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Abstract During the last decades, numerous methodolo-

gies for the construction of both susceptibility and risk

maps have been developed in order to identify and mitigate

geohazards such as landslides and secondarily land subsi-

dence phenomena caused by the collapse of natural or man-

made underground cavities. According to literature review,

the conducted research concerning the assessment of land

subsidence risk due to the overexploitation of the aquifer is

still at an early stage. This study focuses on the land sub-

sidence phenomenon due to the overexploitation of the

aquifer occurring in the Amyntaio basin in West Mace-

donia, hosting the active Amyntaio open-pit coal mine.

This phenomenon has caused significant damage to set-

tlements, farmlands and infrastructure. In order to construct

susceptibility and risk maps knowledge of the geological,

geotechnical, hydrogeological and tectonic settings of the

study area is required. The proposed methodology for the

production of a susceptibility and a risk map of land sub-

sidence was based on the semi-quantitative method

Weighted Linear Combination (WLC). The results were

evaluated with an extensive field survey action recording,

besides the above-mentioned settings, the spatial distribu-

tion of surface ruptures. The excellent agreement between

the produced maps and the findings of the field survey,

proved the added value of the maps, assigning them as

crucial tools for the management of land subsidence

phenomena.

Keywords Land subsidence � Susceptibility map � Risk
map � GIS techniques � WLC method � Amyntaio basin

Introduction

During the second half of the twentieth century, the over-

exploitation of an aquifer triggered extensive land subsi-

dence phenomena at numerous sites worldwide. The

mechanism of this phenomenon has been studied by sev-

eral researchers, aiming to estimate the connection between

the deformation rates and the groundwater-level drop down

(Burbey 2002; Galloway and Burbey 2011; Huang et al.

2012; Motagh et al. 2008; Pacheco-Martı́nez et al. 2013;

Rothenburg et al. 1995; Wilson and Gorelick 1996; Xue

et al. 2005). This anthropogenically induced natural hazard

affects more than 150 big cities around the world (Hu et al.

2004). Some examples of this case are: Houston, USA

(Buckley et al. 2003; Coplin et al. 1999), Arizona, USA

(Conway 2016), Las Vegas Nevada, USA (Bell et al.

2002), New Jersey, USA (Sun et al. 1999), Shanghai,

China (Chai et al. 2004), Hebei, China (Lv et al. 2014),

Mexico City, Mexico (Chaussard et al. 2014; López-Quiroz

et al. 2009; Ortiz-Zamora and Ortega-Guerrero 2010),

Celaya, Mexico (Avila-Olivera et al. 2008), Morelia,

Mexico (Cabral-Cano et al. 2010; Cigna et al. 2012),

Tokyo, Japan (Ishii et al. 1970), Jakarta, Indonesia (Abidin

et al. 2010, 2001), Semarang, Indonesia (Abidin et al.

2013; Lubis et al. 2011; Marfai and King 2007), Venice,

Italy (Carbognin et al. 2004), Ravenna, Italy (Teatini et al.

2005) and Tehran, Iran (Dehghani et al. 2013; Mahmoud-

pour et al. 2016), etc.

In Greece, land subsidence, due to the over-pumping of

aquifers, has been observed in several areas. In the wider

Kalochori region, at the west of Thessaloniki, land
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subsidence was first noticed in 1964 in the form of Sea

Water Intrusion (Loupasakis and Rozos 2009; Loupasakis

et al. 1997; Psimoulis et al. 2007; Raspini et al. 2014;

Rozos et al. 2000; Rozos et al. 2004; Svigkas et al. 2016).

Currently, inland areas are located 4 m below sea level and

embankments have been constructed to protect the village

from flooding. In the Anthemounta plain, at the east end of

Thessaloniki, increased pumping led, in 2005, to the

occurrence of surface ruptures, causing damage to several

buildings along the urban area of upper Peraia city. Recent

studies evaluating persistent scatterer interferometry (PSI)

data revealed that beside the narrow urban area of Peraia,

the entire coastal zone of the plain has been affected by the

phenomena (Raspini et al. 2016). In East Thessaly plain

(Fakhri and Kalliola 2015; Ganas et al. 2006; Kontogianni

et al. 2007; Salvi et al. 2004; Vassilopoulou et al. 2013),

the systematic over-pumping of the aquifer for agricultural

purposes has triggered land subsidence, initially observed

in 1986. It is worth mentioning that according to data

obtained by means of the PSI technique, seasonality of the

land subsidence has been confirmed (Parcharidis et al.

2011). More specifically, the deformations rates during the

dry season (August–September), when over-pumping of

the aquifer for agricultural purposes is carried out, are

much higher compared with the respectively deformations

rates occurring during the wet season. Similar phenomena

have been observed in the West Thessaly plain, with the

first recorded land subsidence taking place in 1980 at the

wider area of Farsala town (Rozos et al. 2010).

Various methodologies such as levelling networks,

extensometers, GPS surveys and remote sensing (RS) have

been applied for the study of the land subsidence phe-

nomena. Each method has its own rules and restrictions. In

the recent decades, especially in residential areas, inter-

ferometric synthetic aperture radar (INSAR) techniques,

such as the persistent scatterer interferometry (PSI) tech-

nique, are widely used (Hsieh et al. 2011; Osmanoglu et al.

2011; Raspini et al. 2016; Yan et al. 2012). All these

techniques can clearly identify the areas affected since the

survey, but the land planning developers require some

prognosis about their future extent. Such data can only be

provided by designing land subsidence susceptibility and

risk maps. According to the literature reviews, a method-

ology of risk assessment in land subsidence has been

mainly applied to land subsidence phenomena triggered by

the collapse of natural and man-made cavities as well as by

the oxidation of organic soils (Choi et al. 2010; Galve et al.

2009; Kim et al. 2006; Ozdemir 2016; Park et al. 2012;

Pradhan et al. 2014). Nothing relevant was found for areas

affected by phenomena triggered by the overexploitation of

aquifers. This is the main objective of the current work.

This research focuses on land subsidence due to the

over-pumping of the aquifer conducted in order to protect

the slopes of an open-pit coal mine. The study area,

Amyntaio basin, is located in West Macedonia at Florina

prefecture (Fig. 1). It should be noted that this area

includes numerous villages and that a part of the region is

occupied by the Amyntaio open-pit coal mine.

During the last decades, the systematic over-pumping of

the aquifer both by the mine activity and the agriculture

works resulted in a significant groundwater-level drop. The

drawdown of the aquifer along with the geotechnical and

the tectonic characteristics of the area triggered land sub-

sidence which caused significant damage to settlements

and infrastructure. The mechanism of failure has been

studied by many researchers (Loupasakis 2006, 2010;

Loupasakis et al. 2014; Soulios et al. 2011; Tsourlos 2015;

Tsourlos et al. 2007), but still some findings remain

unclear. For example, the spatial distribution of the areas

susceptible to land subsidence as well as the various

mechanisms implicated at the manifestation of the phe-

nomena (e.g. natural compaction and organic soils

oxidation).

The main goal of the present study is to present a

comprehensive methodology for the construction of both

susceptibility and risk maps of land subsidence. To achieve

this goal, all the factors which affect land subsidence (such

as the tectonic, the geological and the hydrogeological

ones) have been investigated and evaluated. The individ-

ually generated data were entered into an ARCGIS data-

base; then, via spatial analysis, the respective maps have

been constructed.

The land subsidence susceptibility and risk maps can be

used by decision-making authorities for the assessment of

the mining risk and the management and mitigation of the

environmental impacts. Furthermore, they can be used by

planners and engineers for future urban safety development

reasons. Besides the importance of these maps to the local

authorities, the applied methodology can be a guideline for

further similar studies.

Geological, geotechnical and hydrogeological
setting of the study area

The Amyntaio basin is a part of the Pelagonian geotectonic

zone of Greece and it is comprised of a crystalline-schist

bedrock on which Neogene and Quaternary deposits have

been deposited. The lithostratigraphic formulations of the

study area can be divided into three main categories

(Fig. 2):

The Quaternary deposits

Their role has been of great importance in the manifesta-

tion of the land subsidence phenomena as the entire
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unconfined aquifer is developed exclusively within the

Quaternary formation. So, these formations may be affec-

ted by the elevation drop of the aquifer. They are divided

into:

The Recent deposits: They include the eluvial and the

recent alluvial mantle, the clastic lacustrine deposits, and

the old scree, talus cones. Furthermore, the Holocene

travertines, the recent lacustrine, and the peat deposits are

included in this category. These formations occupy most of

the Amyntaio basin surface, even though they do not

extend to great depth. According to the geotechnical data

of these formations, it is clear that the lacustrine sandy silty

clay as well as the peat deposits present high compression

index values, with the average price reaching 0.187 and

1.707, respectively. They also contain large quantities of

organics. Taking into account the fact that they both appear

near to the surface, and therefore, they are not affected by a

level drop of the aquifer, they can only be affected by

oxidation.

The Anargiroi Formation: Middle-Pleistocene, fluvial-

torrential sediments, consisting mainly of yellow–red silty-

clayey sands with clay intercalations (I.G.M.E 1997). This

formation presents low compression index with the average

price reaching the 0.083 for silty-clayey sand and the 0.133

for clay intercalations and high strength values. The fact

that it is developed near to the surface and therefore is not

affected by the drawdown of the aquifer in conjunction

with their mechanical characteristics leads to the conclu-

sion that it does not play an active role in the emergence of

land subsidence phenomena.

The Perdika’s Formation: Lower–Middle-Pleistocene

river–lacustrine sediments, consisting of alternating layers

of clayey sand, sandy clay, and sand with conglomerates

(I.G.M.E 1997). In the upper stratum, they contain many

organic materials forming organic silty-clay intercalation.

According to the geotechnical data, this formation presents

high compressibility index (Cc) values with the average

price reaching the 0.27 for the sandy silty clay and 0.99 for

the organic silty clay. Thus, the Perdika’s formation due to

its structure and physicomechanical characteristics is sus-

ceptible to land subsidence in areas where water-level

drawdown has been observed.

The Proastio Formation: Villafranchian age (I.G.M.E

1997) fluvial-torrential deposits, consisting mainly of

alternating layers of silty-clayey sands and sandy gravels

with red clays (Koukouzas et al. 1979). Sandy silty-clay

Fig. 1 Study area delimited by the red outline
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horizons dominate at the deeper horizons. It presents a low

compression index with the average value reaching the

0.16 for the sandy silty clay. Therefore, due to its

mechanical characteristics, this formation is not susceptible

to consolidation phenomena when the aquifer drawdown

and effective stresses increase.

Neogene formation

The Neogene formation can be distinguished in two series,

the Lignite-bearing Ptolemaida Formation which is the

upper one and the Lignite-bearing Komnina Formation

which is the lower one.

The Lignite-bearing Ptolemaida (upper series): Lacus-

trine-marshy deposits of the Pliocene age (I.G.M.E 1997),

which consist mainly of alternating grey to grey–green silty

clays and clayey sands (I.G.M.E 1997).

The Lignite-bearing Komnina Formation (lower ser-

ies): Lacustrine-fluvial deposits of Upper Miocene–

Lower Pliocene, which consist mainly of silty clays and

sandy layers with intercalations of sandstones (I.G.M.E

1997).

Fig. 2 Geological map of the Amyntaio basin
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Both formations are impermeable, and thus, they define

the area affected by the overexploitation of the aquifer.

Hence, due to their structure and their mechanical char-

acteristics they preclude their rapid solidification even if

the effective stresses increase.

Alpine–pre-alpine formations

The Alpine and pre-Alpine formations are divided into the

upper Palaeozoic metamorphic rocks, consisting of schists,

crystalline schists gneiss, and quartzes and the Middle

Triassic–Lower Jurassic carbonate cover consisting of

marbles, crystalline limestones and tectonic breccias

(Mountrakis 1985; Spyropoulos 1992).

The neotectonic activity of the wider study area is con-

trolled by the ongoing Middle–Upper Miocene extensional

strain field, which affects the northern part of the Greek

territory (Mountrakis et al. 1998, 2006; Pavlides 1985;

Pavlides and Simeakis 1988). According to the direction of

the faults, identified in the Amyntaio basin, they can be

distinguished into two groups: The older ones with NW–SE

to NNW–SSE direction (Koukouzas et al. 1979; Koukouzas

et al. 1983; Vetoulis 1951) affecting the Alpine–pre-Alpine

formations (Pavlides 1985; Pavlides and Mountrakis

1985, 1987). The newer ones, with NE–SW to ENE–WSW

direction, developed during the Pleistocene. The last ones

formed the Ptolemaida–Amyntaio basin (Atzemoglou et al.

2003; Doutsos and Kokkalas 2001; Doutsos and Koukou-

velas 1998; Koukouzas et al. 2000; Pavlides 1985). These

faults intersect the Quaternary formations. Thus, they do

play an active role in the occurrence of surface ruptures.

As presented in the geological map of Fig. 2, the study

area is delimited by three main tectonic lines. The typical

normal fault of Vegoritida (Fveg) with NNE–SSW direc-

tion along with the Anargiroi fault (Fang) borders the

eastern end of the Amyntaio sub-basin. The Petron-Xino

Nero-Aetos fault (Fpxa) with NE–SW direction borders the

northwest side of the study area. It is important to notice

that the Perdikas formation, which is susceptible to land

subsidence, does not extend to the SE side of the Anargiroi

fault (Koukouzas et al. 1981).

At this point, it should be noted that the faults presented

on the geological map of Fig. 2 were verified by evaluating

numerous studies (Ganas et al. 2015; I.G.M.E 1997; Pav-

lides 1985; Tsourlos 2015; Tsourlos et al. 2007) along with

new field observation data.

The aquifer of Amyntaio basin is formed in the Quater-

nary deposits, reaching down to maximum depths of 120 m

(Stamos and Giannoulopoulos 2010). The aquifer recharges

by both karstic water inflow of the carbonate formations of

the boundaries and by the filtration of surface water.

In 1989, the mining activities of the Amyntaio open-pit

coal mine started and numerous wells, to protect the slopes

of the mine, were drilled. Although the majority of the

over-pumped water was spouted to the surrounding irri-

gation canals, the aquifer was not recharged. This situation

along with the overexploitation of the aquifer by the

increasing number of farmers’ irrigation wells changed

radically the hydrogeological status of this area (Loupa-

sakis et al. 2014).

The groundwater-level drop can be easily evaluated by

designing the equal-drawdown contour lines between May

1992 and May 2015. The May 1992 piezometric data,

referring to the hydrogeological conditions before the

beginning of the mining activities, were provided by

Dimitrakopoulos (2001). According to the distribution of

the equal-drawdown contour lines (Fig. 3), an extensive

depression cone was formed around the open pit. Further-

more, the isolated depression cones, away from the mine,

indicate the contribution of the irrigation wells to the

overexploitation of the aquifers (Tzampoglou and Loupa-

sakis 2016).

Methodology

In the research area, the causal factors affecting the land

subsidence phenomena can be separated into two cate-

gories: the preparatory and the triggering causal factors. As

preparatory causal factors, the geotechnical, the geological,

and the tectonic settings of the study area can be consid-

ered. On the contrary, the only triggering factor has been

the man-made overexploitation of the aquifers, both for the

protection of the mine and for the irrigation of the farm-

lands. Due to the fact that land subsidence phenomena are

driven by the consolidation mechanism and they are not

affected by the stability of the open-pit slopes, the geom-

etry of the excavation was not considered directly. Of

course, the geometry of the excavation (perimeter) was

indirectly introduced to the dataset by means of the

isopiezometric lines as it diachronically affects their dis-

tribution around the mine (Fig. 3).

Taking into account the above factors, all necessary

datasets have been collected. Besides the extensive litera-

ture review, several field campaigns were conducted aim-

ing to collect data regarding the geological structure of the

study area, to measure the seasonal groundwater-level

variations, and to collect samples (56 in number) for the

conduction of all necessary geotechnical laboratory tests.

Generally, the data retrieved by the literature or obtained

by the authors for the production of the susceptibility and

the risk maps are:

1. The geological map of the study area. This map

(Fig. 2) was produced by combining the field survey

data with the geological map of the Institute of
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Geology and Mineral Exploitation (IGME) of Greece

(I.G.M.E 1997).

2. A detailed database with georeferenced geotechnical

data, containing all the data derived from the literature

review (Dimaras and Georgiadhs 2002; Doukissa

2010; Geoerevnitiki 1980; Loupasakis 2010) and the

laboratory tests conducted during the current study.

3. The thematic geotechnical map of the Amyntaio basin,

as produced by combining all above-mentioned

geotechnical data with the geological maps and the

field survey data.

4. A detailed surface ruptures inventory map composed

by combining data from all the field campaigns.

5. The thematic hydrogeological maps presenting the

isopiezometric contour lines at various dates, as

produced by combining all available literature data

(Dimitrakopoulos 2001; Loupasakis 2006, 2010; Lou-

pasakis et al. 2014) with the field survey data. These

data layers were further used for the production of

equal-drawdown hydrogeological maps like the one

presented in Fig. 3.

6. The Corine Land Cover map of 2012 (Corine Land

Cover 2012) for the land-use cover of the study area.

All above-described data have been introduced in the

form of the thematic maps in ArcGIS. Afterwards, the land

subsidence susceptibility and the risk maps were produced

Fig. 3 Equal-drawdown contour lines between May 1992 (Dimitrakopoulos 2001) and May 2015
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by applying the Weighted Linear Combination (WLC)

method (Ayalew and Yamagishi 2005).

Layer preparation

Based on the knowledge of the experts and in accor-

dance with the requirement of the WLC method (Ayalew

and Yamagishi 2005), all the above-described thematic

layers were weighted and their classes were rated

(Table 1). Then, the ArcGIS spatial analyst tool, pro-

viding useful applications for spatial modelling of risk

assessment, has been used (Arnous et al. 2011). More

specifically, GIS techniques including distance buffering,

shapefile to raster conversion, reclassification, and raster

calculations have been used. Finally, all the thematic

maps have been digitized and converted to raster mode

(10 9 10 m).

In order to produce the land subsidence susceptibility

map, the following thematic layers have been used as

follows:

Geotechnical setting thematic layer

Land subsidence due to the over-pumping of the aquifer is

closely connected with the compressibility of the forma-

tions occupying the study area. Therefore, it was necessary

to identify the compressibility index Cc of each soil for-

mation. For that reason, 48 oedometer tests have been

conducted, following ASTM standards, in order to enrich

the mechanical parameters database composed by the lit-

erature data (Dimaras and Georgiadhs 2002; Doukissa

2010; Geoerevnitiki 1980; Loupasakis 2010). It is worth

emphasizing that these tests cannot be carried out in coarse

grain layers. Of course, in geological formations consisting

of alternating clayey, and sandy or coarse grain layers, the

compressible clay layers determine the behaviour of the

entire formation in regard to the land subsidence mecha-

nism. The above-described database of geotechnical data

had to be introduced as a thematic layer to the spatial

modelling procedure. As all these data refer to particular

points (the locations of the drills and the depth of the

Table 1 Weights and class

rates in land subsidence

susceptibility based on ‘experts’

opinion

Thematic layers Classes Weight (Wj) Rate (Rij)

Geotechnical setting Anthropogenic deposits 10 7

Recent alluvial deposits 7

Recent lacustrine deposits, peat land 10

Eluvial mantle 7

Recent talus cones and scree 5

Peat 10

Travertine 1

Old scree, talus cones 5

Clastic lacustrine deposits 10

Anargiroi formation 6

Perdikas formation 9

Proastio formation 6

Lignite-bearing Ptolemaida formation 1

Lignite-bearing Komnina formation 1

Tectonic structures–faults Basin boundary faults (buffer) 9

400 m 10

In-plain faults (buffer)

200 9

400 7

600 5

Groundwater-level drop 71–90 10 10

51–70 9

31–50 8

11–30 7

0–10 6

Thickness of ‘Perdikas’ formation Higher thickness 8 10

Medium thickness 8

Lower thickness 6
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samples), they had to be processed in order to obtain the

mean values of the geotechnical parameters of each for-

mation. So, the geotechnical data were statistically pro-

cessed and the mean values of the geotechnical parameters

were assigned according to the polygons representing the

geological formations.

Finally, the formations were grouped together according

to their mean compressibility index Cc values and the new

simplified ‘‘geotechnical’’ map was rated (Table 1) and

introduced to the model. The final geotechnical behaviour

map is presented in Fig. 4a. The lacustrine and the peat

deposits along with the Perdika’s formation are presented

with the higher rates as, due to their high compression

index values, are the main formations related to the land

subsidence phenomena.

Perdika’s formation thickness thematic layer

As it was mentioned above, the Perdika’s formation,

because of its mechanical properties, is susceptible to the

manifestation of land subsidence in case of groundwater-

level drop. The above-presented geotechnical setting the-

matic layer considers the surface coverage of the forma-

tion, but it cannot consider its thickness. Also, it does not

consider its existence in areas that it is covered by alluvial

deposits. So, the fact that this formation underlays the

recent deposits and occupies a large part of the basin has to

be introduced in a data layer. Also, it was necessary to

construct a thematic layer with the variation of its

thickness.

Fig. 4 a The geotechnical setting thematic layer classifying the

formations according to their compressibility index, from the lower

(1) to the higher (10) values. b The Perdikas formation thickness

thematic layer dividing the basin in segments with minimum (0) to

maximum (10) thickness values. c The tectonic structure thematic

layer indicating the areas presenting the maximum differential

deformation potential (values 10 and 9) due to their vicinity with

the fault lines, and d the groundwater-level drop thematic layer

dividing the plane to zones regarding the reduction in the piezometric

surface from the maximum (10) to the minimum (1) values. The

correlation between the rating values and the thematic layers’ classes

is clearly presented in Table 1
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For that purpose, literature data including geophysical

survey data and drill profiles of the study area were eval-

uated. Furthermore, data from the field survey along the

slopes of the mine, reaching down to depths of 200 m, as

well as tectonic data were also introduced to the data set.

According this overall evaluation, a Perdika’s formation

thickness data layer was designed dividing the basin into

four classes (Fig. 4b). The higher rates were assigned to the

section covering the centre of the basin where the thickness

of the formation reaches the maximum depth.

Tectonic structure thematic layer

The tectonic structure of the study area is of great impor-

tance in the occurrence of surface ruptures, which cause

significant damage to buildings and infrastructure. This

thematic layer is based on the geotectonic map included at

the map of Fig. 2. For the purposes of this research, the

faults were divided into two main categories: The in-plain

faults and the basin boundary faults. The in-plain faults

cross the plain intersecting formations with identical

mechanical properties, and the boundary faults are located

at the boundaries separating the Alpine–pre-Alpine for-

mation and the Quaternary deposits.

The tectonic structure thematic layer introduced buffer

zones around the faults, considering the width of the zone

affected by the differential displacements along the faults

and in accordance with the field survey data. So, at the

basin boundary faults a buffer zone at a distance of 400 m

was set. For the in-plain faults, multi-buffer zones at dis-

tances of 200, 400 and 600 m were set (Fig. 4c).

Groundwater-level drop thematic layer

The level drop of the aquifer is the main causal factor,

which triggers the land subsidence in the Amyntaio basin.

The specific thematic map was designed based on the

equal-drawdown contour lines hydrogeological map

between May 1992 and May 2015, as presented in Fig. 3.

According to the values of the groundwater-level draw-

down, this layer was distinguished in 6 classes (Fig. 4d).

Susceptibility map in land subsidence

As above mentioned in order to design the susceptibility

map, the semi-quantitative method of WLC was applied

(Ayalew and Yamagishi 2005). According to this method

for each raster cell of the map, a ‘‘Land Subsidence

Susceptibility index (LSSI)’’ can result from the sum of

the thematic layers rate multiplied by the appropriate

weights (Kouli et al. 2010; Voogd 1983), according to the

equation:

LSSI ¼
Xn

j¼1

Wj � Rij ð1Þ

Wj The weight of each thematic layer, j, Rij The class rates

i of each thematic layer j.

After the computing calculations, the susceptibility map

of Fig. 5 was illustrated (). The results have been sum-

marized following the geometrical interval method into

five classes with very low, low, moderate, high and very

high susceptibility. Evaluating the susceptibility map, some

initial conclusions about the degree of influence of certain

factors can be reached. First of all, a very high suscepti-

bility in areas around the mine has been observed. This

susceptibility decreases moving away from the open pit.

This spatial distribution follows the thematic layer of the

groundwater-level drop (Fig. 4d). Furthermore, in areas

affected by faults, an increase in the total susceptibility

index is evident. The effect on the thickness of the for-

mation caused by the offset of the faults is the main reason

of this phenomenon. It is worth noting that the areas within

the limits of the basin, near the basin boundary faults, have

been marked as high susceptibility ones. This is due to the

difference in stiffness between the pre-Alpine rock or the

Neogene soft rock formations and the Quaternary sedi-

ments which allow the manifestation of surface ruptures,

even when low differential displacements occurred.

Validation of susceptibility maps

In order to validate the susceptibility map, the detailed

surface ruptures inventory map (Fig. 6) was used. The

numerous field campaigns indicated that the surface rup-

tures mainly spread between the Anargiroi and Valtonera

settlements. The surface ruptures direction is parallel to the

tectonic lines developed during Pleistocene with a NE–SW

direction. The larger differential deformations occur in the

sections of the surface ruptures located near the open pit,

with offset values reaching up to 0.5–1.0 m. The settle-

ments mainly affected by the surface ruptures are Anar-

giroi, Valtonera, and Fanos, where extensive damages to

buildings and infrastructure have been recorded.

The land subsidence susceptibility map is clearly veri-

fied by the inventory map, recording 15.545 m of surface

ruptures (Fig. 6). As presented in Fig. 7, illustrating both

the susceptibility and the inventory maps, all the recorded

surface ruptures are located into the very high to high LSSI

areas. Particularly, 75% of the ruptures were found in areas

characterized with very high and 25% in areas character-

ized with high susceptibility index. Moreover, the settle-

ments affected by the phenomena are also included inside

the very high to high susceptibility areas.

Environ Earth Sci (2017) 76:542 Page 9 of 16 542

123



Land subsidence risk map

Land subsidence phenomena caused by the overexploita-

tion of the aquifers are ‘‘quiet’’ catastrophic events, as they

can be taking place for several years without being noticed,

especially at the beginning. Due to the relatively slow

deformation rates, they cannot be considered directly as

life-threatening events. On the other hand, they can cause

extremely severe financial damage as they can affect set-

tlements, infrastructure, networks, and farm lands in areas

extending hundreds of square kilometres. To this extent,

human life can be threatened when damages to infras-

tructure or buildings lead gradually to failures.

In order to produce the land subsidence riskmap, two new

thematic layers considering the elements at risk were intro-

duced to the model. These thematic layers refer to the land

use and the road network (Fig. 8). The class rating and

weighting of the exposure factors were based on the conse-

quences caused by the land subsidence phenomena mainly

on economic loss (Table 2). Generally, the higher rates were

given by the experts in residential areas and in regions with

particular economic interest in order to determine the impact

of the land subsidence. The elements in land subsidence risk

(LSR) are calculated by the equation:

LSR ¼ LSSI � Exposure ð2Þ

where

Exposure ¼
Xn

j¼1

W
0
j �R0

ij ð3Þ

W 0
j : The weight of each thematic layer, j, referring to the

element at risk R0
ij: The class rates i of each thematic layer

j referring to the element at risk.

Evaluating the produced risk map (Fig. 9), it appears that

all the settlements around the open pit and over major tec-

tonic lines could be affected by land subsidence as they are

located in a high- or very-high-risk area. Therefore, the urban

planning in these areas should be done very carefully. Fur-

thermore, a great part of the Amyntaio plain, which is

characterized as high- or very-high-risk area, is mainly used

for agricultural purposes. This reflects the economic conse-

quences caused by the destruction of drills, farmhouses, and

generally infrastructure. Regarding the road network, the

financial impact is significant as, due to the differential

deformations, continuing improvement works are required.

Discussion and conclusion

In the Amyntaio basin, the areas susceptible to the mani-

festation of land subsidence should meet certain conditions.

These include the presence of formations with high com-

pressibility index rates (such as the Perdikas formation)

Fig. 5 Land Subsidence Susceptibility Index (LSSI) map at the Amyntaio basin
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and the intensive groundwater-level drop. Furthermore, in

places where tectonic structures intersect the sediments,

causing intensive offset of the compressible sediments’

thicknesses, the differential displacements can trigger

extensive surface ruptures.

The produced susceptibility map, which takes into

account all the preparatory and triggering causal factors,

seems to be in high correlation with the field observation.

Particularly, at the villages of Anargiroi, Fanos, and Val-

tonera where the three above-mentioned conditions do

Fig. 6 Distribution of the surface ruptures at the Amyntaio basin. a Surface ruptures recorded at the Anargiroi village, b at the Valtonera village

and, c at the Fanos village
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occur, the susceptibility map fits perfectly with the inven-

tory map recording the surface ruptures (Fig. 6). For

instance, in the settlement of Anargiroi the groundwater

drawdown decreases when moving away from the mine

(towards the SW) resulting in the reduction in the surface

ruptures. This observation fits perfectly with the

Fig. 7 Susceptibility map in land subsidence along with the recorded surfaces ruptures. a Anargiroi village. b Valtonera village and. c Fanos

village

Fig. 8 a Land-use thematic layer rated according to the impact of the

land subsidence. The residential areas were rated with the higher

score (10). b The road network thematic layer, the primary network

was rated with higher scores than the secondary network. The

correlation between the rating values and the data layers’ classes is

clearly presented in Table 2
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susceptibility map in which the classification decreases

from very high to high and finally to moderate with respect

to the distance from the open pit.

In other settlements where no surface ruptures have been

recorded, it is not precluded that land subsidence has

occurred. There is a strong possibility that land subsidence

occurs, but due to the absence of tectonic structures, no

differential displacements and as a result no surface rup-

tures occur. For this reason, some further investigation

using surface levelling or remote sensing techniques should

be conducted in the settlements of Pedino and Sotiras,

where both the Perdikas formation and the depression cone

of the aquifer extend. Furthermore, some additional

investigation should be conducted at the Xino Nero set-

tlement which, according to the produced map, is highly

susceptible to land subsidence. This settlement is founded

along the geological boundary of the scree materials with

the Quaternary deposits and is intersected by the active

fault of Petron-Xino Nero-Aetos (fpxa), but due to the

small groundwater-level drop differential displacements

have not yet been recorded. Concerning Aetos settlement,

despite the fact that it is developed over the Perdika’s

formation and is affected by the basin boundary fault, it is

out of the depression cone, and therefore, differential dis-

placements, as expected, were not recorded. This is also in

agreement with the susceptibility map.

So, it is clear that the verification by the field data has

confirmed the accuracy of the very-high- and high-risk

areas and generally the overall accuracy of the suscepti-

bility map. Respectively, the land subsidence risk map

supported by the susceptibility map provides accurate

information about the areas exposed to risks, supporting

their mitigation.

In conclusion, the proposed methodology for the con-

struction of the land subsidence susceptibility and risk

maps was proved to be accurate. The WLC method,

Fig. 9 Land subsidence risk (LSR) map at the Amyntaio basin

Table 2 Weights and class

rates referring to the elements at

risk based on experts’ opinion

Data layers Classes Weight (W 0
j ) Rate (R0

ij)

Land use Urban areas, industrial zones, archaeological sites 10 10

Croplands, vineyards and land with fruit trees 6

Grasslands, forests, mining areas, lakes 2

Road network Primary road network 6 7

Secondary road network 4
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although depending on the knowledge of experts, in cases

where the quality of the available data is high and the

expert provides the right class rating and weighting of the

thematic layer, the results can be rewarding.
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Pavlides S, Mountrakis D (1987) Extensional tectonics of northwest-

ern Macedonia Greece, since the late Miocene. J Struct Geol

9:385–392

Pavlides S, Simeakis K (1988) Neotectonics and active tectonics in

low seismicity areas of Greece: vegoritis (NW Macedonia) and

Melos is l Complex-Comparison. Ann Geol des Pays Hellen

33:176–191

Pradhan B, Abokharima MH, Jebur MN, Tehrany MS (2014) Land

subsidence susceptibility mapping at Kinta Valley (Malaysia)

using the evidential belief function model in GIS. Nat Hazards

73:1019–1042

Psimoulis P, Ghilardi M, Fouache E, Stiros S (2007) Subsidence and

evolution of the Thessaloniki plain, Greece, based on historical

leveling and GPS data. Eng Geol 90:55–70

Raspini F, Loupasakis C, Rozos D, Adam N, Moretti S (2014) Ground

subsidence phenomena in the Delta municipality region (North-

ern Greece): geotechnical modeling and validation with Persis-

tent Scatterer Interferometry. Int J Appl Earth Obs Geoinf

28:78–89

Raspini F, Bianchini S, Moretti S, Loupasakis C, Rozos D, Duro J,

Garcia M (2016) Advanced interpretation of interferometric

SAR data to detect, monitor and model ground subsidence:

outcomes from the ESA-GMES Terrafirma project. Nat Hazards

83:155–181

Rothenburg L, Obah A, El Baruni S (1995) Horizontal ground

movements due to water abstraction and formation of earth

Environ Earth Sci (2017) 76:542 Page 15 of 16 542

123

http://dx.doi.org/10.1029/2008GL033814
http://dx.doi.org/10.1029/2008WR007398
http://dx.doi.org/10.1029/2008WR007398


fissures. In: Proceedings of the Fifth International Symposium on

Land Subsidence. International Association of Hydrological

Sciences 234:239–249

Rozos D, Apostolidis E, Christaras B (2000) Engineering–geological

map of Thessaloniki wider area. In: Proceedings of National

Meeting on Protection of Thessaloniki from Natural Hazards,

Thessaloniki, pp 46–53

Rozos D, Apostolidis E, Xatzinakos I (2004) Engineering-geological

map of the wider Thessaloniki area Greece. Bull Eng Geol

Environ 63:103–108

Rozos D, Sideri D, Loupasakis C, Apostolidis E (2010) Land

subsidence due to excessive ground water withdrawal. A case

study from Stavros-Farsala site, West Thessaly, Greece. In: 12th

International Congress of the Geological Society of Greece. Bull

Geol Soc Greece 43(4):1850–1857

Salvi S, Ganas A, Stramondo S, Atzori S, Tolomei C, Pepe A, Manzo

M, Casu F, Berardino P, Lanari R (2004) Monitoring long-term

ground deformation by SAR Interferometry: examples from the

Abruzzi, Central Italy, and Thessaly, Greece. In: 5th Interna-

tional Symposium on Eastern Mediterranean Geology. Thessa-

loniki, Greece, pp T7–T17

Soulios G, Tsapanos T, Voudouris K, Kaklis T, Mattas C, Sotiriadis

M (2011) Ruptures on surface and buildings due to land

subsidence in Anargyri village (Florina Prefecture, Macedonia).

Advances in the Research of Aquatic Environment. Springer,

Berlin, pp 505–512

Spyropoulos N (1992) The geological structure of Pelagonian zone in

the Mount of Askio D. Macedonia. PhD Dissertation, Aristotle

University of Thessaloniki

Stamos A, Giannoulopoulos P (2010) Hydrogeological report,

Geotechnical work to the Anargiri village, Aetos Municipality,

Florina Prefecture, Greece. Unpublished report I.G.M.E., Athens

Sun H, Grandstaff D, Shagam R (1999) Land subsidence due to

groundwater withdrawal: potential damage of subsidence and sea

level rise in southern New Jersey, USA. Environ Geol

37:290–296

Svigkas N, Papoutsis I, Loupasakis C, Tsangaratos P, Kiratzi A,

Kontoes C (2016) Land subsidence rebound detected via multi-

temporal InSAR and ground truth data in Kalochori and Sindos

regions, Northern Greece. Eng Geol 209:175–186

Teatini P, Ferronato M, Gambolati G, Bertoni W, Gonella M (2005)

A century of land subsidence in Ravenna, Italy. Environ Geol

47:831–846

Tsourlos P (2015) Research for the appearance of surface cracks in

the Valtonera village, Amyntaio Municipality, Florina Region.

School of Geology of the Aristotle University of Thessaloniki

Aristotelian University of Thessaloniki, Thessaloniki

Tsourlos P, Papazaxos C, Bargmeziw G, Koutalou B (2007)

Investigation and suggestions for the problem created t the

fault which as appeared in municipalities of Fanos and Ksino

Nero. School of Geology of the Aristotelian University of

Thessaloniki, Thessaloniki

Tzampoglou P, Loupasakis K (2016) New data regarding the ground

water level changes at the Amyntaio basin-Florina Prefecture,

Greece. In: Proceedings of the 14th International Congress of the

Geological Society of Greece, Thessaloniki, Bulletin of the

Geological Society of Greece, vol. No 2, pp 1006–1015

Vassilopoulou S, Sakkas V, Wegmuller U, Capes R (2013) Long term

and seasonal ground deformation monitoring of Larissa Plain

(Central Greece) by persistent scattering interferometry. Cent

Eur J Geosci 5:61–76. doi:10.2478/s13533-012-0115-x

Vetoulis D (1951) Lignite basin of Amyntaio-Vegora vol 14.

Geological IGEF recognition

Voogd H (1983) Multi-Criteria Evaluations for Urban and Regional

Planning. Princeton University, London

Wilson AM, Gorelick S (1996) The effects of pulsed pumping on land

subsidence in the Santa Clara Valley. Calif J hydrol

174:375–396

Xue Y-Q, Zhang Y, Ye S-J, Wu J-C, Li Q-F (2005) Land subsidence

in China. Environ Geol 48:713–720

Yan Y, Doin M-P, Lopez-Quiroz P, Tupin F, Fruneau B, Pinel V,
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