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Abstract: Monitoring of active faults in urban areas is of great importance, providing useful
information to assess seismic hazards and risks. The present study concerns the monitoring
of the potential ground deformation caused by the active tectonism in the cities of Patras and
Pyrgos in Western Greece. A PS interferometric analysis technique was applied using a rich
data—set of ERS-1 & 2 SLC images. The results of the interferometric analysis were
compared with the tectonic maps of the two cities. Patras show clearer uplift-subsidence
results due to the more distinct fault pattern and intense deformation compared to the Pyrgos
area, where more diffused deformation is observed, with no significant displacements on
the surface.

Keywords: differential interferometry; persistent scatterers; ground deformation; active
tectonism; active faults; seismic hazard; Patras city; Pyrgos city




Remote Sens. 2009, 1 677

1. Introduction

The earthquake cycle of an active fault may include coseismic rupture and interseismic
deformation. During the interseismic stage that usually ranges from a few hundreds to thousands of
years, crustal tectonic strain may be silently accumulated. The strain is released during the interseismic
period, especially along creeping active faults.

Understanding active tectonic processes and related energy release through monitoring of the
transient deformation of strain accumulation process has become fundamental for several human
activities. Additionally, local deformation type of a fault and the area near the fault may determine the
extent of the seismic hazard as well. This allows taking into consideration measures and activities for
seismic hazard mitigation.

Monitoring of active faults’ interseismic behavior in urban areas is of great importance, as the local
exposure (population, infrastructures etc.) increases the risks. Recently, interseismic crustal velocities
and strains have been determined for a number of active areas, through repeated measurements using a
Global Position System. In some cases the terrain is remote and the accessibility is difficult and thus
the density of GPS measurements is relatively sparse, or in the case of urban environments, the
operation of GPS receivers may be interrupted due to the frequent blockage of signals [1,2].

During the last two decades the SAR Differential Interferometric (DInSAR) technique based on
radar satellite data has become a useful tool for ground deformation detection and monitoring [3,4].
Recent developments (since the end of the 90s) in DInSAR have demonstrated the potential to
overcome some of the known limitations of repeat—pass interferometry. By examining interferometric
phase from stable, point like targets, it is possible to monitor stability and cover an area that is
normally characterized by low coherence. Additionally, millimetric target displacement along the line
of sight (LOS) directions can be detected allowing the measurement of slow terrain motion [5].
Permanent or Persistent Scatterers Interferometry (PSI) is a technique used to calculate fine motions of
individual ground and structure points over wide areas. These reflectors should remain stable
(interferometric phase stability over time). Interferometric Point Target Analysis (IPTA) is a specific
method of PSI to exploit temporal and spatial characteristics of interferometric signatures collected
from point targets to map scatterer deformation history [6]. Monitoring faults in urban environments
using different interferormetric techniques (repeat—pass, stacking and PS) has been widely used in
seismically active areas of the globe [1,7-14].

During 1993 catastrophic earthquakes affected northwestern Peloponnese in the southern part of
Greece. They caused serious damages to the greater area of two densely populated cities, Patras and
Pyrgos. These are the capital cities of the neighboring prefectures of Achaia and Ilia. This study
concerns the use of the PS interferometric analysis of ERS—1 and 2 satellite data, over the cities of
Pyrgos and Patras in order to monitor and reveal the spatial distribution of creep along active faults.

2. Tectonic and Geological framework—Active tectonics

Western Greece is an area that characterized by high seismicity and a fairly complex
three-dimensional setting, with along strike changes in the progress of subduction zone. It comprises
continent—continent collision in the north and ocean—continent subduction in the south [15-19]. The
change between continent—continent and ocean—continent subduction occurs at the Kephalonia
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Transform Fault (KTF) [20], which is characterized by a dextral strike—slip sense of shear. GPS data
from western Greece show a small amount of motion north of the KTF and southwest-directed rapid
motion of the overriding plate south of it that reaches rates of 30-35 mm/yr in the western parts of the
Peloponnese along with dextral kinematics of the KTF [21,22].

The NW Peloponnese about 70-80 km east of the present day NNW-SSE trending Hellenic Trench
(Figure 1) has a complex geological history of tectonics and erosion. However, the active deformation
in western Greece could be described in spatio-temporal continuation with the foreland—propagated
fold and thrust belt of the External Hellenides, which can be followed along the Hellenic arc [15,19].
During the Eocene, the Peloponnese was characterized by an Alpine collisional history, which led to
assemblage of intra-Tethyan continental fragments (e.g., Apulia and Pelagonian microcontinents) and
the formation of the Hellenic mountain range [23]. Within this context, Mesozoic early Cenozoic
carbonate rocks, originally deposited on a series of platforms (Pre-Apulian and Gavrovo isopic zones)
and basins (Ionian and Pindos isopic zones), were telescoped by a system of N-S striking and
east-dipping thrust faults that propagated upward and westward into overlying flysch deposits [24-26].
From the late Miocene and onwards thrust processes progressively shifted westward from the
Peloponnese area to the Ionian Sea [15,27]. Compressional structures of Upper Miocene to Quaternary
age have been recognized in Ionian Islands from field based studies, as well as in deep seismic
profiles [15,28].

An extensional stress field, in turn, has prevailed in the northwestern Peloponnese from the early
Pliocene up to present day generating three major sets of active normal faults with NE-SW,
WNW-ESE and ENE-WSW trends, respectively [27,29-32]. The complexity of the structure in the
westernmost end of the Hellenic subduction is imprinted on the great variety of earthquake
focal mechanisms.

2.1. Patras

The Patras graben is a 40 km long and 15 km wide fault zone which extends from Cape Araxos in
the west to the village of Hellinikon in the east. It comprises thick fluvio—deltaic conglomerates, and
floodplain or shallow lacustrine sands and clays of Pleistocene age. Towards its eastern part these
deposits pass gradually into a coarse conglomerate sequence that was formed as debris flow facies in a
fan environment [27]. Holocene sediments, with a thickness of 40 m, are arranged in a series of tilted
fault blocks bounded by WNW-trending normal faults that accommodate the extension in the area [33].
Generally, WNW trending faults are clearly segmented along strike and most are characterized by
variable displacement. Such differences are accommodated by NNE—oriented transfer faults, which
permit abrupt changes in depositional conditions along the WNW-trending downthrown blocks and
bound small subbasins at the southern margin of the basin. On the onshore part of the graben, a major
WNW-trending fault scarp is formed on the southern part of the graben along the pre-Neogene
margin. ENE—directed faults are also present and displace fluviatile terraces. Holocene net vertical slip
on the central parts of Patras basin is about 3—5 mm/yr, while on its northern and southern margin is
about 1.2 mm/yr [34]. Rifting in the Patras area may have initiated some 1.3—1.5 Ma ago [35].
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Figure 1. Tectonic setting of the broader study area (ATFZ: Ag. Triada Fault Zone, EFZ:
Epitalio fault Zone, RPFZ: Rio—Patra fault Zone, K-PFZ: Katakolo— Pyrgos Fault Zone,
PiFZ: Pinios Fault Zone, VFZ: Vounargo Fault Zone, blue frames indicate the study areas,

map modified from Koukouvelas ef al. [50].
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Further to the east, the Rio graben is developed from the village of Vrahneika to the city of Patras
and continues further east through Rio to Nafpaktos town. The Rio graben displays two distinct
sedimentary cycles: (a) thick silts and clays deposited during Upper Pliocene into a lacustrine to
shallow marine environment and (b) coarse fluvial deposits and alluvial fans of Pleistocene age.
Pleistocene Rion series are found uplifted up to 500600 m high in the hills of Ano Kastritsi. A fairly
straight NE—trending fault slope limits this hilly morphology from the narrow Patras littoral plain.
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Major structural trends in this area vary between NE and ENE (55°-70°). Rio graben acted as a
transfer zone between the differently extending Patras and Corinth grabens by reactivation of
preexisting NE-SW trending faults in the Pliocene [27].

Figure 2. Geological map of Patras City (ATFZ: Ag. Triada Fault Zone, RPFZ: Rio—Patra
fault Zone), map modified from Doutsos ef al. and Koukis et al. [27,36].
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The city of Patras is founded mainly on Quaternary deposits and Plio—Pleistocene sediments (Figure 2)
with a thickness exceeding 300 m, based on borehole data [36]. The fault trace map of the broader
residential area of the city, based on fieldwork and air photo interpretation [36] shows a NE-SW main
fault trend at the northern part of the city and a more prominent WNW-ESE trend in the southern part.
This complex fault interplay in the area is due to the location of Patras city in the junction between
Patras and Rio grabens. Some ENE—trending faults are also present, such as the Ag. Triada fault zone
(ATFZ). This fault was reactivated during the August 31 (Ms 4.8) 1989 earthquake event and caused
serious damage to new multistorey and old buildings, in a narrow elongated zone about 1.5 km long
and 50 m wide parallel to the fault. Surveying of the fault motion with geodetic methods for almost
eight months after the main shock showed a total subsidence of 25 mm and horizontal displacement of
14 mm [37]. The total estimated throw on the Plio—Pleistocene sediments is on the order of 40 m
towards the eastern part of fault and decreases to 15-20 m towards the coastal areas [36,37]. Surface
ruptures were also observed in a N70° E orientation for almost 1.5 km. Towards the coastal western
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parts, the surface rupture follows the course of Diakoniaris river for more than 500 m and continues
offshore in the Gulf of Patras dipping towards the south, showing tilting of Holocene sediments and
clear evidence of faulting with a total throw between 0.5-5.0 m [38].

Along this fault trace and south of it, a pockmark field with craters of gas expulsion was observed.
This pockmark field is located close to Patras new harbor, confined between the 10 m and 45 m
isobaths and was activated during another strong earthquake (Ms 5.4) on 1993. The earthquake focal
mechanism [39] shows a N058° trending nodal plane. If this nodal plane is the active one, the slip on
this plane is dextral with a dip—slip component. Anomalously temperature increase and gas expulsion
along an ENE—pockmark string of craters recorded prior the earthquake activity suggesting that this
fault system is active and plays an important role in fluid circulation [40].

2.2. Pyrgos

The city of Pyrgos is located about 70-80 km east of the NNW-SSE trending Hellenic Trench.
Neotectonic structures in the area are not oriented parallel to the arc in the NNW-SSE direction [41].
Instead, there are several WNW-ESE, E-W, and NE-SW trending normal faults forming the margins
of the post-Alpine basins developed on top of the thrust sheets of the Hellenides, with alternating horst
and graben structures [32,42—44].

The broader Pyrgos—Olympia area corresponds to a large 1st order graben structure bounded to the
north by the Erymanthos horst, to the east by the Tropea horst and to the south by the Lapithas Mt.
horst all of which are built of alpine age sediments. In the Pyrgos—Olympia graben there are more than
3 km of Plio—Quaternary sediments, including some diapiric structures related to the existence of
Upper Miocene evaporites at depth, detected from geophysical prospecting and drilling [45].
Continental and lacustrine Pliocene—Lower Pleistocene deposits occur mainly at the eastern part of the
Olympia basin whereas marine sediments occurring along the coastal zone of the gulf are mainly of
Lower Pleistocene age. The neotectonic evolution of the Pyrgos graben was not the same in all its
extent [29]. It was differentiated due to the creation and evolution of smaller size tectonic blocks (2nd,
3rd order macrostructures). One of these smaller order structures is the Pyrgos horst. A great number
of faults have been located and studied during neotectonic surveys; some of these were active in
previous neotectonic periods (e.g., Late Miocene, Pliocene, Early Pleistocene), whereas others are
active Holocene structures [46]. The E-W trending active faults in the Pyrgos area within the
Pyrgos—Olympia basin have been analysed after the 1993 destructive earthquake event [30,47].

The outcrops in the broader Pyrgos area (Figure 3) consist of: (i) Alluvial deposits, which crop out
in the flat area of the broader Pyrgos area and overlay unconformably the older formations, while their
thickness does not exceed 12 m; (ii) Erymanthos Formation, which outcrops over a limited area and
consists of red to brown red clays and yellow brown sandy clays of Pleistocene age. It overlies
unconformably the Vounargo formation and its thickness varies from 2 m to 8 m; (iii) Vounargo
Formation, comprises continuous intercalation of clays, silts, sandstones, sands and marls of
Plio—Pleistocene age, with a total thickness up to 600 m [29,46]. The deposits that occur in the area of
Pyrgos have undergone neotectonic deformation and are crossed by a number of faults of E-W mean
strike that form part of the Katakolo—Pyrgos fault zone, which was responsible for the earthquakes of
26 March 1993 [29].
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Figure 3. Geological map of Pyrgos City (NPFZ: North Pyrgos Fault Zone; SPFZ: South
Pyrgos Fault Zone).
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More specifically, the elongated outcrop of the lower member terminates at the South Pyrgos fault,
south of which the upper member of the Vounargo formations occurs. It is a normal fault,
accompanied by a morphological discontinuity (to the south of the city main square); its throw is at
least 50 m (estimated from morphotectonic features) and eastwards it branches into two faults.

To the north there is an identical setting with the North Pyrgos fault (av. strike NE-SW), which also
branches into two minor faults to the east. The North Pyrgos fault juxtaposes the outcrops of upper
members, while it also crosses some outcrops of Erymanthos formation. Its throw is smaller, (2030 m)
and all along it, seismic fractures caused by the shock of 26 March 1993, were recognized.

The main shock as well as the aftershocks caused extensive damage in Pyrgos and the surrounding
area. Several secondary geological effects such as liquefaction, sandblows, landslides and fractures,
were observed.

3. SAR Interferometric Processing and Anaslysis

Interferometric processing for the selected study areas was performed using 42 ERS-1/-2 SAR
scenes acquired between 1992 and 2000 along descending track 279 (Table 1) for the Patras case and
39 ERS-1/-2 SAR scenes along descending track 279 for Pyrgos (Table 2).
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Table 1. ERS—1 & 2 scenes (Track = 279, Frame = 2835) that have been used (in bold the

master reference image).

Count Master (date) Satellite  Slave (date) Orbit Bp (meters) dT (days)
1 03/06/1995  ERS-1  12/11/1992 6937 73.9 —933
2 03/06/1995  ERS-1  10/06/1993 9943 —477.4 =723
3 03/06/1995  ERS-1  19/08/1993 10945 —323.7 —653
4 03/06/1995  ERS-1  28/10/1993 11947 569.7 —583
5 03/06/1995  ERS-1  25/03/1995 19305 -1169.9 =70
6 03/06/1995  ERS-1  29/04/1995 19806 —518.5 =35
7 03/06/1995 ERS-1 03/06/1995 20307 0 0
8 03/06/1995  ERS-1  08/07/1995 20808 —583.4 35
9 03/06/1995  ERS-2  13/08/1995 1636 82.9 71
10 03/06/1995  ERS-2  17/09/1995 2137 -360.1 106
11 03/06/1995  ERS-1  21/10/1995 22311 761.3 140
12 03/06/1995  ERS-2  31/12/1995 3640 186.2 211
13 03/06/1995  ERS-2  19/05/1996 5644 71.0 351
14 03/06/1995  ERS-2  23/06/1996 6145 —83.8 386
15 03/06/1995  ERS-2  01/09/1996 7147 —514.6 456
16 03/06/1995  ERS-2  06/10/1996 7648 —392.7 491
17 03/06/1995  ERS-2  10/11/1996 8149 1064.9 526
18 03/06/1995  ERS-2  15/12/1996 8650 -309.2 561
19 03/06/1995  ERS-2  19/01/1997 9151 —28.7 596

20 03/06/1995  ERS-2  23/02/1997 9652 —182.3 631
21 03/06/1995  ERS-2  04/05/1997 10654 -360.3 701
22 03/06/1995  ERS-2  08/06/1997 11155 —166.9 736
23 03/06/1995  ERS-2  13/07/1997 11656 —124.9 771
24 03/06/1995  ERS-2  17/03/1997 12157 111.5 806
25 03/06/1995  ERS-2  21/09/1997 12658 —263.2 841
26 03/06/1995  ERS-2  30/11/1997 13660 177.5 911
27 03/06/1995  ERS-2  04/01/1998 14161 116.4 946
28 03/06/1995  ERS-2  19/04/1998 15664 193.1 1051
29 03/06/1995  ERS-2  24/05/1998 16165 —160.7 1086
30 03/06/1995  ERS-2  28/06/1998 16666 —834.9 1121
31 03/06/1995  ERS-2  02/08/1998 17167 56.7 1156
32 03/06/1995  ERS-2  06/09/1998 17668 47.0 1191
33 03/06/1995  ERS-2  28/02/1999 20173 302.9 1366
34 03/06/1995  ERS-2  13/06/1999 21676 —559.8 1471
35 03/06/1995  ERS-2  18/07/1999 22177 455.9 1506
36 03/06/1995  ERS-2  22/08/1999 22678 1012,1 1541
37 03/06/1995  ERS-2  26/09/1999 23179 448.6 1576
38 03/06/1995  ERS-2  31/10/1999 23680 357.3 1611
39 03/06/1995  ERS-2  05/12/1999 24181 —121.9 1646
40 03/06/1995  ERS-2  09/01/2000 24682 —140.1 1681
41 03/06/1995  ERS-2  23/04/2000 26185 953.7 1786
42 03/06/1995  ERS-2  28/05/2000 26686 806.6 1821

683
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Table 2. ERS—1 & 2 scenes (Track = 279, Frame = 2846) that have been used (in bold the

master reference image).

Count Master (date) Satellite Slave (date) Orbit Bp (meters) dT (days)
1 17/8/1997 ERS-1 12/11/1992 6937 —44.7 —-1739
2 17/8/1997 ERS-1 10/6/1993 9943 —581.5 —1529
3 17/8/1997 ERS-1 19/8/1993 10945 —432.0 —1459
4 17/8/1997 ERS-1  28/10/1993 11947 455.7 —1389
5 17/8/1997 ERS-1 25/3/1995 19305 —1274.8 —876
6 17/8/1997 ERS-1 29/4/1995 19806 —624.8 —841
7 17/8/1997 ERS-1 3/6/1995 20307 —-107.5 —806
8 17/8/1997 ERS-2 13/8/1995 1636 —28.5 =735
9 17/8/1997 ERS-1 21/10/1995 22311 653.7 —666
10 17/8/1997 ERS-1 18/5/1996 25317 39.4 —456
11 17/8/1997 ERS-2 23/6/1996 6145 —196.6 —420
12 17/8/1997 ERS-2 1/9/1996 7147 —622.8 —350
13 17/8/1997 ERS-2 10/11/1996 8149 954.8 —280
14 17/8/1997 ERS-2  15/12/1996 8650 —415.3 —245
15 17/8/1997 ERS-2 19/1/1997 9151 —139.1 -210
16 17/8/1997 ERS-2 23/2/1997 9652 —288.6 -175
17 17/8/1997 ERS-2 4/5/1997 10654 —466.7 —105
18 17/8/1997 ERS-2 8/6/1997 11155 —276.1 —70
19 17/8/1997 ERS-2 13/7/1997 11656 —235.9 —35
20 17/8/1997 ERS-2 17/8/1997 12157 0 0
21 17/8/1997 ERS-2 21/9/1997 12658 —370.4 35
22 17/8/1997 ERS-2  30/11/1997 13660 63.3 105
23 17/8/1997 ERS-2 4/1/1998 14161 9.9 140
24 17/8/1997 ERS-2 19/4/1998 15664 78.8 245
25 17/8/1997 ERS-2 24/5/1998 16165 —271.3 280
26 17/8/1997 ERS-2 28/6/1998 16666 -941.3 315
27 17/8/1997 ERS-2 2/8/1998 17167 —47.8 350
28 17/8/1997 ERS-2 6/9/1998 17668 —60.7 385
29 17/8/1997 ERS-2 28/2/1999 20173 186.5 560
30 17/8/1997 ERS-2 13/6/1999 21676 —674.8 665
31 17/8/1997 ERS-2 18/7/1999 22177 341.6 700
32 17/8/1997 ERS-2 22/8/1999 22678 898.1 735
33 17/8/1997 ERS-2 26/9/1999 23179 345.9 770
34 17/8/1997 ERS-2  31/10/1999 23680 2474 805
35 17/8/1997 ERS-2 5/12/1999 24181 —236.6 840
36 17/8/1997 ERS-2 9/1/2000 24682 —247.4 875
37 17/8/1997 ERS-2 23/4/2000 26185 838.9 980
38 17/8/1997 ERS-2  19/11/2000 29191 839.0 1190
39 17/8/1997 ERS-2 24/12/2000 29692 —567.1 1225

684
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Initial estimates of the interferometric baselines were calculated from available precise orbit state
vectors from Delft Institute (NL) for Earth—Oriented Space Research (DEOS) [48]. The topographic
phase was simulated based on SRTM V3 DEM of approximate spatial resolution of 90 m, resampled to
40 m to fit the SAR data resolution.

Time-series analysis was based on the IPTA processing scheme [6]. Temporal and spatial
characteristics of interferometric signatures collected from point targets are exploited to accurately
map average ground deformation rates and deformation histories.

The selection of the reference points is regarded to be the most critical part of the IPTA, as final
deformation rates and histories are greatly affected by this decision. Some criteria for the selection of
the reference point are dictated by the applied method, such as the high quality of the point in terms of
phase stability overtime. Others are related to the regional tectonic setting of the area and the related
pattern of deformation which needs to be extracted.

3.1. Interferometric point target analysis

Starting from a stack of coregistered Single Look Complex (SLC) images, the selection of the
reference scene was based primarily on the baseline minimization criteria. In addition, the selection of
a reference scene acquired near the temporal average of the available SAR acquisitions is also of interest.

The first step of the analysis involves the identification of candidate point targets for which the
time-series analysis will be performed. In this case two different approaches were applied. The first
approach is based on the spectral properties of each individual SLC image. This is done by identifying
point targets of low spectral phase diversity. The second approach involves the identification of
candidate point targets based on low intensity variability, since by definition point targets do not show
speckle behavior as simple coherent scatterer dominates the echo.

The analysis of the differential interferometric phases in the temporal direction is an important
element of an interferometric point target analysis. Point data stack of differential interferograms was
generated and analyzed by means of phase regression analysis in the temporal domain using two
dimensional bilinear regression model.

Two-dimensional regression analysis is done with the dimensions corresponding to the
perpendicular baseline of the interferometric pairs and to the time difference between the two SLC of
the interferometric pairs according to:

a0 +al x bperp [i] + a2 x delta_t [i]

where a0: phase offset, al: slope in baseline dimension (can be converted into point height correction),
a2: slope in time dimension (can be converted into linear deformation rate), bperp: perpendicular
baseline component of interferograms, and delta_t: time interval of interferograms.

The model examines linear dependence of the topographic phase on the perpendicular baseline
component as well as linear phase dependence with time, solving respectively for both height
correction and constant deformation rate of the point target relative to the reference. The regression
analysis of the entire stack of observations was first conducted using multiple patches, within each
patch one reference is determined, and then using the selected single reference point as a global
reference. This procedure was followed in order to minimize the effect of distance between the two
pairs of phase components, as the atmospheric distortion, baseline error (residual orbital phase trends)
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and higher relative deformation rates result in higher deviations of the individual points from the
regression plain. The quality of the preliminary candidate points were then carefully evaluated based on
the estimated standard deviation of the differential interferometric phase from the 2-D regression model.

Points with a phase standard deviation larger than the indicated threshold (in this case 1.0) were
rejected, significantly reducing the number of scatterers. The majority of the rejected points were
located over mountainous areas. A total number of 6,613 and 1,829 targets for Patras and Pyrgos
respectively were detected.

The general phase model for IPTA that used is the same as the conventional interferometry. The
unwrapped interferometric phase ®@unw is expressed as the sum of topographic phase ®topo,
deformation phase ®def, path delay ®atm (atmospheric phase) and the phase noise ®noise:

Qunw = Otopo + ddef + Gatm + Onoise

Phase terms related to the atmosphere, nonlinear deformation, baseline errors and noise can be
discriminated within the residual phases based on their differing spatial and temporal dependencies [6].

Unwrapped phases calculated from the regression analysis described above and the corresponding
topographic phases were then used in a least-squares approach for baseline refinement. The analysis
was limited over areas exhibiting no deformation as dictated by the linear deformation estimates.
Introducing the refined baselines and taking into consideration the early estimated height corrections
and linear deformation rates, the interferometric phase model was updated in a second iteration.

Additional processing includes temporal and spatial filtering of newly estimated residual phases to
compensate for atmosphere and noise. Atmospheric screen was attributed to large scale nonlinear
residuals and subtracted from the model by applying low-pass spatial filtering on the residual phases.
Phase noise was treated by spatially filtering of phases around the reference, assuming stability of the
area considered.

Further iteration applying the additional corrections results in the final regression model. Results
consist of point heights, linear deformation rates, atmospheric phase, refined baselines, quality
information (temporal coherence) and nonlinear deformation histories for each point. It is important to
mention that the final deformation model, as a consequence of the assumptions made during the
estimation of atmospheric phase contribution to the signal, includes nonlinear components of only
local scale phase variations.

4. Results

After transformation of the interferometric results from range—Doppler coordinates into map
geometry (geographic coordinates), point targets were imported in a GIS environment and plotted on a
panchromatic Landsat-7 ETM+ image and in the Google Earth environment for point target
identification (Figures 4 and 5).

Here we should note that, although the reference points are considered stable there are no absolute
stable points in the area. In this way, negative velocities do not necessarily represent subsidence, but
possibly slower uplift according to the reference point. Thus, when we use the terms subsidence and
uplift we refer to relative values with regard to the picked reference point.
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Figure 4. Linear component of ground deformation obtained by IPTA over Patras city.
Point targets are plotted on a Panchromatic Landsat—7 ETM+ image. The star on the image
refers to the location of the reference point.
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Figure 5. Linear component of ground deformation obtained by IPTA over Pyrgos city.
Point targets plotted on a QuickBird Pan—Sharpened image. The star on the image refers to
the location of the reference point.
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4.1. Patras

From Figure 6 it is indicated that generally the relative vertical velocities toward and away from the
satellite range in the LOS, vary between maximum values of +5 mm/yr and —5 mm/yr, respectively. A
remarkable aspect is that there is contrasting subsidence and uplift of PS points along discrete and
specific zones, such as the Ag. Triada fault zone in the south of the city and along a W-E trending
lineament, north of the Patras port, that doesn’t relate with any visible mapped fault trace (Figure 7).
Between these two zones only uplift even with low rates is observed. This area represents in a way the
relay zone and the hanginwall block of both Ag. Triada and Rio—Patras fault zone, consisting of
Plio—Pleistocene sediments. Maximum uplift velocities on the order of +4.0 mm/yr to +5.5 mm/yr are
constricted on the footwall block of Pio—Patras fault, while in the relay zone between that fault zone
and Ag. Triada fault lower values between +2.5 mm/yr and +4.0 mm/yr are observed. Similar values
are also calculated towards west close to the basin bounding Kastritsi fault.

Figure 6. Point targets plotted over the fault map for Patras arca (ATFZ: Ag. Triada Fault
Zone), solid line corresponds to the section of figure 7, fault pattern modified from
Koukis et al. [36].
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Figure 7. Spatial profile showing the displacement field as observed by IPTA and plotting
targets within 150 meters in both sides of the profile (upper), and the related topography
(down), red lines correspond to the faults.
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Accordingly, maximum subsidence values on the order of —4.5 mm/yr to —5.5 mm/yr are restricted
mainly on the hanging wall block of Rio—Patras fault and specifically towards its NE—termination.
Lower values between —1.0 mm/yr and —2.8 mm/yr are observed along the downthrown block of Ag.
Triada fault, indicating a lower deformation rate compared to the Rio graben. The footwall block of
this fault displays low uplift rates between +0.4 and +1.0 mm/yr. Based on the relative uplift and
subsidence velocities on footwall and hanginwall blocks of Ag. Triada fault, a vertical velocity
between 1.4 mm/yr and 3.8 mm/yr can be estimated for an almost 10 year period of time. Along the
main fault trace and in a 50 m width zone, relatively small ground movements, such as cracks on road
pavement and buildings, small scale subsidence and fissures are periodically observed. Typical historic
deformation diagrams are shown in Figure 8 for two targets from the footwall and hanging wall of
Agia Triada fault.

4.2. Pyrgos

Based on the spatial distribution of the PS points, the size and the kind of the vertical movement
(uplift or subsidence) for the time period 1992-2000, three areas can be distinguished for the Pyrgos
city area: the northern, the central and the southern (Figure 9).
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Figure 8. Typical displacement histories obtained by IPTA for specific point targets from
the footwall (left diagram) and from the hanginwall (right diagram) of the Agia Triada
fault zone.
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Figure 9. Point targets plotted over the fault map of Pyrgos area, solid line corresponds to
the section of Figure 10.
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For the northern area the PS points indicate mainly subsidence with values varying from —0.8 to
—2.5 mm/yr, while there are few targets, indicating stability. In this area loose alluvial deposits occur,
which locally are marshy deposits and the water table of the aquifer is very close to the surface. The
area is bounded to the north by the Vounargo fault zone and to the south by the North Pyrgos fault.

The central area, which corresponds to the Pyrgos tectonic horst, is bounded to the north and south
by the North and South Pyrgos fault correspondingly [29]. The lower members of the Vounargo
formation (thickness >400m, Plio—pleistocene age) occur and the majority of the PS points indicate
uplift from +1.5 mm/yr up to +2.5 mm/yr, with very few points presenting subsidence (Figure 10).

Figure 10. Spatial profile showing the displacement field as observed by IPTA and
plotting targets within 150 meters in both sides of the profile (upper), and the related
topography (down), red lines correspond to the faults.
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At the southern part of Pyrgos, where loose alluvial deposits outcrop, the majority of the targets
indicate subsidence, with few being stable and a minority showing uplift.

Typical historic deformation diagram is shown in Figure 11 for a target from the northern part of
the city. It has to be mentioned that the measured vertical movements and more specifically the uplift
ones are not so intensive. This is in accordance with the low elevation of the Late Pleistocene marine
terraces of the broader area, which do not exceed 100 m.

On the contrary, the most destructive earthquakes are related with fault plane solutions of strike slip
movements [18,49]. This can explain why the areas of subsidence and uplift are not so clear in the case
of Pyrgos being a minor order young neotectonic structure, which has been created after the Middle
Pleistocene [29].
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Figure 11. Displacement history obtained by IPTA for specific point target from the
northern part of the city.
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5. Discussion

Measurement of ground deformation is a direct and valuable input to models of earthquake risk and
for prone areas is of great importance. Given sufficient SAR scenes the submillimeter accuracy of PSI
does represent an effective tool for the measurement of tectonic related ground motions.

The PSI technique has proven to be an excellent tool for identifying zones of ground deformation
inside urban areas that cannot be easily visible or determined by conventional survey means with
unprecedented detail and accuracy. Specifically, the PSI method provides much more information (on
both a local and regional scale) on the ground displacements than data obtained by leveling and
D—GPS techniques.

Superimposition of several natural and anthropogenic mechanisms that act in different time and
scale and provoking ground deformation should be considered. Finally, a complete multidisciplinary
approach (including active tectonic, GPS monitoring and seismology) is the appropriate study scheme.

For this specific study, our results of Patras show clearer uplift—subsidence rates due to the more
distinct fault pattern and intense deformation compared to Pyrgos area, where more diffused
deformation is observed with no significant displacements on surface. This is maybe due to hidden
blind structures activating as strike slip at depth, as it is confirmed by recent earthquakes with such
focal mechanisms [49,50].
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