio.
Further east, our observations suggest the existence of postseismic deformation at Aigion in the 15 years
following the Mw = 6.2, 15 June 1995 Aigion earthquake. The inferred deforming zone, assuming a simple
slow slipping model, is located at the western end of the 1995 fault, with radius ~3.5 km, centroid depth
~4 km, and cumulated postseismic moment representing 28% of the coseismic. Alluvial fan deltas subside
due to their compaction with a gradient that increases toward the shore. Several of those deltas are located in
the hanging-wall of active faults.

Plain Language Summary The Gulf of Corinth, Greece, is a seismic area. Apart from moderate
earthquakes striking often, additional geological phenomena, such as slow and continuous ground
displacements, are occurring. Both are being induced by the movement of the tectonic plates. In many cases
slow displacements are part of the seismic cycle occurring before an earthquake. The coast of Central
Greece is moving away from the coast of northern Peloponnesus with a maximum velocity of about 1.5 cm
per year. This study assesses the land displacements occurring due to tectonic activity of the area. This
information is important to evaluate the seismic hazard and its impact on the socioeconomical activity of the
region. Continuous ground displacements not associated to large earthquakes in the analyzed period are
localized in the city of Patras, Rio, Aigion, and also in the surrounding areas. In the Mornos, near Patras and
several other deltas, subsidence of no tectonic origin is detected. The maintenance and the expansion
of the ground network are crucial for the uninterrupted monitoring of the geological phenomena. Our study
can contribute to the awareness of the civilians, local authorities, and the state.

1. Introduction

The rift of Corinth, Greece (Figure 1), is among the fastest extending continental regions in the world. It is
bounded on both sides by active normal faults, onshore and offshore (Moretti et al., 2003; Palyvos et al.,
2007) with cumulated offset ~3 km and a series of tilted blocks along the south coast (Doutsos &
Poulimenos, 1992; Koukouvelas et al., 1999). It has one of the highest seismicity rates in the
Euro-Mediterranean region with, on average, one Mw > 6 earthquake per decade. Recent large earthquakes
include Alkyonides 1981 (M = 6.7), Galaxidi 1992 (Mw = 5.8), Aigion 1995 (Mw = 6.1), and Movri 2008
(Mw = 6.4). This last event is located outside of the rift, but is connected to it and is crucial for deciphering
the deformation processes at the western termination of the rift and its junction with the Gulf of Patras.

The extension across the rift increases from east to west (Avallone et al., 2004) where the current
microseismicity (Figure 2) is the highest with large active faults, for example, the Rio-Patras fault zone, the
Psathopyrgos fault, the Aigion-Neos-Erineos-Lambiri fault zone, and the Helike fault, onshore and offshore
fault systems (Palyvos et al., 2005, 2007). The western termination of the rift is populated with several
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Figure 1. Major earthquakes in the last ~50 years in and around the Corinth rift. Focal mechanisms are from Serpetsidaki et al. (2014), Sokos et al. (2012), Kiratzi and
Louvari (2003), Baker et al. (1997), Bernard et al. (1997), Braunmiller and Nábělek (1996), Hatzfeld et al. (1996), Taymaz et al. (1991), Liotier (1989), and
Papazachos (1975). Faults traces, originally from Flotte et al. (2005), were compiled during the EU project SISCOR (http://siscor.crlab.eu), using in particular Moretti
et al. (2003), Palyvos et al. (2005), and Bell et al. (2008). Red and green dashed lines show the swaths of the ascending track 415 and descending track 279,
respectively. Reversed black triangles show the locations of the GPS sites used in the study. The dashed box shows the studied area (see Figure 2). The solid and the
dotted box delimit the north and the south view, respectively.

Figure 2. Shaded topography of the western Gulf of Corinth. Relocated seismicity from Lambotte et al. (2014). GPS velocity vectors and corresponding names from
Avallone et al. (2004) and Briole et al. (2000), updated. RAb = Rio-Antirio bridge.
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towns, among them is the city of Patras, the third largest city in Greece. Major infrastructure are located close
to the active faults, for example, the Rio-Antirio bridge linking Peloponnesus to the eastern mainland, the
Mornos dam (Figure 1) with its reservoir that supplies water to Athens, the highway and railway connecting
Patras to Athens.

On the Psathopyrgos fault, the westernmost major fault, close to Patras, the uplifted terraces suggest four
events in the last 2000 years (Palyvos et al., 2007), thus an average recurrence time of earthquakes of
~500 years. As it has not produced significant earthquake for more than 400 years, this fault is considered
as a major threat today. To the west, the Rio-Patras fault is a transfer fault zone between the Corinth rift
and the normal faults inferred offshore in the southern gulf of Patras (Flotte et al., 2005). It is admitted
(e.g., Serpetsidaki et al., 2014) that the Rio-Patras fault is the northern segment of a boundary between

the rigid Peloponnesus and the Killini block located to its west
(Figure 1), and continues southward with the fault of the 2008
Movri earthquake.

There are several subaerial and subaqueous deltas (Piper et al., 1990) and
fault-controlled Gilbert-type fan deltas (Rohais et al., 2008), with several
faults located close to them. In places the prodelta slope is modified by
tidal current erosion (Piper et al., 1990).

Using multitemporal synthetic aperture radar interferometry (InSAR),
Parcharidis et al. (2009) measured vertical motions in the cities of
Patras, Rio, and Antirio, and attribute them primarily to tectonic move-
ments. Geodetic studies based on GPS and InSAR observations gathered
in the last 20 years indicate ~NS extension across the rift at a rate reach-
ing 15 mm/year at its western termination across the Pasthopyrgos fault
(Avallone, 2003; Avallone et al., 2004; Briole et al., 2000; Clarke
et al., 1997).

Figure 3. Vertical velocities map from the combination of ascending and descending views. Black lines indicate the faults. The velocity vectors and the names of the
GPS points are shown.

Figure 4. Diagram of the 43 east-west GPS and corresponding PS velocity
values and their uncertainties. The numerical values are in Table 1.
PS = Persistent Scatterers.
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Here we analyze the ground deformations derived from the InSAR processing of images acquired by the
Advanced Synthetic Aperture Radar (ASAR) sensor of ENVISAT from 2002 to 2010. InSAR, combined with
GPS, overcomes the limitations of GPS in terms of sparse samplings and weak vertical estimations (except
at the permanent stations). It enables accurate (submillimeter) measurement of the vertical velocity at thou-
sands of points, a density not achievable with campaign GPS.

2. Data

We used 29 acquisitions of the ascending track 415 (period 11 February 2003 to 9 February 2010) and 33 of
the descending track 279 (period 20 October 2002 to 27 December 2009) acquired by the C-band ASAR

Table 1
Eastward and Vertical GPS and InSAR Velocity at 43 GPS Points

N Code Long (°) Lat (°)
GPS east
(mm/year)

InSAR east
(mm/year)

GPS up
(mm/year)

InSAR up
(mm/year)

1 3000 22.1420 38.3970 2.1 ± 0.6 5.3 ± 1.3
2 3002 22.1420 38.3970 2.5 ± 0.9 5.3 ± 1.3
3 3100 22.2850 38.3480 0.9 ± 0.5 0.5 ± 1.2
4 ARI4 21.7710 38.3370 3.4 ± 1.0 4.7 ± 1.7
5 ARIO 21.7710 38.3370 3.4 ± 1.2 4.7 ± 1.7
6 B000 22.2630 38.4720 2.9 ± 0.4 2.0 ± 1.3
7 C000 22.1840 38.3240 �0.1 ± 0.4 0.5 ± 1.2
8 C075 22.2400 38.3560 1.9 ± 1.1 0.9 ± 2.0
9 C131 22.2870 38.3420 �0.1 ± 0.6 1.9 ± 1.5
10 C499 22.2730 38.3850 0.9 ± 0.4 3.5 ± 1.7
11 C711 22.1700 38.3730 1.8 ± 2.5 1.9 ± 2.2
12 CG31 22.2850 38.3480 2.5 ± 1.5 0.5 ± 1.2
13 CT30 22.3810 38.3830 0.3 ± 0.7 3.5 ± 1.4
14 D000 22.1340 38.2370 0.7 ± 0.7 1.7 ± 1.5
15 D004 22.0570 38.2760 0.7 ± 4.2 4.4 ± 0.6
16 D005 22.1340 38.2380 0.3 ± 0.9 1.9 ± 1.6
17 DIAK 22.1970 38.1910 �2.3 ± 1.3 �1.6 ± 1.0
18 EYPA 21.9284 38.4268 2.9 ± 0.3 4.6 ± 2.3 �1.6 ± 0.5 �1.0 ± 0.8
19 I000 21.9029 38.4447 3.8 ± 0.5 4.2 ± 1.2
20 J000 21.8494 38.3389 2.3 ± 0.5 2.5 ± 1.0
21 KLLI 22.1420 38.3970 3.3 ± 1.3 5.3 ± 1.3
22 KOUN 22.0458 38.2095 1.0 ± 0.3 �1.2 ± 0.9 0.0 ± 0.5 0.0 ± 0.5
23 MOL0 21.7380 38.3610 5.4 ± 1.3 3.5 ± 2.4
24 N000 21.9391 38.3276 2.8 ± 0.5 4.2 ± 1.9
25 N200 22.2080 38.4860 4.4 ± 6.3 2.2 ± 1.3
26 O000 22.1146 38.3931 1.7 ± 0.9 5.7 ± 2.6
27 O002 22.1140 38.3930 1.7 ± 1.9 5.7 ± 1.6
28 O003 22.1140 38.3930 1.5 ± 1.8 5.7 ± 1.6
29 O005 22.1150 38.3930 1.9 ± 0.6 5.2 ± 2.8
30 O106 22.0660 38.3730 0.6 ± 1.1 1.9 ± 1.8
31 PAT0 21.7905 38.2894 �1.6 ± 1.3 0.0 ± 0.9 �0.7 ± 1.0 �1.1 ± 0.4
32 PATR 21.7330 38.2410 �1.9 ± 1.0 �1.0 ± 0.8
33 PSAR 22.1843 38.3217 0.2 ± 0.3 0.2 ± 1.5 0.0 ± 0.3 0.2 ± 0.6
34 RC01 21.6933 38.3778 4.4 ± 0.7 3.5 ± 2.0
35 RCS2 21.7820 38.3120 3.0 ± 1.5 1.4 ± 1.1
36 RCS3 21.7800 38.3110 2.6 ± 1.2 0.9 ± 1.0
37 RIO2 21.7780 38.3080 0.8 ± 1.9 0.9 ± 1.3
38 RIO4 21.7980 38.3120 0.0 ± 1.6 2.4 ± 1.0
39 RION 21.7827 38.3109 2.9 ± 0.9 1.3 ± 1.1
40 T000 22.2390 38.1810 �1.7 ± 0.6 �1.6 ± 1.5
41 TR41 21.7660 38.3280 5.3 ± 1.9 5.1 ± 1.1
42 TR4A 21.7660 38.3290 5.1 ± 3.0 4.6 ± 1.0
43 TRIZ 22.0727 38.3654 �0.8 ± 0.3 0.4 ± 1.5 �2.3 ± 0.5 �2.9 ± 0.8

Note. InSAR velocities are computed by averaging the determinations at pixels located within 0.4 km around the GPS
point.
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sensor of ENVISAT in I2 mode with incidence angle ~23°. The digital eleva-
tion model used to remove the topographic effect in InSAR was made by
the Hellenic cadastre using aerial photogrammetry surveys with pixel size
5 m. Its vertical accuracy is estimated to be ~5 m.

The available GPS velocities are used to anchor to a rigorous geodetic fra-
mework the velocities obtained from InSAR. They are from 66 campaign
points (Avallone et al., 2004; Briole et al., 2000; Müller et al., 2011) occu-
pied periodically since 1990 and 7 permanent points installed after 2001
(http://crlab.eu). The permanent points have velocities known with accu-
racy well below 1 mm/year in the three dimensions. At campaign points,
horizontal velocities have also 1 mm/year accuracy on average, while the
vertical is known within a few millimeter per year only. As all permanent
points, except TRIZ which is close to the center of the rift, show no signif-
icant vertical velocity, we assume that it is the same, on average, for all
campaign points. Using this assumption, the line of sight (LOS) velocities
deduced from GPS are used to align, with a least square procedure, the
LOS velocities calculated with InSAR. We refer the GPS velocities (and
therefore the InSAR velocities) to Peloponnesus accordingly with
Avallone et al. (2004).

3. InSAR Processing Along the Ascending and Descending LOSs

Figure S1 shows with lines the interferograms computed for the two tracks. Because of the discontinuity
induced by the sea (with possible loss of phase continuity) and because of the ground motions produced
by the 18 and 22January 2010 Efpalio earthquakes (Sokos et al., 2012), we produced two sets of interfero-
grams, one tied to the north block, called North view, with 115 and 190 ascending and descending interfer-
ograms, and one tied to the south block, called South view, with 123 and 254 ascending and descending
interferograms. The interferograms were made using the TUDelft Doris version 4.02 software (Kampes
et al., 2003).

4. Multitemporal Combined PS-SBAS LOS Velocities

There are twomainmethods of multitemporal InSAR, one called Persistent Scatterers (PS) and the other Small
Baseline Subset (SBAS). PS methods are based on the selection of pixels with either stable phase variation in
time (e.g., Ferretti et al., 2000, 2001; Kampes, 2005) or high coherence in space (e.g., Hooper et al., 2004; Van
der Kooij et al., 2005). SBAS methods (e.g., Berardino et al., 2002; Schmidt & Bürgmann, 2003) combine a lim-
ited number of selected interferograms with small orbit separation and therefore small inter-pixels spatial
decorrelation due to the stereoscopic effect of the different orbits. PS is more efficient in urban areas while
SBAS is more powerful in nonurban areas (Casu et al., 2006). As most of the Corinth rift area is nonurban
and mountainous, SBAS provides a significant contribution to the study of the area.

We used the StaMPS/MPI software following the method of Hooper (2008). StaMPS (Stanford Method for PS)
is using an algorithm that tracks PS not only in urban areas but also in terrains devoid of man-made structures
or undergoing nonsteady deformation. StaMPS/Multitemporal InSAR (Hooper, 2008; Hooper et al., 2004,

2007) is an extension of StaMPS adding SBAS and a multitemporal InSAR
method. In this paper, the ground motion is assumed to be steady during
the 8 years 2002–2010. The maps shown below combine PS and SBAS
(Figures 4 and 5) data sets maximizing the reliability of the unwrapped
phase and increasing the signal to noise ratio exploiting the procedure
of Hooper (2008). Furthermore, as we will show, we exploited the redun-
dancy of PS and SBAS velocities determined independently for the ascend-
ing and descending tracks to validate our results.

For the PS processing of the ascending track the image of 5 August 2003 is
used as master. With an amplitude dispersion index of 0.4, 59027 LOS velo-
cities are estimated in the North view and 29171 in the South view. For the

Figure 5. Vertical GPS and InSAR velocity at five permanent GPS stations.
EYPA that was affected by the 2010 earthquakes is not available, as is the
case with LAMB where the time series is too short.

Table 2
RMS Scatter Between InSAR and GPS EW and Vertical Velocities for Two
Different Values of the Sampling Radius Around the GPS Points

Component velocity
Radius
(km)

RMS scatter
(mm/year)

Points
used

EW—campaign points 0.4 2.0 44
Vertical—permanent stations 0.4 0.4 6
EW—campaign points 1.0 2.8 66
Vertical—permanent stations 1.0 1.1 7

Note. RMS = root-mean-square.
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SBAS processing, with amplitude dispersion index threshold of 0.6, minimum coherence threshold 0.5,
decorrelation threshold 1,700 days and critical baseline 1,070 m, the 115 and 123 interferograms lead to
60331 and 37438 LOS velocities in the North and South views, respectively. The two populations of LOS
velocities are almost equally represented but in most cases not at the same location. Their alignment
(using the common points) and combination leads to 114553 LOS velocities in the North view and 64322
in the South view.

Similarly, for the descending track the image of 2 November 2008 is used as master in the PS processing
which estimates 36489 LOS velocities in the North View and 27580 in the South View. For SBAS, with similar
parameters except decorrelation threshold 1,500 days, the 190 and 252 interferograms produce 60683 and

45358 LOS velocities and their alignment and combination with PS
94846 and 71195 LOS velocities in the North and South views, respectively.

In both PS and SBAS methods, the differential atmospheric delay is partly
removed assuming that it is spatially correlated up to a distance of a few
kilometers. At larger spatial wavelengths, the troposphere cannot be cor-
rected using InSAR internally. This may affect the multitemporal results,
but very slightly because of the large population of interferograms partici-
pating to the multitemporal analysis. The GPS LOS velocities are used to
correct this effect by allowing tilt of the interferograms to compensate
possible bias due to systematic lateral tropospheric gradients at wave-
length larger than 5–10 km not detectable by InSAR.

5. Anchoring the InSAR Velocities to the GPS Velocities

At the center of our target area, the incidence vector of the ASAR/ENVISAT
in I2 mode, expressed from the ground to the satellite, is ±0.38 (positive for
descending), �0.09 and 0.9, respectively in the east, north, and up axis.
This vector is variable within the scene in the range �0.406/�0.340,

Figure 6. Best constrained 4,391 vertical Persistent Scatterers/Small Baseline Subset velocities for pixels of 200 m. This is the best results when using pixels of
200 × 200 m (doi:10.5281/zenodo.1205496).

Figure 7. Subsidence rate from InSAR against size of six major river deltas in
the western Corinth rift. Size of the delta refers to the length of the river
stream along the delta. Subsidence rate refers to the maximum observed
rate in the delta at the 25% of points with the highest value (i.e., average the
first quartile).
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�0.100/�0.084, and 0.937/0.908 in east, north, and up components for ascending tracks and 0.346/0.405,
�0.100/�0.086, and 0.909/0.934 for descending.

For both ascending and descending, we estimate, at each GPS points, an average InSAR LOS velocity by using
all LOS velocities available within a radius 400 m. The GPS LOS velocity is obtained by using the known and
accurate horizontal GPS velocity and zero for the vertical velocity except at TRIZ where we use �2 mm/year,
and projecting in the LOS. At this stage we have a LOS scatter (between GPS and InSAR), that we call dLOS at
the 73 GPS points. Then, by least square minimization, we calculate the best fitting tilt (2 parameters) and off-
set (1 parameter) to be applied to the 73 dLOS values to minimize them, that is, to have them aligned with the
plane Z = 0 in a space with X, Y the coordinates of the GPS point and Z the dLOS.

To assess the improvement of the LOS velocities after dLOS minimization, we calculate the vertical velocities
retrieved from InSAR (and using the horizontal GPS values) at the location of the GPS points before and after
the correction. For that we assign to the InSAR points the horizontal velocity from GPS and estimate the ver-
tical. For the North view, the standard deviation of the velocities (around an imposed average of zero) is 3.6

Figure 8. InSAR vertical velocities at the western termination of the Corinth rift, between Nafpaktos and Patras. Solid black
lines represent the faults inferred from geological studies, among them the Agia Triada and Rio-Patras faults. The dashed
line A-A0 corresponds to section across the Rio-Patras fault shown in Figure 11. The dashed line B-B0 corresponds to the
cross sections of Volinaios River Delta in Figure 15. The permanent EUREF GPS point PAT0 (http://www.epncb.oma.be) is
shown.
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and 1.6 mm/year for ascending tracks and 3.3 and 1.4 mm/year for des-
cending tracks, respectively, before and after correction. For the South
view the equivalent numbers are 4.9 and 1.1 mm/year for ascending and
2.4 and 1.6 mm/year for descending. The need and benefit of the align-
ment on GPS is clearly demonstrated. Figure S2 and Figure S3 show several
features that are discussed in detail in the following sections, in particular
discontinuities in the city of Patras, Rio, Psathopyrgos, and Selianitika. The
vegetated land cover, the steep slopes, and the moisture in the mountains
are characterized by strong temporal decorrelation.

6. Determination of the Vertical and East Velocities

This procedure is performed for the north and south views separately. For
each pixel of the combined ascending PS-SBAS file, we seek for a compa-
nion pixel in the descending combined PS-SBAS fine, by searched within a
radius of five pixels (~100 m). This gives us two LOS measurements, and to
retrieve a 3-D motion we use as third observation an estimate of the NS
velocity derived from bilinear interpolation of the velocities at the 73
points. Despite the large gradients of NS velocity in the Corinth rift, this
interpolation is accurate because most of the extension is offshore (see
Avallone et al., 2004) with a south block almost rigid and a north block
showing smoothly distributed deformation that strongly supports an
interpolation. Moreover, as the NS component weights only for ~0.09 in

InSAR (NS projection of the incidence vector), the need for accuracy in the NS velocity is not great and the
~1 mm/year accuracy easily achieved in the interpolation between the 73 points is sufficient. The maps of
vertical and east-west InSAR velocities are shown in Figure 3 and Figure S4.

7. Comparison of the EW Velocities From GPS and InSAR

In section 5, we used the GPS velocities to anchor the ascending and descending LOS velocities. Here the GPS
velocities are used a second time to assess the quality of the 3-D vectors calculated at the selected PS-SBAS
pixels in the previous step. This is not a redundant use of the GPS information. Indeed, for the anchoring, we

used the long wavelength of the GPS velocity field, while here we use the
short wavelength. Only 43 GPS points are used now, that is, the ones
located at less than 400 m from the closest PS-SBAS. Our assessment is
made by comparing the EW velocities from GPS and from InSAR
(Figure 4 and Table 1). The average consistency is not very good with large
outliers, and the average scatter is just below 2 mm/year which is more
than the theoretical native quality of both techniques. We believe that
those outliers are duemainly to unwrapping errors in the InSAR processing
at the particular pixel, and in section 8 we will apply a method to mitigate
this effect and improve our results.

This result, and the quantitative determination of the average scatter,
allows a posteriori assessment of the robustness of the anchoring of the
InSAR to the GPS velocities, which quality comes from the number of
GPS velocities used. Theoretically the combined use of the 73 GPS points
allows a drop for the single average scatter of 2 mm/year to an average
accuracy of alignment of ~2/731/2, that is, ~0.23 mm/year, thus, using a
conservative factor of two, we believe that, after the alignment made in
section 5 and based on this comparison, we can estimate that our LOS
are detrended globally, at long wavelength, at the level of ±0.5 mm/year.
This does not prevent the existence of larger anomalies locally (most prob-
ably due to unwrapping errors). The next section is devoted to the identi-
fication and removal of those anomalies.

Table 3
Vertical Velocities in and Around Mornos Delta

Location
Vertical InSAR velocity,
current study (mm/year)

Number
of PS

Parcharidis et al.,
2013 (mm/year)

Nafpaktos �1.0 ± 1.0 2068 �1
Nafpaktos
h/wall

�0.5 ± 0.6 1118

Managouli �4.0 ± 0.6 247 �4.5
Chiliadou �5.0 ± 0.7 58 �4.5
Loggos �2.0 ± 0.3 47 �2.5
Kastraki �0.5 ± 0.4 154 �2
Xiropigado �2.0 ± 0.6 135 �1
Efpalio �2.0 ± 0.7 334 �2
Malamata �4.0 ± 0.5 109 �4
Agios
Polykarpos

�3.5 ± 0.4 80 �2

Area
M1—Nirefs

�7.0 ± 0.7 22 +2 ± 1a

Area
M2—Nirefs

�9.0 ± 0.7 34

Note. The values of Parcharidis et al. (2013) are also reported (those values
are directly deduced from the line of sight assuming no horizontal relative
velocities, and these were shifted by �1 mm/year to be consistent with
ours). PS = Persistent Scatterers.
aAnalysis of the vertical component of the GPS station installed in 2015.

Figure 9. Cross section across the Phoenix River Delta (crossing Selianitika
fault) defined as C-C0 in Figure 16. The vertical component of deformation
of Persistent Scatterers (circles) and the best constrained 4,391 Persistent
Scatterers (red) are shown. The red dashed line indicates the crossing at the
fault line shown in Figure 16 as Selianitika f. Blue line corresponds to the
altitude along the river projected to the profile (digital elevationmodel errors
and errors in the river location leads to nonmonotonic altitude increasing).
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For the vertical, the comparison is possible at the permanent GPS stations only. Figure 5 shows that GPS and
InSAR fit within ±0.4 mm/year. Subsidence greater than �2 mm/year for TRIZ (in the Trizonia Island) is con-
sistently quantified with the two methods.

The sensitivity of the solution to the radius of the disk used to select the InSAR pixels was also proven to be
averaged around the GPS point. Table 2 shows the difference between our preferred radius of 0.4 km and a
radius of 1.0 km. The root-mean-square (RMS) scatter increases with the radius, however the average vertical
scatter remains at the level of ±1 mm/year.

As it is expected, the ratio between the RMS in the east and up components (from Table 2) is the same as the
4/9 ratio between those components in the incidence vector. Moreover, the small radius of the disk ensures
the same tropospheric conditions among the contributing pixels.

We also analyzed the differences between our determinations for North view and South view at the 32
GPS points which were in both views: the RMS scatter between InSAR and GPS velocities is 1.9 mm/year
in east and 0.9 mm/year in up. Again, this is consistent with the scatters found above, and thus enhances
the robustness of our accuracy assessment.

Figure 10. InSAR vertical velocities at the city of Patras. Solid black lines represent the faults inferred from geological stu-
dies, among them the Agia Triada and Rio-Patras faults. The dashed lines represent boundaries of structures.
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8. Improved Vertical and East-West Velocities by Using
Larger Pixels

In this last processing step, the accuracy is improved by considering
larger pixels of 200 m, and by combining north and south views and
by reanalyzing separately the original PS and SBAS velocities. First, the
LOS velocities are resampled at 200 m. The loss in spatial resolution
results in a gain in the accuracy of the velocities. It leads also to a loss
of information in the low coherence areas. Indeed, we keep only the large
pixels that contain at least two small pixels from the original set.
Moreover, each of those small pixels must have its full set of
measurements, that is, two PS ascending velocities, one in the North view
and one in the South view, two SBAS ascending velocities, one per view
and the same four PS and SBAS measurements for the descending view.
Finally, for each remaining large pixel, we discard the pixel if at least one
of the scatters between the four ascending or descending velocities is
larger than 1.5 mm/year.

The wealth of information provided by the availability of eight measure-
ments per original pixel and the combination of several original pixels
allows tracking efficiently the unwrapping errors not eliminated in the pre-
vious steps. At the grid points having passed successfully this screening
(Figure 6), the average RMS scatters are 0.45 and 0.44 mm/year for the ver-
tical and east-west velocities. This procedure formed the set S1 of best con-
strained 4,391 points (Table S1). We produced also a file with 951 points
only (Table S2) by lowering from 1.5 to 1.0 mm/year the selection criteria
indicated in the previous paragraph. We estimate the average accuracy of
this set S2 to be ~0.5 mm/year, it is the one that we recommend for further
use. Its weakness is the lack of information in some areas with moderate or
low coherence, but 951 points with velocities known at this level of accuracy
means more than 10 times more InSAR velocities than GPS velocities with
equivalent quality, thus a great (and geodetically controlled by the GPS)
densification of the mapping of the ground deformation in the area.

The vertical velocities that are analyzed and modeled in the next sections
are those of initial vertical and east west PS/SBAS velocities as in Figure 3
(with less accurate but more pixels), S1 set as in Figure 6 (with less pixels
and more accurate), and S2 set (with few pixels and the highest accuracy).
These different determinations show consistency in several deforming
areas along both sides of the rift. Along the South coast, moving fromwest

to east, we see various deforming zones inside Patras with uplift and subsidence, subsidence in Rio, uplift and
subsidence near Psathopyrgos, subsidence in Selianitika, uplift in Aigion. Along the north coast, moving from
west to east, we see moderate uplift in the city of Nafpaktos and subsidence in the Mornos and
Marathias deltas.

In the following, we focus upon areas of special interest. Color scales may be different with respect to the
previous sections in order to enhance the vision of the ground deformation. We discuss first the question

Figure 11. (a) Vertical InSAR velocities across the Rio-Patras fault at the level
of the section A-A0 (see Figure 8). The blue line is the elevation profile along
the section. The selected pixels are those located between the two dotted
lines visible on both sides of the section in Figure 8. The red dots are the best
constrained 4391 data set, the black points are the original velocities
using all selected pixels. The orange line is the prediction of the model.
(b) Same as (a) but for the eastward velocities (with respect to Peloponnesus).

Table 4
Parameters of the Model for the Rio-Patras Fault at the Latitude of Rio and the Rio-Antirio bridge

Unit
X upper

center UTM (km)
Y upper center

UTM (km) Azimuth (°)
Length
(km)

Width
(km)

Depth of upper
edge (km) Rake (°) Dip (°)

Slip
(mm/year)

F1 570 ± 1 4,239 ± 1 233 ± 5 9 ± 1 2 ± .5 0.6 ± 0.3 �120 ± 10 45 ± 10 8.7 ± 1
F2 556 ± 1 4219 ± 1 30 ± 5 20 15 2 ± 0.5 �90 ± 10 90a 15 ± 1

aF2 is assumed to be vertical and its dip angle was not inverted
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Figure 12. Model of ground deformation induced by a hypothetical Rio-Patras fault marked by the dashed black rectangle
F1 and line F2. F1 is a shallow transtensional normal fault and F2 is a vertical right lateral strike slip fault. The faults
parameters are in Table 4. Observed and modeled GPS velocities (Table 5) are marked with black and red arrows. With a
horizontal velocity which is right at the middle of the gradient, the area of the Rio Castle lies right above the inferred
strike slip fault.

Table 5
Fit of the GPS Velocities (Observed and Calculated)

Code Latitude(°) Longitude (°)

East vel.
GNSS

(mm/year)

North vel.
GNSS

(mm/year)

East vel.
Model

(mm/year)

North vel.
Model

(mm/year)
X UTM
(km)

Y UTM
(km)

AGRP 21.74031 38.39472 4.0 14.0 4.5 12.8 564.65 4,249.87
MOLY 21.73845 38.36078 5.4 13.5 4.3 12.7 564.52 4,246.10
RESV 21.76718 38.34464 5.6 14.3 3.7 11.9 567.04 4,244.33
ARIO 21.76621 38.32849 3.5 9.3 3.4 11.5 566.97 4,242.54
RION 21.78273 38.31090 1.8 7.8 2.3 8.1 568.43 4,240.60
PAT0 21.79000 38.28000 �1.3 3.6 �0.4 3.0 569.10 4,237.18
AKST 21.83835 38.26669 �3.3 2.3 �1.3 0.9 573.34 4,235.74
K337 21.86937 38.29494 1.7 �0.4 �1.4 0.7 576.02 4,238.90
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of the river deltas, then the question of the urban subsidence. Those two
aspects of the ground deformation, often visible in InSAR, and this is the
case here, alter the message of tectonic origin and need to be corrected
before any tectonic analysis and modeling. Finally, and base on this
prerequisite, we analyze and model the relatively large and localized
deformations that we observe in the Rio-Patras area, north of Patras, and
in Aigion where the large earthquake of 15 June 1995 occurred and where
InSAR suggests the existence of a postseismic signal during the ENVISAT
era 2002–2010.

9. The Deltas

There are several deltas in the Corinth rift showing a clear deformation
signal and there is also the Selinous delta, one of the largest, showing no
deformation. Figure 7 summarizes the observed characteristics of six of
those deltas.

9.1. The Mornos Delta

Figure 8 shows the subsidence in the Mornos delta. This subsidence was already described by Parcharidis
et al. (2013). Its main cause is presumably the compaction of sediments by consolidation of the dewatered
material and the load of the subsequent overlain deposits (Parcharidis et al., 2013). However, there might
be other causes of vertical movements in the deltas, especially the large ones and those with agriculture,
in response to changes of the underlying water table in relation with the exploitation of the aquifer or
climatic fluctuations.

In two small areas of the Mornos delta near the SSE coast of the delta (locations M1 and M2), there are
buildings of fish farms producing coherent pixels with InSAR subsidence rates of 7 and 9 mm/year. Table 3
gives values at other spots and a comparison with the LOS rates of Parcharidis et al. (2013). Those high
subsidence rates might not be steady. Indeed, the analysis of the vertical coordinate of the permanent
GPS station XILI installed at M1 location indicates uplift for the recent period 2015–2017 at a rate of
2 mm/year. If confirmed, this will strengthen the need of refined analysis of the role of the aquifers in the
subsidence of this and other deltas in the area.

9.2. The Phoenix Delta

This river delta is relatively small in size but drains one of the major rivers of the area and it is, with Mornos,
the delta with the largest subsidence rate during the analyzed period. Along the profile C-C0 (depicted in
Figure 16), the gradient of subsidence (Figure 9) is high when entering the delta.

10. Ground Deformation in Downtown Patras

In Figure 10, moving from Glafkos river to the south toward the Rio-
Patras fault zone in the north, we can discriminate five domains each
one bound by the features “a,” “b,” “c,” and “e.” The Terpsi area,
between the sharp discontinuities a and b, corresponds to the ancient
valley of the Diakoniaris stream. The area located between c and d
correspond to the extremity of the oblique part of the Rio-Patras fault,
with the fault becoming purely strike slip further south. This area
undergoes fast uplift in the analyzed period, which we interpret as a
tectonic effect related to the change of azimuth of the fault. In our
model, d is the actual beginning of the shallow Rio-Patras fault (see also
Figure 8). Other local urban deformations can be observed, with
subsidence south of Terpi, an uplift in Peiraiki-Patraiki, in Terpsithea
and south-west of Eschatovouni.

Parcharidis et al. (2009) studied the ground deformation in Patras using 42
ERS1 and ERS2 SAR scenes acquired between 1992 and 2000 along the
descending track 279, with the Image Processing Theory, Tools and

Figure 13. Fit of ourmodel for the vertical component of InSAR (for 76 points
of the S2 set located along a RION-PAT0 profile of 3 km length).

Figure 14. Fit of our model for the E-W component of InSAR (for 76 points of
the S2 set located along a RION-PAT0 profile of 3 km length).
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Applications processing scheme. The discontinuities they describe agree
with those presented here, thus they appear to be persistent for ~20 years
(1992–2010). Based on fieldwork and aerial photo interpretation, Koukis
et al. (2005) proposed the existence of other shallow faults in Patras, that
could be related to some of the features visible in Figure 10, that is, a, b,
along harbor, striking SW, c, d, and e. On 31 August 1989 a shallow earth-
quake of MS = 4.8 occurred in Patras. Kalteziotis et al. (1991) reported unu-
sual large ground deformation for such a magnitude along the
discontinuity b. They proposed, as well as Koukis et al. (2005), the existence
of a shallow normal south dipping structure that they called the Agia
Triada fault, and Athanasopoulos and Leonidou (1996) modeled the
observed displacements assuming the coseismic deformation of a fault
of 1,200 m length and 388 m width which is reaching the surface.
However, those papers do not bring proofs that the motion across this
Agia Triada structure is directly related to the coseismic fault plane.
There is no clear evidence of the existence of such an active tectonic fault
at shallow depths. The 1989 displacements might be the result of a grav-
itational slip along the northern bank of the ancient Diakoniaris river. In
the last decades, this river had been progressively channelized and cov-
ered by the urban sprawl. The graben, still visible today in the city and in
the subsidence (between a and b), is most probably due to residual com-
paction of the area.

Figure 16. Vertical InSAR velocities in the area of Aigion, Lambiri, Trizonia, and Psaromita. The black dashed line C-C0

corresponds to the cross sections of Phoenix River Delta (crossing Selianitika fault) plotted in Figure 9. The black dashed line
D-D0 corresponds to the cross sections of Aigion (crossing the Aigion fault) plotted in Figure 21. The black dotted lines
correspond to the extension of the sampling for the profiles. F1 represents the modeled aseismic fault active during the
analyzed period. F2 represents the coseismic fault that occurred in 1995 as calculated by Bernard et al. (1997).

Figure 15. Vertical InSAR velocities across the Psathopyrgos fault (marked by
the red dotted line) at the level of the section B-B0 (see Figure 8) located in
Volinaios river delta. Red dots are from the best constrained 4,391 data set
using large (200 m) pixels. Black points are the original velocities using all
selected pixels. The blue line is the elevation of the river bed projected to the
profile (errors in the river location and digital elevation model errors lead to
nonmonotonic altitude in function of distance).
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11. The Rio-Patras Fault and the Junction With the Psathopyrgos Fault

In Figure 8 abrupt deformation features are visible in the cities of Patras and Rio. Several of these are aligned
approximately WNW-ESE. In the north, near Rio, the location of the discontinuity fits well with the location of
the known Rio-Patras fault.

11.1. The Rio-Patras Fault

With a NNE-SSW azimuth, the Rio-Patras fault runs inland north of Patras, beneath the city of Rio, where it is
visible in the topography and has been previously analyzed using InSAR by Parcharidis et al. (2009). Further
south it runs offshore in front of downtown Patras and is presumed to continue along the coastline to con-
nect more to the south with the fault of the 2008 Movri earthquake (Serpetsidaki et al., 2014). The fault, that
extends west of the PanachaikonMountain with a narrow coastal plain hosting large alluvial fans (Flotte et al.,
2005; Stamatopoulos et al., 2004), is transtensional with a combination of normal and right lateral slips. The
rate of vertical deformation across the fault is clearly visible in the InSAR velocities map (Figure 8) along the
valley of the Harandros river (profile A-A0). This valley is the only place where a good continuous profile
(Figure 11a) can be extracted from the InSAR velocity map, thanks to the exposure of bedrock along the river
bed and the peri-urban land cover. In all other mountain front locations, the land is composed of bush and
cultivated slopes with significant erosion often enhanced locally by fires, and therefore has, as a conse-
quence, a low number of available pixels in our velocity map (and many of these disappear in the velocity
map of large pixels).

There is a high step in velocity, ~5 mm/year, between the Rio coastline and the mountain. Part of this step
may be due to land subsidence in the urban area of Rio (as well as due to the recent sedimentary material)
along the coastline, but from the spatial analysis of the data we infer that this effect cannot be large, thus

most of the vertical velocity gradient should be produced by tectonic
activity. The eastward velocity gradient along the profile A-A0

(Figure 11b) gives strong constraint on the strike slip component of the
fault kinematics. With amplitude of ~5 mm/year, the eastward offset is
equal to the vertical one and, being horizontal, cannot be biased by
anthropogenic causes. It is therefore a robust observation for the quantifi-
cation and modeling of the activity of the fault.

To model the GPS and InSAR velocities, we assume a fault system locked in
part of the crust and slowly slipping elsewhere. For our model we make
two basic assumptions: (a) the observed ground motion is due to slip of
a planar and rectangular fault (or shear of a volume that can be assimilated
to a fault from the observation points) and (b) the medium is a homoge-
nous elastic half-space. For modeling we use the program developed by
Briole et al. (1986) based on the formalism of Okada (1992) and the inver-
sion algorithm of Tarantola and Valette (1982), see Briole (2017) for the

Table 6
The Aigion Fault Parameters From Various Studies

Reference Slip rate
Surface

vertical rate Length Width Dip angle Upper depth

Unit mm/year mm/year km km ° km

Moretti et al. (2003) 2–5 55–70 Fault exposed at the surface
De Martini et al. (2004) 9–11 1.05–1.2 10 9.5 50 0.2
Moretti et al. (2004) 3.5
Pantosti et al. (2004) 1.6–6.3 1–4.1 8–14 60 Fault exposed at the surface
Lykousis et al. (2007) 3.4 60
Bernard et al. (2006) 10 ± 1 10 ± 2 60 0
McNeill et al. (2007)a 2.5–4.5 ~10 60
Console et al. (2013) 6 16 10

aIn that paper, Aigion to offshore Aigion fault system are considered as one single structure.

Figure 17. Range of possible slip and percentage of the deformation not yet
relaxed in 2018 as a function of the relaxation time.

10.1029/2018GC007574Geochemistry, Geophysics, Geosystems

ELIAS AND BRIOLE 4849



computer code. The elastic hypothesis is a weak approximation for faults
at shallow depth and we know that, in our case, this assumption may lead
to underestimating the source depth by typically 0.5 km (Cattin et al.,
1999). In the absence of a recent large earthquake, the current ground
deformation should correspond to the strain accumulation in the locked
areas.

We model the data with two fault segments: a vertical purely strike slip
fault (F2) aligned with the coastline of Patras and the azimuth of the
Movri 2008 fault zone and a shallow transtensional fault (F1) with azimuth
intermediately between the Rio-Patra and the Psathopyrgos faults azi-
muths. Table 4 gives the parameters of the model and in Figure 12 the
model in the location of the PS points as well as the observed and mod-
eled GPS velocities are plotted. The RMS fit of the vertical InSAR velocities
and the model is 1.3 mm/year. The RMS fit of the horizontal GPS data and
the model is 2.5 and 2.0 mm/year for the north and the south component,
respectively. Table 5 lists location and observed and modeled horizontal
velocities at the eight GPS points used as input in the model. Figures 13
and 14 show the fit for the vertical and east-west component of InSAR
for a subset of 76 grid points of best constrained 951 points (S2 data set)
located in the segment of the profile A-A0 (3 km long and 1 km with north-
ern edge at the GNSS point RION and southern at point PAT0, as in Figure 8
and Table 5). In the profile of Figure 13 from the latitude 4240 and to the
north, subsidence of the Rio area (due to sediment compaction or under-
ground water drainage processes, parallel to the profile line) close to the
coast (i.e., in the hanging wall of the fault between the shore and the fault
line) could explain the difference between model and observation. Like in
Figure 11 the fit is quite good for the EW InSAR with RMS scatter between
observations and model of 0.6 mm/year (i.e., at the level of the accuracy of
our data). It is less good for the vertical with an RMS scatter of 1.3 mm/year
but the trend for the modeled vertical is quite consistent with the trend of
the observed InSAR vertical.

11.2. The Psathopyrgos Fault

In the area of the Psathopyrgos fault the vertical InSAR velocities show an
offset of ~5 mm/year across the fault with an extension of the gradient
zone of ~2 km (Figure 15), thus wider than the one observed for Rio-
Patras. The improved and initial curves of velocities have the same shape
but they are shifted by 2.5 mm/year in average, one with respect to the
other, the improved one indicating much less subsidence in the hanging
wall side.

12. The Aigion Fault

Figure 16 shows the subsidence in the Meganitis and Phoenix deltas. It
shows also that the large Selinous delta is not subsiding (see also
Figure 7). We believe that this is due to the fact that the subsidence is
balanced there by tectonic uplift produced by the offshore part of the
Aigion fault, east of Aigion and/or other offshore active structure. There
is a clear uplift of the downtown Aigion that is located on top of the epo-
nym fault, and was heavily damaged by the 15 June 1995 Mw = 6.2 earth-
quake. According to Bernard et al. (1997), the fault where the earthquake
occurred is located offshore north-east of Aigion.

The Aigion fault belongs to the set of large north-dipping active normal faults (Bernard et al., 2006) that
bound the southern side of the Gulf of Corinth. It has a clear geomorphic expression at the surface in its

Figure 18. (a) Vertical velocities from the S1 data set over the Aigion area, (b)
modeled deltaic subsidence, (c) vertical velocities after correction of the
deltaic subsidence.
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middle part (Bernard et al., 2006; Moretti et al., 2003; Pantosti et al., 2004),
where it forms a steep escarpment of ~150 m height. De Martini et al.
(2004) obtained long-term cumulative uplift rates over the past 200–
300 kyr (using U series dating) for the Aigion fault footwall terraces near
the edge which were 1.2 and 1.05 mm/year further, which is smaller than
the present study and in concordance with Moretti et al. (2003, 2004),
Pantosti et al. (2004), and Lykousis et al. (2007). To the east, sonar surveys
(Soter & Katsonopoulou, 1999) indicate a likely 3-km long extension of the
fault offshore. Where the fault enters the young deposits of the Selinous
River delta, the deformation signal vanishes, which we interpret as a con-
sequence of the vicinity of the fault termination and/or the dominant
effect of alluvial processes with respect to tectonics.

West of the Meganitis River, the fault geomorphology of the Aigion fault
becomes subtle with a main structure paralleled by other minor faults
forming a complex step over. Scarps on young delta sediments along
the Fasouleika and Selianitika faults (located to the NW) may represent
splays of the westernmost portion of the Aigion Fault (Pantosti et al., 2004).
Table 6 lists the Aigion fault parameters proposed by different authors.

Bernard et al. (2006) and Lambotte et al. (2014) propose that the Aigion fault roots into the seismically active
layer at ~6 km depth with continuous slip on the detachment zone. At intermediate depths it may be subject
to seismic slow slipping and they consider that it is locked at shallow depths above ~4 km. In one instance,
data acquired at a borehole drilled in 2002 through the Aigion fault (Doan & Cornet, 2007) showed a small
deformation signal at the time that seismic waves associated with a large remote earthquake where passing
through the area. This transient signal was interpreted as a small slip on the Aigion fault triggered by those
long period waves. Also based on the analysis of borehole data andmodels of pore pressure diffusion, Cornet
and Bourouis (2013) proposed that the Aigion fault is slow slipping down to a depth of 5 km or more.
Duverger et al. (2015) analyzed the seismic multiplets activated around 7 km depth during the 2003–2004
seismic swarm in the western Corinth rift that were modeled assuming a hydromechanical process. They sug-
gest aseismic slow slipping in the Aigion fault. The Selinous river delta does not seem to subside as all the
other deltas do, since we cannot see any deformation gradient toward the coast.

The InSAR velocity map (Figure 16) shows that the city of Aigion undergoes localized uplift of 2–3 mm/year
during the sampled period 2002–2010. This area is very close to the fault of the 1995 earthquake (see Bernard
et al., 1997) and therefore it may correspond to a transient postseismic movement. Indeed, over long periods
of time, we do not expect such high uplift rate at Aigion. The Aigion fault is known to be recent (a few hun-
dred thousand years) and active, the geologically recent relative motion on it may be, possibly, as large as
4 mm/year (i.e., ~3 mm/year subsidence of the hanging wall and 1 mm/year uplift of the footwall), so as to
fit with the size of the fault scarp, but not two or three times this value. Therefore, we believe that what
we observe at Aigion with ENVISAT from 2002 to 2010 is a transient phenomenon. Below we investigate
the hypothesis of a postseismic deformation following the Mw = 6 15 June 1995 Aigion earthquake.

12.1. Assumptions for the Modeling as a Postseismic Process

For our modeling we make simple hypothesis, possibly too simple to explain in-depth the phenomenon, but
sufficient to derive some robust information related to the process, in particular its location, its depth, its

Figure 19. Best fit of the vertical data from S1 set, as a function of the
assumed dip angle. RMS = root-mean-square.

Table 7
Parameters of the Slow Slipping Fault for the Postseismic Period 1992–2000 at Aigion (First Line) and Parameters of the M = 6.2 Earthquake of June 1995 (Second Line)

Parameter E top center UTM N top center UTM Azimuth Length Width Depth of top Rake Dip Slip

Unit km km ° km km km ° ° mm/year

Postseismic 597.3 ± 0.7 4235.9 ± 0.7 279 ± 2 7 ± 1.0 6 ± 1.5 1.1 ± 0.2 �90 60 ± 5 22 ± 3
15 June 1995 275 15 9 2.5 �83 35 870

Note. The slip in the model represents the average for the period (i.e., centered in 2006) and it follows an exponential law with decay time of 6 years. We also list in
the table the parameters of the 1995 earthquake according to Bernard et al. (1997).
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amplitude, its duration, and therefore help for further refined modeling
and interpretations. The first assumption is that the observed motion
can be represented by the slow slipping on a fault in an elastic half-space,
thus the same process as for the coseismic. We know also that, as our data
are not in the immediate near field of the fault tips, a shear in a relatively
flat volume (of say 2 km thickness) would be undistinguishable from a
purely planar dislocation, thus we do not necessarily need to invoke
after-slip on a fault, but any process that might mimic after-slip because
occurring in a similar volume in the medium. Second, we assume that
the process can be modeled with a simple exponential relaxation low, thus
proportional to e-t/Twhere T is the relaxation time of the process. Third, we
assume that the final cumulated postseismic slip cannot exceed the 0.87m
inferred for the coseismic slip during the 1995 earthquake (Bernard et al.,
1997). Under those hypothesis we can calculate, as a function of the vari-
able T, the maximum achievable slip in 2006 (the mean epoch of our
InSAR results) is thus 9 years after the earthquake. Figure 17 presents the
range of possible slip and percentage of the deformation not yet relaxed
in 2010 as a function of T. It shows that the maximum value for the slip
is 29 mm/year. Any larger value would contradict our third assumption.
Figure 17 shows also that for T ≥ 7 the maximum possible slip is almost
independent from T. We know also from our GPS observations (e.g.,
Avallone et al., 2004) that, apart the coseismic signal associated with the
1995 earthquake, no temporal changes are visible in the GPS time series
of campaign points, including those located in the near field of the 1995
and Aigion, in particular the points D000 and D004 (coordinates in
Table 1). This discards a too short relaxation time with large amplitude,
because such phenomenon would have signed the time series of D000
and D004 which is not the case. Finally the large amplitude of the
observed signal (2–3 mm/year) is not compatible with small values of
the slip rate in depth (referred from now on as slip). Performing a first ser-
ies of tests, we found that the most plausible range for T and the slip for
fitting our data are 5–7 years and 18–26 mm/year, and in the following
we assume T = 6 years and a slip in 2006 of 22 mm/year, which means
according with the exponential law, ranging from 43 mm/year in 2002 to
11 mm/year in 2010. In this scenario Figure 17 shows also that the process
is almost terminated today with only 4% of relaxation remaining, which
means that, if our model is correct, the uplift signal should not exist in
the interferometric data of the ESA SENTINEL-1 acquisitions which started
on October 2014.

12.2. Separating Delta Subsidence and Tectonic Movement

Before modeling the ground deformation, we must separate the tectonic
signal from the subsidence in the deltas that are located east and west
of the uplifted area. For the Meganitis delta we consider a linear increase
of subsidence toward the coast close to the current riverbed of
2 mm·year�1·km�1, a value inferred from Ford et al. (2007) who also give
a maximum subsidence of 2 mm/year in the Vouraikos delta, which has
a size comparable to the Meganitis one. For the Selinous delta we use
the mean value of subsidence given by McNeill et al. (2007), (estimated
as ~1.3–2.5 mm/year), of 2 mm/year as the maximum subsidence of the

coast located close to the current riverbed and decreasing to half toward the Northern cape (along the coast).
This rate agrees with that of the Vouraikos delta, of 2 mm in ~1 km width. The subsidence is decreasing mov-
ing away the coast. Figure 18 shows the original data from the S1 set, the subsidence signal estimated with

Figure 20. (a) Vertical velocities of best constrained data set 4,391 (S1) cor-
rected from the deltaic subsidence (see Figure 18), (b) modeled ground
motion assuming the fault of Table 7, (c) residuals.
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the above hypothesis, and the data corrected for the subsidence in the
deltas, thus the data that will be used for inferring the parameters of the
assumed fault (or fault zone).

12.3. Parameters of the Best Fitting Postseismic Model

Although our data are, in principle, corrected for the deltaic subsidence,
we exclude for the inversion the points located around the Fasouleika fault
(Figure 16) in Meganitis river delta, so as not to be contaminated by possi-
ble outliers there.

We explore the space of solutions by performing series of inversion and
analysis of the fits and parameters correlations. In all trials we assume pure
normal mechanism. Our first series of inversions indicate that the fault is
relatively shallow with tip at ~1 km depth and bottom at ~7 km depth.
At such depth the fault is expect to be relatively steep, possibly between
the 60° and 65° of the uppermost part of the Aigion fault as constraint
by the studies related to the AIG10 1 km borehole drilled in the early
2000 at the base of the Aigion fault scarp, and the 40–45° typical of the
faults of the Corinth rift at intermediate depth in the brittle crust. A series
of tests with hypothesis of 50°, 55°, and 60° favors he 60° case which gives
residuals significantly lower (Figure 19), a value consistent with those pro-
posed by Bernard et al. (2006) for the intermediate and shallow faults in
that area. The parameters of our best fitting model are listed in Table 7
and the data, model, and fit are plotted in Figure 20. The RMS fit is at
0.5 mm. The uncertainties are deduced from the variation range measured
thanks to the exploration of the domain of solutions (as in Figure 19 for all
the parameters). For the best fitting solution, diagrams of the RMS versus
length, width, slip, depth of upper tip, and azimuth, as well as depth versus
length and slip versus length were used. Figure 21 shows the postseismic
model in the cross section D-D0 (Figure 16) together with the projection of
the 1995 fault and the recent seismicity from the catalogs distributed by
the Corinth Rift Laboratory (CRL) observatory (http://catalogs.crlab.eu).

12.4. Discussion of the Model

Figure 22 shows the evolution of the seismic moment release inferred
from our model. For the coseismic we take the seismic moment of
Bernard et al. (1997), 390 1016 N m. This moment corresponds to the para-
meters that are reminded in Table 7 when assuming a rigidity of 3.3
1010 N m�2. For the postseismic fault, as it is located at shallower, we used
a value slightly lower, 2.7 1010 N m�2, to calculate the plot of Figure 22. We
see that, between 2002 and 2010, there was still a significant amount of
moment release while after 2010 the modeled postseismic process is
almost terminated. The cumulated seismic moment of the postseismic
process represents 110 1016 N m, thus 28% of the coseismic or 22% of
the whole sequence. Translated in equivalent magnitude, this model indi-
cates that the postseismic process that took place mainly in the 15 years
following the main shock (e.g., 2.5 T), corresponds to an earthquake
of Mw = 5.9.

The fault (or deforming zone) inferred from our modeling is not the
upward continuation of the 1995 rupture. The almost complete lack of slip
in the uppermost kilometers of the 1995 rupture is not recovered during
the postseismic period. Not only our model does not predict that, but
the InSAR data show that it cannot be the case. Thus, our data does not
bring new information for a better understanding of how and when the

Figure 21. Cross section across Aigion (crossing Aigion fault) defined as D-D0

in Figure 16. Up: The vertical component of deformation rates of Persistent
Scatterers (circles) and the best constrained 4,391 data set (red) are shown.
The green solid line indicates the vertical modeled component of the
deformation rate of slow slipping fault. The blue line indicates the vertical
modeled component of the deformation of the 1995 Aigion earthquake
(Bernard et al., 1997). The red dashed lines indicate crossing of the fault lines
shown in Figure 16. Blue line corresponds to the altitude. Down: Relocated
seismicity from 2000 to 2007 (Lambotte et al., 2014), data at http://catalogs.
crlab.eu. The red solid line indicates the fault trace of the modeled slow
slipping fault and the blue one the modeled 1995 Aigion earthquake
(Bernard et al., 1997) fault trace.

Figure 22. Temporal evolution of the seismic moment release in our best-fit-
ting model.
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deformation in the uppermost layers above the 1995 will occur (or has occurred). What our model suggest
clearly instead is that

(a) there is an existing postseismic activity in the 15 years following the 1995 earthquake (best fitting decay
time T = 6 years);

(b) that activity does not occur in the upward continuation of the 1995 rupture;
(c) instead, it occurs immediately west of the 1995 rupture along length of 7 km, thus twice shorter that the

coseismic;
(d) it occurs at shallower depth than the coseismic, but not at very shallow depth, with a tip of the fault (or

deforming zone) at ~1 km, that is, ~1.5 km if we apply the correction suggested by Cattin et al. (1999) to
account for the low rigidity of the uppermost crust in the Corinth rift, and a bottom at ~6.5 km, thus a
centroid at ~4 km depth.

During the period 1995–2010, the seismicity has been very well recorded in the rift of the Corinth, by the CRL
Observatory (http://crlab.eu), and is has been observed a seismicity much stronger west of the 1995 fault than
within the area of the 1995 fault. This microseismicity is very variable with time with clusters in time and
space that have been studied in detail by various authors, for example, Lambotte et al. (2014). For the year
2006 for example the seismicity of the year is plotted at http://seismicity2006.crlab.eu (download catalogue
from the CRL portal), and a dense cluster of seismicity can be seen near the lower end of our modeled
deforming zone.

13. Conclusions

Using a multitemporal combination of ascending and descending PS and SBAS interferograms, coupled with
velocities at a 73 GPS points, we produced maps of vertical and east-west velocities in the western rift of
Corinth valid for the period 2002–2010. The coherence is good enough to give very accurate information
in many areas. We produced a first set (S1) of vertical velocities with average accuracy below 1 mm/year at
4,391 points distributed across the entire area and a set (S2) of 951 vertical velocities with accuracy of
~0.5 mm/year, and more robust against unwrapping errors. We believe that the S2 set can be useful for
several applications in geology, geophysics, and also for land use in urban and cultivated areas and in the
river delta that are unconsolidated and weaker areas.

We believe that in many places those 2002–2010 velocities are not representing a long terms steady vertical
velocity but they are a picture of the situation at a given epoch. Indeed,

(a) in the urban areas, the deformations (mainly subsidence, but it can uplift is some cases) can change with
time because of the evolution of the activity, the use of the aquifers, and the climatic variability over
periods of a few years;

(b) in the deltas temporal changes can occur and we already have such observation in the Mornos delta
where the recent years are characterized by uplift (2 mm/year) in the place that was subsiding quickly
(9 mm/year) 10 years before;

(c) in places affected by earthquakes, like Aigion, we found strong evidence for a postseismic signal, that we
can model and discuss at the light of the know characteristics of the main event, and there are other
places affected by transients like the area of the 2010 Efpalio earthquakes, or that of the 2008 Movri
earthquake, that may have signatures in InSAR and GPS;

(d) although our 2002–2010 data set does not allow us to investigate temporal changes of the shallow slow
slipping on the Rio-Patras fault, the combined analysis of ERS, ENVISAT, and SENTINEL might bring new
insights in the future.

The city of Patras is well mapped with InSAR. Several discontinuities are obvious, some of them
corresponding to discontinuities that were activated in the small and shallow earthquake of 1989. Those local
discontinuities in the city are oblique with respect to the main tectonic structure of the area, the Rio-Patras,
and might have a shallow hydro-geological origin rather than tectonic origin. The Rio-Patras fault is offshore,
in front of downtown Patras and penetrates inland between Patras and Rio. Then it rotates progressively and
connects with the Psathopyrgos normal fault at the entrance to the Corinth rift. The deformation shape of the
Rio-Patras fault indicates a shallow locking depth and suggests slow slipping below that depth. The large
gradient of strike-slip velocities between the south and the north coast at both ends of the Rio-Antirio bridge
support a model of deformation accumulation in a very narrow locked layer in the crust, with the rest being
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unlocked, and therefore not associated with strong seismicity (at least in the last decades until present). There
might well be alternative models, for example, models invoking a low angle decollement at some depth in
the crust, presumably 8–10 km if it is of the same nature of the one assumed at base of the Psathopyrgos fault
(Duverger et al., 2018). Here we have not reviewed the other possible models nor investigated any of them,
focusing our approach on the questions/answers that simple crack models in elastic media can answer. Even
inexact models can have virtues when, manipulated as a deus ex machine, they permit to constraining some
of the characteristics of the processes.

We found an uplift signal at Aigion that we modeled as a postseismic process. More work is needed, in
particular the predictions of our model should be confronted more carefully to existing GPS data and to
possible observations of vertical change in the Aigion harbor. We believe that the Selinous river delta, near
Aigion, is not subsiding, or very little, due to the balance between the subsidence as a result of sediments
compaction and the uplift due to offshore north dipping faults in the north being in equilibrium. Again, more
observation at this location and comparison with the velocities in the ERS period (1992–2000) and Sentinel
period (2014–present) could be great teacher. Several faults are located close to or inside river deltas where
the observed vertical velocities mix compaction in the delta and tectonic motion across the fault, we
developedmethodologies to separate those effects. Finally, local deforming zones aremapped by InSAR near
the cities of Nafpaktos, Akrata, Selianitika, Psathopyrgos, Psaromita, and at Trizonia Island, where we
measured a ~0.8 μrad per year NW-SE tilt of the island.
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