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Abstract. The potential of repeat-pass space borne SAR2013), the village of Kalochori in the east sector of Thessa-
(Synthetic Aperture Radar) interferometry has been exdoniki plain (Andronopoulos et al., 1991; Stiros, 2001; Psi-
ploited to investigate spatial patterns of land subsidence irmoulis et al., 2007; Raucoules et al., 2008; Loupasakis and
the Anthemountas basin, in the northern part of Greece. Th&ozos, 2009 and references therein), the region extending to
PSI (Persistent Scatterer Interferometry) approach, basethe west — southwest of the Anargyri opencast coalmine in
on the processing of long series of SAR acquisitions, hasMest Macedonia (Soulios et al., 2011), Megalopolis in Pelo-
been applied to forty-two images acquired in 1995-2001 byponnesus (Dimitrakopoulos and Koumantakis, 1995) and the
ERS1/2 satellites. Interferometric results have been analyselflessara valley in Crete (Mertikas and Papadaki, 2009) are
at a basin scale as support for land motion mapping and at aome of the well-known areas in Greece presenting ground
local scale for the characterisation of ground motion eventssubsidence related to reservoir compaction.
affecting the village of Perea in the Thermaikos municipality These land subsidence phenomena extend gently over
and the “Macedonia” international airport. large areas (tens to hundreds®mpresent low deformation
PSI results revealed a moderate subsidence phenomenaeates and take place for several decades, sometimes without
along the wider coastal zone of Anthemountas basin corbeing noticed at the beginning. Localized differential ground
responding to intense groundwater extraction. Highest val-deformations can trigger damages to building structures as
ues, exceeding-20 mmyr1, were measured in the airport well as loss of functionality of linear and point infrastruc-
area where the thickest sequence of compressible Quatetures (pipeline and road network deformations, well-casing
nary sediments occurs. Intense subsidence has been detecfiadlures and protrusion etc.).
also in the Perea village (maximum deformation-¢f0 to One of challenging aspects in dealing with analysis of sub-
—15mmyr 1), where a series of fractures, causing damagessidence phenomena is that their mechanism is not easily de-
to both buildings and infrastructure, occurred in 2005-2006.tectable. The overlapping of different sources of deforma-
tion may complicate the interpretation of the phenomenon.
In most of the cases the surface lowering patterns are com-
plex, reflecting a combination of anthropogenic and natural
1 Introduction causes. For instance, the natural compaction of unconsoli-
dated fine-grained deposits may be accentuated by human
Several regions in Greece experience land subsidence due t@tivities, such as over-exploitation of groundwater resource.
aquifers overexploitation during the last decades. The ThesMoreover, neotectonic activity, spatial variability of geotech-
saly Plain (Salvi et al., 2004, Ganas et al., 2006; Konto-nical parameters, temporal variability of water extraction rate
gianni et al., 2007; Rozos et al., 2010; Vassilopoulou et al.,
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may contribute to the different deformation patterns through-gneiss with marble intercalations) and igneous (granite, ga-
out the affected areas. bor and peridotite) rocks. The Neogene deposits consist of

Detecting, measuring and monitoring subsidence is funtwo sequences, the upper sand and gravel sequence and the
damental for hazard zonation and risk management. Anallower sandy marls — red clays sequence, outcropping along
ysis and research on deformation mechanisms are usuallthe borders of the basin. The Quaternary formations occupy
limited by the lack of data concerning the rate, spatial ex-the central part of the plain, with increasing thickness to-
tent and temporal evolution of subsidence. Distribution of wards the coastal area.
deformation can be assessed by using conventional, ground- According to data coming from geotechnical and geophys-
based geodetic instruments, such as levelling (e.g. Phien-weégal studies as well as from geotechnical and hydrogeological
et al., 2006) and GPS (e.g. Ikehara, 1994) or exploiting newdrills (Thanasoulas, 1983; Rozos et al, 1998; Zervopoulou,
remote-sensing methods (e.g. Galloway and Hoffman, 20072010), the Quaternary formations consist of alternating lay-
Galloway and Burbey, 2011). ers of clastic and fine grained sediments (Fig. 1), gener-

The current study focuses on the land subsidence phenonating favourable conditions for the development of an up-
ena occurring at the Anthemountas basin, located East oper phreatic and several successive semi-confined aquifers.
Thessaloniki (Fig. 1). Close to the coastline sediments extend to depths of 100

This area draw the attention of the geo-scientists in 20050 140 m, with thickness decreasing gradually to the East
when a series of fractures, causing damages to both buildfFig. 1).
ings and roads, occurred at the Perea village, on the south- As already mentioned above, the wider coastal zone is af-
ern section of the basin’s coastal zone. These fractures werected by land subsidence phenomena. Focusing at this par-
attributed to the overexploitation of the aquifers, althoughticular area, the Quaternary formations can be divided in
they occurred along an active fault (Anthemountas Fault)three horizons (Fig. 1). The top horizon, from the surface to a
(Koumantakis et al., 2008). The application of satellite SAR depth of 30 m, consists of coarse to fine sands with gravel in-
interferometry (INSAR) for the detection of land motion phe- tercalations. The second horizon, with a thickness up to 30 m,
nomena revealed that along the coast other large area besidessmade of impermeable clay to silty clay layers intercalated
the Perea village are affected by subsidence. The main objedy fine sand layers. The third horizon, extending down to the
tives of the current work are to identify the main causes of theNeogene formations consists of coarse to fine sands with a
observed ground deformations and to assess the contributioiew clay intercalations. Beneath the Quaternary formations,
of the remote-sensing data on the study of the phenomena. the Neogene sand and gravel sequence occurs.

The wider Thessaloniki area has recently been affected by
the 20 June 1978 destructive earthquake (Papazachos and Pa-

2 The Anthemountas basin: description of the study pazachou, 1997). Since then, an intense neotectonic and seis-
area mological investigation of the broader area has been carried
out by numerous researchers (Papazachos et al., 1979, 1982,
2.1 Geological background 2000; Mercier et al., 1983; Mountrakis et al., 1983, 1996;

Hatzfeld et al., 1987; Pavlides and Kilias, 1987; Tranos et al.,

The broader Thessaloniki area belongs to the NNW-SSE2003; Karamitrou et. al., 2008; Zervopoulou, 2010) provid-
trending alpine Circum Rhodope Belt Thrust System ing sufficient information about the distribution of the active
(CRBTYS), overthrusting from the East at the Axios geotec-faults.
tonic zone (Peonia subzone). The Circum Rhodope Belt is The Anthemountas basin is bordered by two main normal
part of the Inner Hellenic orogen, which has been characfaults (Fig. 1). The Anthemountas fault (F-An), with an E—
terised by repeated SW-directed thrust sheets (Tranos et alM/ orientation and a length of 32 km, borders the basin to the
1999, 2003). The pre-alpine and alpine basement, since theouth, extending from the Galarino village to the Agelochori
Miocene, is subjected to a brittle extensional deformation,peninsula. It is the longest active seismic fault close to the
forming NW-SE and E-W directed continental-type basinscity of Thessaloniki, characterised as active because of the
(Pavlides and Kilias, 1987; Tranos, 1998; Tranos et al., 1999¢lear morphotectonic evidences and the continuous micro-
2003). These basins, among which the Anthemountas basirseismic activity (Zervopoulou, 2010). It constitutes the bor-
are bordered by high-angle normal faults and have been filledier line between the rigid Neogene formations and the com-
with Neogene and Quaternary sediments. pressible Quaternary deposits of the plain. Its track is clearly

The geological units occurring in the area of the Anthe- related with the surface ruptures recorded at the Perea vil-
mountas basin are the Mesozoic bedrock formations occupytage, leading some researchers to the conclusion that they
ing the bordering mountains, the Neogene deposits outcropeccurred due to the faults activity (Zervopoulou et al., 2007;
ping at the hilly areas and the foot of the mountains and theZervopoulou 2010).
Quaternary deposits occupying the plain area (IGME, 1966, The second normal fault borders the basin to the north, ex-
1978a; Rozos et al., 1998; Anastasiadis et al., 2001). Théending from the Vasilika village to the Mikro Emvolo penin-
Mesozoic formations consist of metamorphic (phyllite and sula. It is a NW-SE oriented fault, dipping to the SW, with
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Drill 1 (D1): Wider Airport Area

Drill 2 (D2): New Redestos Village

Drill 3 (D3): Vasilika Village

0-30m: Coarse to fine sands with
gravel intercalations
(Quaternary)

30-60m: Clay to silty clay layers
intercalated by fine sand
layers(Quaternary)

60-85m: Coarse to fine sands with
a few clay intercalations
(Quaternary)

85m- : Sand and gravel

sequence (Neogene)

Fig. 1. Location and geological map of the Anthemountas basin. Geology modified from I.G.M.E., 1978b. Three characteristic drill profiles

0-36m: Clay to silty clay layers
intercalated by fine sand
layers(Quaternary)

0-18m: Clay to silty clay layers
intercalated by fine sand
layers(Quaterary)

18-50m: Sand and gravel
sequence (Neagene)

36-60m: Coarse to fine sands and

gravels with a clay interc

(Quaternary)
50m- : Peridotites - Serpentinites
60-115m:Sand and gravel

sequence (Neogene)

115m- : Peridotites - Serpentinites

present the vertical distribution of the geological formations from the coastline to Vasilika village.

a length of approximately 21 km and a possible extension o2.2 Hydrogeological setting

8km into the Thermaikos gulf. According to former studies

(Tranos et al., 1999; Karamitrou et. al., 2008; Zervopoulou,Evaluating the logs from more than 100 water drills
2010) and because of the lack of activity indications this fault(Nagoulis and Loupasakis, 2001) three aquifers systems

is characterised as inactive.

were distinguished at the plain of the Anthemountas basin.

Along the same side of the basin three more active orThese systems are:

probably active faults are recorded (Tranos et al.,

1999; . :
1. The shallow phreatic aquifers system. The shallow

Karamitrou et. al., 2008; Zervopoulou, 2010). These faults,
with a varying length of 5 to 8 km, intersect the above men-
tioned normal fault presenting an E-W orientation and a
south dip direction.

www.nat-hazards-earth-syst-sci.net/13/2425/2013/

aquifers occupy the upper coarse-grained Quaternary
deposits and they are mainly replenished by the stream
network percolation. Along the coastal zone they ex-
tend down to a maximum depth of 30 m and they are
sufficiently separated by the underlying semi-confined
aquifers by a thick fine-grained layer (Fig. 1).

Nat. Hazards Earth Syst. Sci., 13, 242640 2013
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2. The semi-confined alternating aquifers. The semi- i  ———— WA TTPT
confined aquifers extend down to depths from 50 to [ }N\ osi o

more than 200 m, close to the coastline, occupying the [
lower Quaternary and the upper sand and gravel se-
guence of the Neogene deposits. Deeper in the An-
themountas plain (Fig. 1 — Drill Profile 2), where the B
thickness of the Neogene and Quaternary sediments st
decreases, these aquifers also extend down to the frac £5§i ‘x
tured Mesozoic formations. They are mainly replen-
ished by the bordering mountains’ aquifers inflow and
also by the shallow aquifer infiltration.

3. The deep confined (artesian) aquifers. Two very deep,
isolated aquifers can be distinguished in this cate-
gory. The first aquifer system extends South of the | A 4R A 0051 2
Anthemountas fault, occupies the lower Neogene de- Thernatios e _ (B)
posits and the Mesozoic limestone and contains a sub- - ' ‘ ' N
acidic sparkling water rich in calcium and magne-
sium (known as Souroti Natural Mineral Water). The
other deep confined aquifer is the low enthalpy thermal
aquifer gushing out along the normal fault bordering [
the basin to the north and close to the Thermi village.
These systems do not seem to be affected by the vari
ations of the ground water level of the two shallower
aquifer systems.

Piezometric level (1998)

The rapid urban growth, the industrial development and the
intensification of agricultural activity led to the overexploita- Fig. 2. Isopiezometric curves of the deep semi-confined aquifers
tion of the aquifers. All the villages along the coastline of system of the area within the brown inset of Fig. 1. May 1993
Anthemountas basin and many others located on the bordefA) and May 1998B). Data from Nagoulis & Loupasakis, 2001.

ing mountains derive drinking water from local low-lying al-

luvial aquifers. Some of these urbanized areas constitute the

most rapidly developing suburbs of Thessaloniki, experienc3 The INSAR technique applied to subsidence analysis
ing both an increasing urbanization trend and a significant
population growth in the last few decades. Between 1991 an

2001 an increase of population of about 108 % and 45 % ha]goring spat'ial extent and temporal evolution of regipna! aqd
been recorded in the municipality of Thermaikos and in the ocal subsidence. Assessment of ground deformation is his-

whole basin, respectively (WATERINCORE, 2011). More- torically based on conventional geodetic methods (GPS and

over, several industries, economic activities and infrastruc/€V€ling network above everything else).

tures have developed around the Thessaloniki International Conventional methods for the production of subsidence

Airport. Without a proper management, increase of water deMaps rely on materialization of a netvyork of geertic benc.h-
mand led to an overexploitation of the groundwater resource,marks’ designed to cover the extension of the likely subsid-

The overexploitation started affecting the ground water con-"9 r€a. Repeat surveys of benchmarks, referenced to a sta-

ditions since the 90s. As shown by the isopiezometric curvedle control point, allow the estimation of the deformation ex-

referring to the conditions of the deep semi-confined aquiferéent,"’md rgtes. These techniques, providing a static_ pi_cture of
in 1993 (Fig. 2b) and 1998 (Fig. 2a), the ground water leve|the investigated area at each measurements acquisition cam-

close to the sea was lowered by more than 5m, during thapalgn, are time consuming and resources intensive, since a

period. This condition was intensified during the following g_fealt dea('i of time a';?j_?conom'c reso_“rcels aredrequ'red for
years, leading to a degradation of the ground water quality)/™mely updates. In addition to conventional geodetic moni-

and to the occurrence of land subsidence phenomena. THEMNG systems, Earth Ot_)servatlon (EO) techmque; have suc-
continuation of groundwater overexploitation is expected tocessfully demonstrated in the last decades to be highly valu-

spread land subsidence over the entire coastal zone of thiaP!€ in measuring land motion in a wide range of application
basin and to extend deeper at the Anthemountas plain, whef'€dS (Tralli et al., 2005), including geohazard-related land
ever the thickness of the Quaternary formations is significant™°tons:

causing great damages both to urban areas and infrastructure.

everal methods apply for measuring, mapping and moni-
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3.1 The PSI approach Mixed approaches have also been proposed (e.g. Hooper,
2008). These hybrid methods identify and exploit the phase
EO technologies widened their range of applications withof mixed scatterers, selected from Small Baseline interfero-
the development of Differential Interferometric Synthetic grams, with the phase of pixels selected from PS interfero-
Aperture Radar (DINSAR) techniques. DINSAR constitutesgrams.
a remote-sensing technique relying on the analysis of phase The main idea underpinning PSI techniques is to discrim-
variations, or interference, between two different radar im-jnate phase contributions related to displacement from those
ages (Zebker and Goldstein, 1986; Gabriel et al., 1989due to atmosphere, topography and noise through the anal-
Massonnet and Rabaute, 1993; Massonnet and Feigl, 199§sis of the so-called PS (Persistent Scatterers) (Ferretti et
Rosen et al., 2000), gathered over the same area at diffe]., 2000, 2001; Werner et al., 2003). Thanks to the Tandem
ent times using the same acquisition mode and propertiepairs (i.e. ERS-1/2 data with a temporal baseline of 1 day),
(beam, orbit, off-nadir angle, etc). The main purpose of DIn-a conventional INSAR DEM can be reconstructed and sub-
SAR techniques is to retrieve measurements of the groungraction of topographic information from each interferogram
displacement that occurred between the two different acquican be performed. As an alternative, pre-existing DEM (e.g.
sitions. such as the Shuttle Radar Topography Mission, SRTM or the
The application of conventional satellite DINSAR is lim- ASTER Global DEM) can be used as reference. Once the to-
ited by temporal and geometrical decorrelation (Zebker anchographic phase is removed from interferograms, the remain-
Villasenor, 1992). Also, by using individual interferograms ing signal is composed of two contributions: the deformation
the accuracy on the estimated displacement values can be dgnd the atmosphere-related signal. Spurious atmospheric ef-
graded by atmospheric artifacts (Massonnet and Feigl, 1995¥ects are estimated by using image stacking and filtered out
To overcome the main limitations of single-pair inter- through a statistical analysis of the signals. Atmospheric arti-
ferogram analysis, different approaches (under the “familyfacts are strongly correlated in space within each SAR scene,
name” Persistent Scatterer Interferometry), relying on theput are uncorrelated in time. Conversely, target motion usu-
processing of multi-temporal stacks of satellite SAR imagesa|ly shows strong correlation in time and can exhibit different
of the same target area, have been developed. Typically, afegrees of spatial correlation. Once the atmospheric effects
least 15 images should be available for carrying out a propegre estimated and removed, the remaining contribution maps
PSI analysis. Of course, the larger the number of images thehanges in the satellite-to-target path between the acquisition
more precise and robust the results. Two classes of multitimes of the two SAR scenes.
interferometric processing techniques, the Permanent Scat- The phase difference of two SAR scenes, called interfero-
terer, PS (e.g. Ferretti et al., 2000; Hooper et al., 2004; varmetric phase, is ambiguous, because it is continuously sam-
der Kooij etal., 2006) and the Small BAseline Subset (SBAS)pled in a discrete wrapped phase (i.e. it can only take discrete
technique, are used for processing long series of SAR imvalues in the interval-, +7). Any method seeking for the
agery. correct integer number of phase cycles that needs to be added
Within the first family, PSINSAR (Ferretti et al., 2000, to each phase measurement to retrieve the correct full range
2001) was the first technique specifically implemented for (unwrapped) phase can be defined as a phase unwrapping
the processing of multi-temporal radar imagery. Signal analtechnique. The resulting unambiguous data is called absolute
ysis of a network of coherent radar targets (persistent poininterferometric phase. During phase unwrapping, ambiguity
targets), exhibiting high phase stability over the entire obserrelated to the discrete interval sampling of wrapped phase
vation time period, allows estimating occurred displacement,can remain unsolved: low PS density, low temporal sampling
acquisitions by acquisition. and phase aliasing may affect the correct estimation of dis-
SBAS technique is an alternative method, originally de- placement.
veloped and presented by Berardino et al. (2002) and further Qver urban fabric, where many stable (i.e. with temporally
implemented by Lanari et al. (2004). This approach relies oncoherent phase) reflectors can be identified, LOS (Line of
the use of a large number of SAR acquisitions distributedsijght) deformation rate can be estimated with an accuracy
in small baseline subsets. Small baseline methods are basggeoretically better than 0.1 mmyk (Colesanti et al., 2003).
on combining a set of unwrapped interferograms, computedJnlike the DINSAR approach, PSI analysis is designed to
in order to minimise perpendicular, temporal and Doppler generate time-series of ground deformations for individual
baseline and to reduce phenomena of phase decorrelation belementary reflectors (i.e. the Persistent Scatterers, PS), as-
tween different SAR acquisitions. The technique allows link- suming a linear model of deformation (Ferretti et al., 2001;
ing independent SAR acquisition datasets, separated by larg@/erner et al., 2003), or exploiting algorithms estimating the
baselines, using a combination of differential interferograms.nnear and nonlinear components of the disp]acement (eg
This interferograms are produced by data pairs characteriseffiora et al., 2003). The accuracy of the single measurement
by arestricted to small orbital separation, leading to the genin correspondence of each SAR acquisition ranges from 1 to

eration of deformation velocity maps and displacement timeg mm (Colesanti et al., 2003). Each measurement is referred
series.

www.nat-hazards-earth-syst-sci.net/13/2425/2013/ Nat. Hazards Earth Syst. Sci., 13, 242849 2013
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temporally and spatially to a unique reference image and to

a stable reference point.
The development of the StaMPS (Hooper et al.,
2007) and SqueeSAR techniques (Ferretti et al.,

2004,

2011) con- 5
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tioners dealing with geo-hazard managements. Since the pio
neering studies of Galloway et al. (1998), who introduced In-
SAR for the detection of aquifer system compaction effects,
it was clear that the availability of SAR imagery archives
(like those provided by the European Space Agency, ESA)
could support the compilation of subsidence maps, reduceig. 3. Perpendicular baseline for each SAR scene of the PSI
ing the time for their production and saving economic re- dataset, labeled with the temporal baseline. Parameters are referred
sources required for timely update. Exhaustive review onto the master image which is indicated with the red diamond.

the application of remote sensing techniques for mapping

subsidence accompanying groundwater overexploitation is

given by Galloway and Hoffman (2007) and by Galloway sidered as stable, unable to be affected by local scale defor-
and Burbey (2011). mation processes related to hydrogeological factors.

One of the main priorities to guarantee further advances PSI technique uses large stacks of SAR images to gen-
and continuity of the EO-based geohazards services in therate differential interferograms with respect to one master
next years and to make them more consolidated and acceptéghage. As shown in Fig. 3 the master image for this dataset
by the user communities, consists in broader use of wide-arehas been chosen centrally on 31 December 1996. In the pro-
processing strategies of satellite SAR imagery. cessing chain the master image is selected such as the dis-
persion of values of the geometrical, temporal and Doppler
baseline is as low as possible. The master image is selected
to maximize the coherence of the computed interferograms.
Aiming to map the ground deformations on countries andThe stack coherence is larger when the master is selected
continents by using the PSI technique, in the framework ofcentrally in time.
the ESA Terrafirma projechftp://www.terrafirma.eu.corj)/

a Wide Area Product (WAP) has been developed by the Ger3.3  Analysis of PSI dataset
man Space Agency (DLR) (Adam et al., 2011).

Nine satellite image frames have been processed to prothe main purpose of the WAP is to implement wide area pro-
duce a PSI ground motion map covering a 65 008 kvite cessing strategies devoted to map countries with the PSI tech-
area of Greece, approximately half of the country’s territory. nique. To provide accurately georeferenced, country-scale
This WAP product over Greece has been based on ERS1/iformation on ground motion by using medium resolution
images. Among these 9 satellite image frames, a dataset @AR sensors (i.e. ERS1/2 with a ground-range and azimuth
42 SAR imagery in C-band (5.6 cm wavelength; frequencyresolution of 20 m and 5m, respectively) it is often a chal-
5.3 GHz) has been employed for the reconstruction of thdenge.
history and spatial patterns of land subsidence in the Anthe- The validation of the EO measurements accuracy is vitally
mountas basin. These images have been acquired along dieaportant. The georeferencing accuracy of the PSI datasets
scending orbits between 10 April 1995 and 1 January 2001js often difficult to assess, especially when dealing with PSI
with a temporal resolution of 35 days, which corresponds todatasets resulting from ERS processing, due to its low spa-
the revisiting time of ERS1/2 satellites. tial resolution. This fact makes difficult to identify exactly

The reference point of the stack — whose selection duringvhat kind of object is actually acting as “persistent scat-
the processing activity is of crucial importance — was cho-terer”. The first step for the validation of the PSI datasets
sen in the southeast urban fabric of downtown Thessalonikiwas to identify prominent features or isolated objects and to
Apart from the phase stability throughout the dataset, the refstudy the PS point distribution around them. Examples of the
erence point is chosen in area assumed unaffected by grourgkoreferencing accuracy are given in Fig. 4. As presented,
motions. The reference point is located on rigid over con-although the theoretical accuracy for the WAP processing is
solidated formations of Upper Miocene-Lower Pliocene age,£25m in bothX andY direction, much smaller offset val-
mainly compact sandstones, conglomerates and marls horiies were actually assessed. For instance, the PS points along
zons. These rock to hard soil formations can be safely conthe Thessaloniki breakwater (Fig. 4a) offset to the southwest
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3.2 SAR dataset and processing details

Nat. Hazards Earth Syst. Sci., 13, 2425244Q 2013 www.nat-hazards-earth-syst-sci.net/13/2425/2013/


http://www.terrafirma.eu.com/

F. Raspini: Advanced interpretation of land subsidence 2431

0 50 100

200
Meters|

Fig. 4. Examples of the georeferencing accuracy of the WAP dataset: Thessaloniki breaf@yzaed Thessaloniki commercial harbour
pier (B).

for approximately 6—8 m, while PSs along Thessaloniki pier
(Fig. 4b) fit well with the structure of the pier itself. 000 A
The potential of PSI techniques is higher in urban areas,

because of the wide availability of bright man-made ob-
jects. As expected, in the study area, the density of mea-
surement points is higher for the urban area of Thessaloniki
(maximum density up to about 300 PSkf), as well as
over the urban fabric of the Perea village (up to hundred of
pointkm2). On the contrary over the agricultural and veg-
etated terrains the density of measurement points is much
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lower (few pointknT2), representing a limiting factor of this %% 3 5 @ 5 3 15 15 3 3 » »
technigue. Although a relatively limited number of reflectors LOS deformation velocity (mm/yr)

were retrieved, spatial distribution of ground information is 1200 -

sufficient to identify the spatial patterns of deformation. o B

A frequency histogram has been generated showing the
distribution of the 10.061 PS velocity values in the stud-
ied region (Fig. 5a). The deformation distribution presents
two main components for the time span 1995-2001. First|:
of all, the most common deformation rates are between
—1.5mmyr?! and +1.5mmyr? (close to the sensitivity
of the PSI technique), reflecting motionless areas occu-
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[=] (=1
o o

S
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pied by Neogene rigid formations and by Mesozoic and o

Palaeozoic bedrock outcropping on the borders of the plain ob——- = : : :

area. The second component (with velocity values down to - > L5 deformation velocity (mm/r ’ ¢
—35mmyr1), reflects extensive subsiding areas occupied

by |Oose quaternary formatlons F|g 5. Histogram of LOS deformation velocities distribution in the

The graph in Fig. 5b compares the LOS deformation rateAnthemountas basigA). Comparison between LOS deformation
of each PS point with the elevation above sea level Thevelocities with relative elevation for the dataset of PS po{Bls
most common deformation values (betweeh.5 mmyr?1

1 i -
and —1.5mmyr) are observed over a wide range of ele 50-100m a.s.l.). This is also consistent with the hypothesis

v_atlons through the investigated area, i.e. velocity and eIevafhat subsidence largely affects the plain sectors of the Anthe-
tion are not clearly correlated. However, the negative (sub-

) . mountas basin, as a consequence of intense overexploitation
sidence) values all occur at low elevations (usually less tharbf the aquifers located in the low-lying alluvial basins.
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Fig. 6. LOS deformation rates in the Anthemountas basin. PSI map is overlaid on Visual Earth imagery. Adopted classification reflects the
classes of the histogram of Fig. 5. In the inset: Line Of Sight (LOS; red vector) for ERS1/2 in descending mode; green vector, azimuth
direction; yellow vector, vertical component of deformation.

The spatial distribution of the deformations the PSs pointsric level as well as the decreasing thickness of the loose Qua-
was plotted on a Visual Earth image (Fig. 6). PSs with LOSternary formations towards Vasilika (Fig. 2), the deforma-
velocities between+1.5mmyr! and —1.5mmyr! have tions are expected to nullify accordingly. The lack of PSI
been considered as stable points. PSs with LOS velocitieslata concerning the plain area between the subsidence bowl,
<—1.5mmyr!and>+1.5mmyr?! have been considered close to the coastline, and Vasilika village does not allow any
as subsiding and uplifting points, respectively. The colourfurther estimation about the extension of the attenuating sub-
scale indicates green points as stable. The gradation from yekidence phenomenon to the southeast.
low to dark red represents increasing subsidence rates. The Issues of particular interest are presented by the airport
interpretation of the observed spatial distribution is exhaus-area, with several points exceedin@0 mmyr -1, and by the
tively analysed in the following paragraphs referring to spe-Perea village in the Thermaikos municipality, with LOS de-
cific parts of the basin. formation rates of-10 to —15mmyrL. The latter subsi-

dence phenomena were first noticed in 2005-2006, when a

series of fractures, causing damages to both buildings and
4 Case studies on specific areas infrastructures, occurred at the Perea village. Since then, no

further indications have been recorded at the rest of the area,
The C|ty Of Thessa'oniki and |tS C|Osest Conurbation Showand the above described extension of the deformations distri-
very low LOS deformation rates, indicating relatively sta- bution was never recorded or studied by means of any other
ble ground conditions during the investigated time periodtechnique. From the first moment the phenomena occurred
(Fig. 6). Indeed, large parts of the urban fabric are built overat the Perea village were attributed to the overexploitation
Neogene rigid formations, mainly compact sandstones, marl§f the aquifers (Koumantakis et al., 2008) and, as mentioned
and over consolidated red silty clays, which outcrop exten-In Sect. 2.2, the dominant process triggering the observed
sively in the urban areas. ground deformations along the central part of the basin's

At the nearby Anthemountas basin the conditions regardcoastal zone seems to be the same.
ing the deformations are different. Unstable areas clearly
manifest in the central-lower part of the basin, presenting &4.1 Thessaloniki airport area
mean deformation rate 610 mmyr1. The measured sub-
sidence rates increase towards the coastline (moving fronocated at the south of Anthemountas River outlet (Fig. 1),
southeast to northwest), where the thickest sequences @bout 15km SE of the city centre of Thessaloniki, the In-
compressible Quaternary layers occur. Considering the deternational Airport “Macedonia” is the largest state owned
creasing drawdown of the semi-confined aquifers piezometairport in Greece. With 3.9 million passengers during 2010 it
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Fig. 7. LOS velocity map along the runway areas of “Macedonia” Airport. PSs inside the buffer zones have been extracted and analysed to
evaluate differential settlement.

is the main airport of Northern Greece and serves the city oiDW (Inverse Distance Weighted) method (Shepard, 1968).
Thessaloniki, the surrounding cities of the region and manyTo create an interpolated surface, the IDW method uses a
popular tourist destinations. Considering the geological setweighted average of the available neighborhood PS. The
ting, the sensitive anthropogenic context and the logistic im-weight of input points decreases as the distance between the
portance of this infrastructure, the analysis of surface deforknown point and the interpolation point increases.
mation is a priority. As highlighted by Ge et al. (2009), po- Due to the intrinsic characteristics of the satellite radar in-
tential damages of such infrastructures are not only loss obtruments, the PSI technique can estimate only the sensor-
money but also loss of significant landmark in the world.  to-target displacement, i.e. the projection along the LOS of
In order to deeply understand the deformation patternthe real motion. Assuming the occurrence of predominant
along infrastructures such as airports, characterised by largeertical motion in the Anthemountas plain (as confirmed
linear extent, a monitoring technique coupling wide coverageby Raspini et al., 2012 for groundwater exploitation-related
and high precision is required. During the last years, interesground subsidence), the vertical deformations (Vv) can be
and attention on these problems increased, and analysis @stimated solving the following formula: \&zLOS/co9.
linear infrastructures stability has been successfully carriedConsidering the ERS1/2 satellites, the look arggie about
out with PSI technique (Pigorini et al., 2010). 23°. The relation above corresponds to an increment of the
Subsidence of about5 to —15mmyr! has been ob- LOS of about 8.6 %
served in the airport area, with several points exceeding By interpolating the mean velocity values retrieved by PSI
—20mmyr ! along the two runway areas. Observed subsi-technique within the buffer zone, two subsidence profiles can
dence is without any doubt related to the terrain compactiorbe generated (Fig. 8a), showing the distribution and magni-
accompanying the excessive groundwater withdrawal octude of subsidence along the runway areas of the Thessa-
curred in the Anthemountas plain. Indeed, the airport area igoniki airport. Profiles correspond to the longitudinal lines
located within a wider scale subsidence bowl which affects aalong the centre of the runways. The major subsidence zone
large extension of the basin (Fig. 6). could be found in the central part of both profiles (distance
In order to better investigate the subsidence zone alongange between 1100 and 1800 m), close to the section where
runways areas, two buffer zones of 500 m have been considhe two runways cross each other. The maximum subsidence
ered. Two sets of PSs have been extracted within the bufferate values at this particular section reach-#28 mmyr1.
zones (Fig. 7) to create interpolated subsidence rate maps for Linear infrastructures, like airports, are mainly affected by
both runways areas (about 2400 m in length). differential displacements, and less affected by the absolute
The two sets of scattered points have been used to extenghlues of subsidence. Differential displacements are mainly
the information (i.e. to interpolate) to areas with lower PS caused by lateral variations of the thickness of the compress-
density, assigning values to unmeasured location through thible soil layers (imposed by the stratigraphy or the tectonics
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fected areas but also to evaluate their deformation history.
Displacement time series available for each PS in the area
of interest are ideally suited for monitoring temporally con-
tinuous geohazard-related ground motions. Example of time
series, referring to three Permanent Scatterers located in the
Perea’s section affected by ground motion, are reported in
Fig. 10.

The extraction of groundwater is considered as the main
factor causing the land deformation measured, from April
1995 to January 2001, in the village of Perea. The most per-
nicious consequence of water level drawdown and relative

terrain compaction has been the development, in 2005-2006,
B of a series of fractures affecting the urban fabric. Surface rup-
tures deformed streets pavement and caused serious damages
on buildings, making some of them uninhabitable and forc-
ing their demolishment (Fig. 11).

The abovementioned ground ruptures extend parallel to
the coastline, approximately along an E-W direction, dip-

ping towards North. They extend for a length of about one
20 4 . kilometre along the scarp of the Anthemountas fault, defining
40 the boundary between the thick Quaternary alluvial deposits
0 500 P - 2000 2500 3000 and the Neogene formations, delimiting the subsiding basin.
Actually, the manifestation of the ruptures at this particular
location, along the scarp of the fault, has been arranged by
the abovementioned boundary.

The groundwater withdrawal affecting the area took place
over the last twenty years. Analysis of the hydrogeological
conditions of the village of Perea is included in Kouman-
takis et al. (2008), who first identified the overexploita-
of the area) as well as by uneven fluctuations of the piezotion of confined aquifer as the main cause of the observed
metric surface. Examining the differential deformations cal-ground deformation. As mentioned above, the Quaternary
culated along the runways, Fig. 8b clearly indicates a non-alluvial deposits in the Perea wide area are characterised
uniform subsidence. The higher differential setting has beerby both phreatic and semi-confined aquifers (Nagoulis and
recorded along the WNW-ESE oriented runway with a valueLoupasakis, 2001). The continuous increase on water de-
of 40mm/100m. In agreement with the maximum subsi- mand of the Thermaikos municipally is exclusively covered
dence rate section, the highest differential displacements ody the ground water exploitation. A great number of pub-
cur close to the intersection of the two runways. At this par-lic and private wells are in operation in the wider area. The
ticular case study the differential displacements are causegublic wells are deep, reaching down to depths from 120 to
by lateral variations of the thickness of the compressible soil380 m, providing large quantities of good quality drinking
layers of the deltaic Quaternary formations. Uneven fluctua-water. Despite the public network for water supply and distri-
tions of the piezometric surface cannot be expected, as onlfpution, several private and usually uncontrolled water wells
two low consumption wells operate within the entire airport have been drilled without careful management.
landholding. Besides the ground water drawdown taking place along
the coastal zone of the Anthemountas basin, the narrow area
affected by the surface ruptures is located inside the inter-
secting depression cones of three public and probably sev-
PSI results of Fig. 6 reveal that the coastal area of the Perearal unknown private wells. The locations of the three public
village (Thermaikos municipality) shows very low LOS de- wells (G1, G2 and G3) are clearly indicated in Fig. 9 and,
formation rates, ranging betweerl.5 and 1.5 mmyr?, in- as presented, they are only a few tens of metres away from
dicating relatively stable ground conditions since 1995. Nev-the ruptures. So, it is clear that the narrow area affected by
ertheless, in the southern part of the urban area (upper Peretf)e ruptures is subjected to an extra ground water drawdown,
subsidence can be observed, with maximum LOS deformaamplifying the subsidence mechanism, active in large parts
tion rates of about-10 to—15 mmyr1 (Fig. 9). of the Anthemountas basin.

The potential of repeat-pass space-borne SAR interferom- The intensity of the ground water drawdown can be seen
etry can be exploited not only to map the extension of af-in the graphs of Fig. 12 presenting the drawdown progress

30 4

20 4

10 A

Diff. di§placgment (mm/100 m)

Fig. 8. Vertical deformation (Vv) of the LOS velocities measured
along the runway areas of the Thessaloniki airgéjt Differen-
tial displacement along the runways af&). Origin is set on the
coastline.

4.2 Pereavillage
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Fig. 9. Close-up of PSI data for Perea village. Green stars indicate surveyed points of Fig. 11.

20 5 Discussion
10 ,‘[\"
g 0 'A\f\: T_he main purpose of the WAP approach is.to offer a syl_woptic
0 \y =, view of the deformations caused by extensive natural disaster
£ \"\ L—— phenomena such as active tectonics, hydro-geological haz-
%30 \/L\ ards, Iands!ldes, thrpughout the Greek malln.land. Th!s huge
3 e bi amount of information, including over a million persistent
8 w0 [ maver 93 mmiyr v"v- scatterers over half of Greece’s territory, have been exploited
50 | T B)Vel=68mm/yr scanning wide areas to identify “hotspots”, corresponding
o Vel 52 mmhe to sites affected by geo-hazards. Among the numerous sites
oy, %6% %, %) ””%) Y, 44,,% %Q% %% s, %QO] around Greece verified to suffer from geohazards, the Anthe-

mountas basin case study was selected due to the primitive
stage of the occurring land subsidence phenomena (hydro-
Fig. 10. Displacement time series and yearly velocities of PS A, B, geological hazard) and furthermore due to the unawareness
and C (Fig. 9), located close to the damaged area of Perea village.of the |ocal society and scientists about their actual occur-
rence and extent.

The analysis of the deformations affecting the Anthe-

Time

in two of the aforementioned wells, G1 and G3. According . . ) .
to the graph, at the G1 well the drawdown from Novembermountas basin confirms the importance of early detection

1996 to October 2006 was 22 m (mean annual rate of 2.2 m)and measuring of ground movements related to subtle phe-

whereas in the G3 well, the drawdown from September 199g1_omena like subsidence. Indeed, the mitigation of land sub-

idence and related effects is very difficult at a late stage.
to September of reached the value of 11.5m (mean annuﬁﬁ/lodels explaining and simulating the expected ground sub-

rate of 1.44 m). sidence induced by aquifers exploitation are summarised by

Tensile ruptures in Perea village are the ultimate eﬁeCtSGalloway and Burbey (2011) and applied by Loupasakis and

of Ferraln compactlon relateq to water Igvel decllng. OtherROZOS (2009) and Herrera et al. (2009).
visible traces of subsidence, like well-casing protrusion, have : . T .
The compaction of the formations is irreversible and fur-

been reported northern to surface ruptures. Besides that, N ermore the progress of the deformations cannot be stopped

other effects related to the groundwater withdrawal can be__ . div by i ing th loitati fh it
clearly detected without analysing PSI data rapidly by .JUSt stopping the overexp oitation of the aqui ers.
' The artificial recharge of the aquifers does not seem to give

a solution to the problem as the consolidated formations
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Fig. 11. Field evidences of ground ruptures in Perea. Coordinates are in UTM WGS 84 (projected). Damages witnessed at buildings
(points 1&2), streets pavement (points 3&4), light constructions (points 5&7) and natural terrain (point 6).

present reduced transmissivity values delaying the restoravaluable tools for the early stage detection of the vertical de-
tion of the ground water pore pressure and, as a result, thermations caused by the overexploitation of the aquifers.
deceleration of the deformations. Certainly, the best way to Furthermore, main outcomes from the deformation analy-
prevent the consequences of the land subsidence is to blodkis at the Thessaloniki airport give the opportunity to make
their progress before they start causing damages. The intesome considerations about the effectiveness of PSI tech-
grated water resource management is the best way to copgiques for mapping and monitoring deformation pattern of
early stage subsidence. The only problem, as already merinear transportation networks (i.e. railways, highways, main
tioned above, is that the deformations can take place for sewoads), aerial utilities infrastructures (aqueducts, oleoduct
eral years before being noticed. In that case, this study provednd pipe networks for transportation of goods in general) and
that SAR interferometry and in particular PSI techniques areunderground excavations (metro and tunnel constructions).
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lation of satellites, and (b) the German TerraSAR-X satel-
lite. With an increased bandwidth of 300 MHz more coher-
ent targets can be retrieved, providing a higher density of PS
points. A better ground resolution (up to 1 m in both azimuth
and range direction) and a reduced revisiting time (from 4 to
11 days), are ideally designed for local scale analysis of de-
formation patterns and for investigating their temporal evo-

Wi lution. Furthermore, given their intrinsic characteristics, this

50 4| 6L waterwell - e generation of radar sensors allows monitoring faster move-
—m—G-3 water well ments. These enhanced characteristics of the new generation

'Goq% s & 5 5 o o @ - 61' P of SAR sensors have improved the capability of PSI tech-

& F FF S F nique for land motion mapping (Crosetto et al., 2010). Better

Time spatial resolution, wider applicability to more recent, com-
plex ground movements gave the unique opportunity for a
more effective use of SAR data also as monitoring tool in
emergency situations (Covello et al., 2010).
Moreover, in the next few years, the launch of new satel-
lite systems (Sentinel 1 and Radarsat Constellation Mission)
First of all it is worth noticing the density of the two sets will further facilitate the research and analysis of land sur-
of measurement points created for the analysis: (a) the buffeface phenomena, ensuring the continuity of C-band SAR data
dataset created for the NNW-SSE oriented runway area in{Snoeij et al., 2008) and coupling wide coverage, high preci-
cludes 122 PSs, with a density of 81 PS¥rand (b) the  sion and short revisiting time.
buffer dataset for the WNW-ESE includes 149 PSs, with a
density of 96 PS km2. Conventional geodetic networks, de-
spite their robustness and reliability, are not able to provided Conclusion

such a large density of measurement points, as PSI tech-

nique does. So, the numerous measurement points, coupled’® potential of SAR interferometry has been exploited
with the mmyr? accuracy, enhance the overall understand-through the |n_novat|ve WAP approach, recently.|mplemented
ing and confidence on ground motion occurring in the inves-PY DLR and aimed at measuring land deformation over large

tigated area, improving the spatial and temporal characteri&f€as. _ _
sation of the subsidence. Interferometric results have been analysed at a basin scale

Full coverage of the runway areas cannot be expected witﬁ”_ order to investigate sp_atial patterns of land motion in the
medium resolution satellites like ERS1/2. Azimuth and rangeWider Anthemountas plain from 1995 to 2001. The WAP re-
resolutions (along and perpendicular to the flight direction sults turned out to be a valuable tool for the characterisation
respectively) of the SAR sensor installed on the ERS1/2 plat©f the land subsidence in the wider plain as, up to now, the
form are quite poor. The resolution mainly depends on theqnly |nd|cat|(_)ns of land subsidence phenomena were identi-
bandwidth and on the length of radar antenna. The ERS SAfi€d at the village of Perea, affected in 2005-2006 by a se-
sensor has a bandwidth of 15.6 MHz (wavelength of 5.6 cm) 11€S of tensile ground ruptures due to excessive groundwater
and an antenna length of 10m. Consequently, the grounavithdrawal. The PSI data revealed that not only the village of
range resolution is about 20m and the azimuth resolutiorP’€réa but also large parts of the lower Anthemountas plain,
is 5 m. Taking into account the flight path almost parallel to where the International airport of Thessaloniki is located, are
Earth’s meridians, east-west oriented linear structures are im@ffected by land subsidence phenomena. L
aged poor due to the lower range resolution. On the contrary 1h€ detection of subsidence phenomena at an initial stage
linear structures with a north—south oriented component aréS €xtremely important, as further extension of the affected

expected to be more coherent in the SAR images, due to thé"® and damages on settlements and infrastructure can be

finer azimuth resolution. prevented.
Due to the high revisiting time (24-35 days) PSI data can-
not be used as a real-time monitoring tool neither during con- _ _ )
struction works, nor for timely updated stability analysis of AcknowledgementsThe Terrafirma Extension project has funded
.the SAR imagery processing as well as the geological interpretation

existing structures. This consideration stands for both prew-presenteol in this paper. The project is one of the many services

ously 'r.] orbit Sa.te”'tes (the European ER$1/2 and EnV'Sat)supported by the Global Monitoring for Environment and Security
and still operating satellites (the Canadian Radarsatl/2)GmEes) service Element Programme, promoted and financed by
Nevertheless, since 2008, high resolution imagery acquire@sa. The project is aimed at providing civil protection agencies,
by two X-band (3.1 cm of wavelength) radar satellite systemsSlocal authorities and disaster management organisms with support
are available: (a) the Italian COSMO-SkyMed SAR constel-in the process of risk assessment and mitigation by using the

Fig. 12. Fluctuation of ground water table in G-1 and G-3 wells.
Redrawn from Koumantakis et al. (2008).
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