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Abstract

We combine almost 10 years of continuous GNSS observations at four permanent sta-
tions with groundwater and rainfall data to investigate subsidence patterns in the region of
Thessaly, central Greece. Thessaly is a key area for studying anthropogenic versus tectonic
subsidence in Greece because it is (a) characterized by overexploitation of groundwater
reservoirs since the 1980s and (b) has a Twentieth-century history of shallow, normal-slip
earthquakes with M>6. We infer that anthropogenic subsidence continues at southeast
Thessaly (Karla reservoir region) up to autumn of 2017 because the vertical time-series
data of station STEF (Stefanovikio) reach a cumulative value of 55 cm and show a “ramp-
flat” pattern that correlates with neighboring borehole data. The geodetic data from other
three examined regions (city of Larissa, city of Karditsa and Klokotos) indicate ground
stability. The GNSS stations in Karditsa (KRDI) and Larissa (LARM) show correlation
with groundwater-level fluctuations but no subsidence. Station KLOK (Klokotos) shows a
small subsiding trend (—0.38 mm/yr) with no correlation to either groundwater levels or to
rainfall patterns; therefore, its seasonal periodicity may reflect geodynamic (plate) motions.
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1 Introduction

The region of Thessaly, in Central Greece (Fig. 1), is well known for its land subsidence
phenomena since the 1980s (Zouros et al. 1994; Soulios 1997; Rapti-Caputo and Caputo
2004; Kontogianni et al. 2007; Apostolidis and Koukis 2013; Ilia et al. 2018). During the
last five decades, this region of Greece exhibits an intensive development, mainly based
on mechanized agriculture and changes in crop patterns. Because of the large need for
irrigation several thousand boreholes have been drilled. However, the overexploitation of
the ground water has triggered the manifestation of land subsidence phenomena. These
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Fig. 1 Elevation map of Thessaly (see inset box for its location within Greece) showing locations of GNSS
stations (red rhombs), boreholes (cyan circles) and active faults (black lines; Ganas et al. 2013a, b). Black
squares represent important towns mentioned in text. Drainage is shown in blue. The orange polygons indi-
cate the boundaries of the hydrological basin (and sub-basins) of Thessaly. Yellow triangles indicate the
sites of meteorological stations used in this study, 1: Trikala, 2: Karditsa, 3: Klokotos, 4: Larisa, 5: Volos

phenomena have been studied during the last 20 years by many researchers, who have sup-
plied an extensive set of geological, geotechnical and geodetic data (especially InSAR tech-
niques; Salvi et al. 2004; Atzori et al. 2005; Ganas et al. 2006; Parcharidis et al. 2011;
Vassilopoulou et al. 2013; Modis and Sideri 2015; Ilia et al. 2016, 2018; Foumelis et al.
2016). Land subsidence in the Thessaly Plain in central Greece was first documented using
ERS (C-band) images acquired between 1992 and 2002 (e.g., Salvi et al. 2004; Ganas et al.
2006; Ilia et al. 2016). The consensus from previous studies was that subsidence is driven
by local anthropogenic activity, such as (a) due to the compaction of unconsolidated sedi-
ments that results from exploitation of groundwater and (b) due to urbanization. It is there-
fore important to monitor the ongoing subsidence and its spatiotemporal characteristics
because it allows the development of mitigation strategies that could minimize the risk of
damage to both surface structures and infrastructures.

Until the mid-Twentieth century the Thessaly plains were covered by swamps, small
lakes and river floodplains. Following the construction of extensive water discharge chan-
nels, Lake Karla in SE Thessaly (Fig. 1) was drained at 1962, and this area (~ 180 km?)
was progressively given to agriculture (in the 1960s). Since the 1980s the rapid economic
development led to an increasing need for water, provided by productive boreholes. Fur-
thermore, overexploitation of the aquifers of the Pinios basin (see Fig. 1) was enhanced
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by water over-pumping conducted by the water supply organizations of the urban centers
of Thessaly to meet the increasing needs, since these were the main providers of drinking
water. The effects of subsidence in eastern Thessaly were first noticed in the late 1980s in
the form of large ground cracks affecting crops and built areas. Since then, the morphologi-
cal and environmental setting of the region has changed, leading to a government decision
to restore the former Karla lake by building an artificial reservoir toward the restoration of
water balance and the reversal of environmental degradation (Loukas et al. 2007; Sidiro-
poulos et al. 2013). In particular, comparison of maps and aerial photographs covering a
period of up to 40 years and of more recent geodetic data revealed that in this area a cumu-
lative subsidence of several meters had occurred between 1970 and 2010 (Soulios 1997,
Kontogianni et al. 2007). Subsidence has been correlated with strata lithology, formation,
and structure (Kontogianni et al. 2007; Ilia et al. 2018). For example, dewatering of loose
soil layers in which the water provides structural support produces surface subsidence with
the following sequence of processes: Groundwater is extracted from a shallow aquifer;
groundwater levels decline which reduces structural support, causing volumetric contrac-
tion of (primarily) fine-grained sediment resulting in land subsidence. Consequently, the
depth of groundwater exploitation and its variations with time control the magnitude of
land subsidence (e.g., Rapti-Caputo and Caputo 2004; Stamatopoulos et al. 2018). Agricul-
tural activity that relies significantly on irrigation (e.g., cotton) contributes to the ground-
water depletion in aquifer systems of fine-grained sediments. Water-level monitoring using
piezometers (e.g., Rapti-Caputo and Caputo 2004; Ilia et al. 2018; Seferli et al. 2019) and
InSAR (e.g., Foumelis et al. 2016 and references therein ; Ganas et al. 2004) have been
used to understand the spatiotemporal variations of groundwater depletion. Exploitation of
aquifers decreases the groundwater volume, causing land subsidence that can be detected
by GNSS (e.g., Zerbini et al. 2007; Ustun et al. 2010; Ganas et al. 2016; Serpelloni et al.
2018).

The purpose of this study is to point out the use of long time series of geodetic data
in monitoring ground motions in relation to both precipitation and groundwater data. We
show that the 2008-2018 geodetic data indicate the continuing manifestation of the land
subsidence in the SE Thessaly, while in the rest of the region ground motions are negli-
gible. We also highlight the anthropogenic phenomena as a geohazard that causes slow
ground deformations and as a threat for both the natural and urban environment.

2 Geology and tectonics

The geology of Thessaly consists of basement (pre-rift; mostly carbonate rocks and schists)
and sedimentary (syn-rift) rocks. The latter mainly comprise marls of Pliocene age and
terrestrial sands and gravels of Pleistocene age, with silt to silty clay intercalations. The
multiple alternations of permeable coarse-grained deposits (aquifers) with impermeable to
low-permeability strata (aquitards) create a number of successive semi-confined to con-
fined aquifers. There are highly compressible units, which may be responsible for subsid-
ence phenomena in both urban and agricultural areas.

In terms of tectonic setting Thessaly is located at the western end of the North Anato-
lian Fault Zone (NAFZ) in north Aegean Sea, where the right-lateral slip along this plate-
boundary structure ends and crustal extension prevails in mainland Greece (Hatzfeld et al.
1999; Kahle et al. 2000). The most prominent structural and geomorphic features strike
NW-SE, such as the coastal and interior mountain ranges, their bounding faults and the
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late Tertiary sedimentary basins (Caputo and Pavlides 1993). However, the Early Qua-
ternary-to-present tectonic regime has formed WNW-ESE and E-W high angle, normal
and oblique faults (Fig. 1; Mountrakis et al. 1993; Caputo and Pavlides 1993; Caputo et al.
1994; Pavlides et al. 2004). The recent activity of these structures is confirmed by the loca-
tion and focal mechanisms of small- and large-magnitude earthquakes around Thessaly
(Papazachos et al. 1983; Papastamatiou and Mouyaris 1986; Pavlides 1993; Hatzfeld et al.
1999; Pavlides et al. 2004; Ganas et al. 2014) and by paleoseismological data (e.g., Caputo
et al. 2004; Palyvos et al. 2010; Tsodoulos et al. 2016). The most seismically active part
is south Thessaly where four, large earthquakes occurred, in 1954 (M =7.0; Palyvos et al.
2010), in 1955 (M=6.2; Ambraseys and Jackson 1990), in 1957 (M =6.8; Papazachos
et al. 2016) and in 1980 (M =6.5; Papazachos et al. 1983; Drakos et al. 2001). An M =6.1
shallow event occurred near Larisa in 1941 causing extensive damage to villages along the
east margin of the plain (Ambraseys and Jackson 1990). There is a notable increase in crus-
tal strain intensity from North toward South, inside Thessaly (Chousianitis et al. 2013a,
2015), which correlates well with the increased seismicity rates in that area.

3 The use of GPS to study surface movements in Greece

The GPS/GNSS geodetic technique has been applied to investigate Earth surface move-
ments and to map tectonic strain patterns in Greece and surrounding regions (e.g., Clarke
et al. 1998; McClusky et al. 2000; Serpelloni et al. 2005; Ganas et al. 2008, 2013b, 2018a,
b; Chousianitis et al. 2013a, 2015; Marinou et al. 2015; Devoti et al. 2017). The Thessaly
area contains important active faults located on-shore; they are capable of rupturing with
events with 6 <M <7 (e.g., Caputo 1990; Caputo and Pavlides 1993; Drakos et al. 2001;
Mountrakis et al. 1993; Papazachos et al. 1993; Pavlides et al. 2004; Palyvos et al. 2010;
see Fig. 1), so tectonic deformation is expected, and therefore, GNSS is suited as observa-
tion technique. The advantage of GNSS is the comparable accuracy (mm level in post-pro-
cessing mode) that offers in comparison with costly geometric and trigonometric leveling
campaigns, while the GNSS data are immediately available via the Internet as most institu-
tions have adopted the open-data policy promoted by EU.

Historical GPS data (Clarke et al. 1998; McClusky et al. 2000; Nyst and Thatcher 2004)
indicate that Thessaly is undergoing extension in the general N-S direction with consider-
able variations (up to 45°) due to the sparse coverage of campaign stations. According to
the data of McClusky et al. (2000) the overall region is rapidly extending at a rate of about
10 mm/yr. Denser data from the Central Greece GPS Network (Clarke et al. 1998) show
in central Thessaly small-scale variations of the velocity field. Nyst and Thatcher (2004)
include central and south Thessaly in their “central Greece” block, with a general NW—SE
extension direction and its northern boundary to cross Thessaly from ESE to WNW. Using
continuous GPS data Chousianitis et al. (2013a, 2015) showed that tectonic strain in Thess-
aly is small (nearly 10-20% of what is accumulated across the major rift systems of Greece
further south (i.e., Corinth rift)), while the extensional strain axis is oriented N-S. Most
of these studies examine the strain originating from the two horizontal components of the
velocity field, as it was expected that horizontal motions were the most important.

In our study, the geodetic measurements from permanent GNSS stations integrated with
other geological and geophysical information, will be used to constrain patterns of surface
subsidence. Our first objective is to establish both the magnitude and direction of the verti-
cal component of the velocity. The geodetic data will be also compared to groundwater
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table measurements from 9 boreholes (Fig. 1), provided by the Institute of Geological and
Mineral Exploration (IGME), Athens. We also collected rainfall data from several mete-
orological stations in Thessaly in order to investigate any possible seasonal loading effects
(e.g., Argus et al. 2014).

4 GPS data and methods
4.1 Permanent stations and data quality

We processed GPS data (30-s sampling interval) from the following permanent networks:
NOA (Ganas et al. 2008, 2013b) and METRICA (commercial provider in Greece; http://
www.metricanet.gr/). The location of the stations is shown in Fig. 1, and field photographs
of geodetic antennas are included in Fig. 2. Station KLOK and STEF belong to the national
geodetic network of the Institute of Geodynamics—National Observatory of Athens

Fig.2 Field photographs showing geodetic antennas used in this study: Station KLOK (top left), Station
LARM (top right), Station KRDI (bottom left), Station STEF (bottom right)
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(NOANET; http://www.gein.noa.gr/services/GPS/noa_gps.html). Station KRDI belongs to
METRICANET, and station LARM is part of the Aristotle University of Thessaloniki and
EPN-EUREF networks. All stations are equipped with dual-frequency geodetic (GNSS)
receivers, while two stations (KLOK and LARM) are equipped with choke-ring antennas
(see Table 1 for details; Fig. 2). Data coverage per station varies from 5 to 10 years of
observations (Table 1).

After collecting all the necessary GPS data in RINEX format a preprocessing procedure
was applied to assure that the collected data have the best quality to proceed in estimat-
ing daily station static positions. First, we used the TEQC software (Estey and Meertens
1999) to extract multipath and other quality quantities. The generation of multipath effect
is being taking place when a signal received to antenna from multiple paths than from
direct one. Clearly it depends from the satellite geometry and mainly from the surrounding
environment. The received signal from other paths than from direct induces a delay to the
arrival because it gets longer to be received from the antenna and also introduces an error
to carrier phase and pseudorange measurements (Kaplan and Hegarty 2006). Sometimes
we observe negative values that occur when direct and reflected signal interfere and they
are out of phase. A multipath analysis for 30-s daily data from the four, dual-frequency sta-
tions in Thessaly (KLOK, KRDI, LARM and STEF) is presented in supplementary Figure
S1. All multipath levels are minimal and stable through time, at both GPS frequencies.

4.2 Processing of GPS data

The GPS data were processed with the GIPSY/OASIS II software (ver. 6.4) developed by
Jet Propulsion Laboratory (JPL; http://gipsy-oasis.jpl.nasa.gov; Bertiger et al. 2010). This
software is using a Precise Point Positioning strategy (PPP; Zumberge et al. 1997). The
main advantage of the PPP method is that it allows to easy diagnose receiver-specific prob-
lems, with root-mean-square (rms) value of postfit residuals; if those are excessively noisy
it may be indication of hardware failure, interfering radiofrequencies (RF), excessive mul-
tipath environment or other unusual phenomena. Another advantage of this method is that
is saves computational time since instead of analyzing tens of stations we need only the
specific station to produce results.

The geodetic data were 30 s RINEX v2.11 files from the four stations (KLOK, LARM,
STEF, KRDI). We used the orbit and clock files of highest precision (flinnR files from
JPL). We used zenith tropospheric estimation according to international guidelines and
experience (e.g., Hill and Blewitt 2006; a value of 5x10~® cm/s? random walk noise is
recommended); we used the tide model WahrKI (Wahr 1985) and we added an ocean
load tide model (OcnldCpn) which uses 11 tidal frequencies to infer other frequencies; we
added troposphere gradients, and our experience has shown that a recommended random
walk value for static positioning is 5x 107 cm/s?; we adopted the troposphere mapping
function GPT2 (Global Pressure and Temperature Mapping Function; Rézsa 2014) which
was shown to be better than the NIELL mapping function (Wang and Li 2016) and pro-
vides similar results as the VMF1 model (Vienna Mapping Function). We find the use of
GPT2 more appropriate because we analyze long-term recording GNSS stations (Steigen-
berger et al. 2009; so we keep the advantage not to maintain a tropospheric database for
this purpose); we calculated and generated receiver antenna calibration file for each station
separately from IGS ATX file (from http://www.igs.org/wg), and finally we defined a lower
elevation angle cutoff of 10° to minimize near-field multipath effect. The produced posi-
tion time series were analyzed by TSAnalyzer (Wu et al. 2017) with the use of least square
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estimation (see Supplementary Figure S2); we obtained the residuals (see Supplementary
Figure S3), and by the usage of interquartile range (IQR) which is a measure of statistical
dispersion, being equal to the difference between 75th and 25th percentiles (Upton and
Cook 1996), we removed any outlier so as to get “cleaner” data; then we applied least
square analysis to obtain the linear trend (see Table 2) and any harmonic components. The
noise removal was done by use of CATS software (Williams 2008). The vertical, de-noised
component of the position time series is shown in Fig. 3.

4.3 Geodeticresults

We estimated station velocities (north, east, up components) and their 1-c uncertainties
(Table 2). We show the station position time series (all components) as Supplementary fig-
ure S2 and the residuals of the time series as Supplementary figure S3. Our 10-yr solution
results for station KLOK compare well with the 5-yr solution result by Chousianitis et al.
(2013b) obtained by the GAMIT software. The difference between our results and previ-
ously published solutions is within 0.26 mm/yr on the horizontal components (E, N) and
0.68 mm/yr. on the vertical (Up). Both GIPSY and GAMIT up solutions indicate a down-
ward trend; however, the GIPSY result is considered more stable (—0.38 mm/yr=+0.02;
Table 2) because of the longer data span (10 years of data are presented in this paper).

At the vertical component of KLOK, LARM and KRDI we observe a periodical sea-
sonal signal (period less than one year) which is rigorously analyzed in discussion section.
The vertical component at KLOK, LARM and KRDI fluctuates with respect to a mean
value (near 0) plus or minus a few cm (2 cm for KLOK; + 1.5 cm for KRDI; and +2 cm
for LARM) (Fig. 3). The position residuals of these stations do not exceed 1 cm on the ver-
tical (Supplementary Fig. S3; except for STEF). Station STEF displays a different behav-
ior: The vertical component shows a continuous decrease in position (indicating subsid-
ence) reaching 55 cm during 5 years (2012-2017; lower panel in Fig. 3). The curve of the
vertical shows a “flat-ramp” behavior, that is “flat” positions are maintained during winter,
spring, autumn and a “ramp” during summer. The vertical position does not recover as in
the cases of the other three stations, but it shows a downward trend. The rapid subsidence
of STEF indicates that this station should not be used in tectonic strain studies.

5 Discussion
5.1 Geodetic data relation to groundwater levels

The GNSS analysis shows the presence of a subsidence mainly localized in the vicinity
of station STEF in Thessaly’s southeast area. In the large Larissa plain, due to continuing
strong farming practices, a rapid subsidence is observable over the Stefanovikio—Karla area
(Fig. 4). In all remaining areas (north Thessaly, west Thessaly) the periodic component of
the GNSS vertical signal probably reflects other processes such as global plate motions,
orogenic uplift processes (Chen et al. 2018), groundwater motions inside karst systems
(e.g., Serpelloni et al. 2018) or shallow water table fluctuations connected with pumping
for field irrigation. We elaborate on this more by presenting groundwater data and correla-
tion analysis below. Possible additional causes of the ground subsidence in alluvial plains
are: (1) the consolidation of near-surface sediments; (2) the oxidation of peat soils in the
vadose zone; (3) the subsurface instability of mud layers caused by the consolidation of
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relatively deep layers; (4) anthropogenic effects, such as compaction of surface sedimen-
tary strata, caused by groundwater pumping (e.g., (Rapti-Caputo and Caputo 2004; Konto-
gianni et al. 2007).

Thessaly plain is formed by two separate large alluvial aquifers (Fig. 4): the western
Thessaly plain aquifer that extends along Trikala and Karditsa plain, and the eastern Thes-
saly plain aquifer that covers the area of Larissa and Karla plains. These two large aquifer
systems have multiple confined aquifers developed in a thick sequence of Pliocene to Holo-
cene sediments that reach a thickness of up to 450 m. At the borders of the two alluvial
plains, a series of smaller karst aquifers are present in thick carbonate formations (e.g.,
Manakos et al. 2019) that contribute to groundwater inflow into the alluvial aquifers of
the plains. Although both large alluvial aquifer systems are part of the Pinios hydrological
basin (Fig. 1), groundwater connection is limited, if present at all (Manakos and Tsioumas
2010). GNSS stations LARM and STEF are positioned in the eastern Thessaly alluvial
aquifer (Fig. 4). KRDI station is positioned inside the western Thessaly alluvial aquifer.
KLOK station, while being inside the same alluvial plain, is founded on marble bedrock
that is part of the karst aquifer systems at the northeast border of western Thessaly alluvial
plain. Although the exact groundwater conditions are not known in detail, the local karst
aquifer below KLOK station is believed to be connected with the surrounding thick alluvial
aquifer (Manakos and Tsioumas 2010).

The variation of the mean piezometric level has been studied using several deep
water boreholes across the basin (Fig. 4) with available data for the period 2008-2018.
The ground water network has been measured regularly by the Institute for Geological
and Mineral Exploration (IGME). We selected two or three boreholes in the vicinity
of each GNSS station (Fig. 5), so we can explore the variability in groundwater levels
in relation to the time series of the vertical component of the position. The distances
between boreholes and GNSS stations are reported in Supplementary Table S1. Bore-
holes AG17, K4 and K5 are located close to station STEF (Fig. 5) where the largest
subsidence was measured. The groundwater data are presented in Fig. 6. In all three
boreholes the groundwater level range was from —40 m to —75 m (Fig. 6), indicating
a rather homogeneous behavior of the aquifer, although K4 and K5 levels are shal-
lower than AG17. The data indicate that during the last decade, an especially close
to regions where the surface elevation was reduced (such as station STEF), the draw-
down reaches 20 m (see the year 2014 in borehole AG17; Fig. 6a). In two other bore-
holes, K4 and K5, located within 4 km from STEF, we observed fluctuations reaching
25 m (maximum; see K4 data in Fig. 7) in range, since 2008. Furthermore, in K4 we
observe a 15-m drop during year 2014 following the 25-m drop during 2013 and fol-
lowed by a 6-m drop in 2015 (see Fig. 7). In those years the lows are recorded either
in the summer of 2013 (=67 m) or in the autumn of 2014 (— 58 m) or in the autumn
of 2015 (—53 m). The data of K5 also confirm that year 2013 was marked by a gen-
eral fall of groundwater levels in the vicinity of STEF as the drawdown reached 24 m
(Fig. 7). The data indicate that in the greater area of village Stefanovikio (Fig. 5) there
is considerable drop in groundwater level which can be associated with observed sur-
face subsidence in geodetic data (Fig. 7). Our vertical time-series results for station
STEF (Fig. 7) indicate the following: During the summer of 2013, the drawdown was
16 cm, during the summer of 2014 the drawdown was 15 cm, during the summer of
2015, the drawdown was 10 cm, and during the summer of 2016, the drawdown was
10 cm, respectively. On the contrary, station LARM (Fig. 3; see panel LARM) was not
severely affected by groundwater-level variations which were observed in boreholes
M238 during the summer of 2014 (12-m drawdown; Fig. 6a panel M238) and during
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Fig.5 Relief maps of Thessaly showing topography, urban fabric, boreholes, river and road networks near
the four GNSS stations (red rhombs), LARM (top left), STEF (top right), KRDI (bottom right) and KLOK
(bottom left). The groundwater-level variations from selected boreholes are shown in Figs. 6 and 7 (period
2008-2018). Black/orange triangles show the location of boreholes with available lithological data

the summer of 2015 (9-m drawdown; Fig. 6a) and M240 during the summer of 2013
(8-m drawdown; Fig. 6b). We do observe a systematic low in the time series of LARM
at the end of the summer of 2013, 2014, 2015, and 2016 but the elevations recover dur-
ing the subsequent winters. Station KRDI is subjected to the groundwater-level fluc-
tuations, as well (see S597 data in Fig. 6b). Station KLOK is also not affected by small
fluctuations observed in the data of borehole S614 (Fig. 6b). There is a clear difference
between water levels in west Thessaly (M256, S597 and S614; Fig. 5) and east Thes-
saly, as the level in the west ranges between —2 and — 12 m (i.e., much shallower that
to the west). We note that our borehole data are limited (both in number of wells and
in rates of sampling the level), so more data are necessary to confirm the above results.

It is noticeable that the changes of the ground water level were not caused by a cor-
responding reduction of the mean rainfalls (Fig. 8). We plot mean monthly rainfall lev-
els (in mm; Fig. 8) from several meteorological stations in Thessaly (four “continental”
stations i.e., Klokotos, Trikala, Karditsa and Larissa; one coastal: Volos; see Fig. 1 for
locations) that indicate a regular pattern of high—low rainfall without an obvious trend.
Meteo stations Karditsa, Trikala and Klokotos recorded systematically higher amounts
of rainfall except for the summer of 2017 (Fig. 8). We also note that during the summer
of 2015, 2016 and 2017 the mean rainfall exceeded the amount of 100 mm in several
meteorological stations (Fig. 8) which is mostly supplied by summer storms, an effect
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Fig. 7 Graph showing overlay of borehole data K4 (red rhombs) and K5 (blue dots) over the time series of
daily vertical position estimates of station STEF. X-axis is time (years), Y-axis is position (in mm; left) and
water levels (in m; right). Notice the drawdown during the summer of 2013, 2014 and 2015 (K4 only) is
correlated with the “ramp” part of the height time series. See Fig. 5 for locations
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Fig.8 Graph showing monthly rainfall variation (in mm) with time (period 2014-2017). Meteo station
Klokotos is co-located with GNSS station KLOK (Fig. 1). It is observed that all stations follow the same
trend with minor exceptions (e.g., station Volos which is a coastal station)

also recognized in older datasets (e.g., Tsimi et al. 2012). The 2013-2018 GNSS data
pattern of Thessaly in cross-examination with borehole data of the same period (Fig. 6)
could be an indicative of groundwater that is locally depleted because of anthropogenic
activities (for example, region of station STEF).
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Fig.9 Correlation graphs for GNSS stations LARM (a) KRDI (b) and KLOK (c¢) showing variation of p
three geophysical variables (position, rainfall, groundwater level) with time. Green color scale shows posi-
tion (in mm), red color scale is rainfall (mm), and blue color scale is groundwater level (in m), respectively

5.2 Correlation of time series

To better understand and analyze the effects of environmental factors (rainfall and
groundwater-level variations) we decomposed the vertical time series (position) of three
geodetic stations (KLOK, LARM and KRDI) to its components (using R, www.R-proje
ct.org/; see supplementary Fig. S4 for station KLOK decomposition). Those stations
showed a relative stability in height position with time (Fig. 3). In this way we may
discover some subtle correlation among our datasets that is not visually discernible, for
example in stations LARM and KRDI. To analyze the vertical position time series we
used the STL (seasonal-trend decomposition based on LOESS; Cleveland 1981; Cleve-
land et al. 1990) procedure (which is part of R software; R Core Team 2014). LOESS
is a smoother application sequence whose main advantage is that it allows the process-
ing of very long time series, large amounts of trend and fast computation of seasonal
smoothing. In addition, it can handle missing values of time-series decomposition. Also
the STL procedure has advantages over other methods because it handles seasonality
and can be robust to outliers. After the decomposition we processed the seasonal signal
of the time series to find its period; we use sine wave fitting using the formula:

. X=X,
y=y0+Asm<7r )
w

where y is position, A >0, x, is phase shift, A is amplitude of the seasonal signal (in mm), w
is semi-period (in days), and y0 is offset. After several iterations the solution converged and
we identified the period of the seasonal signal.

In Fig. 9 we plot the decomposed geodetic data (green dots), the monthly rainfall
data (red bars) and the groundwater data (blue dots) for the period 2011-2018. We also
fit the seasonal displacement in the geodetic data (black curve), showing that it displays
a periodicity for all three stations. Indeed, a good correlation between groundwater level
and geodetic displacement is observed for station KRDI (period 2013-2016); except for
one data point in the April of 2013 the curve follows the water-level fluctuations. We
also see no correlation with rainfall for KRDI (for example see year 2017 where rainfall
amount is reduced between January and August, but geodetic height is increased). In all
three stations the amplitude of the seasonal signal (the black curve) is +5 mm, that is
the modeled height (position) variations through time do not exceed the value of 5 mm.

Moreover, station KLOK (Fig. 9) shows a displacement periodicity aligned with
the seasonal periodicity, i.e., displacement highs are observed in autumn (i.e., Octo-
ber, November) each year and displacement lows in February—March. This remarkable
periodicity is not correlated with rainfall patterns nor groundwater-level fluctuations, so
we deduce that it reflects geodynamic processes (motions of the plate). KLOK’s posi-
tion is expected to reflect such motions as the station is founded on bedrock (Fig. 2).
Stations KRDI and LARM also display periodicities (Table 3); however, they cannot be
correlated with particular weather seasons. We also note that those stations are located
on buildings that are founded on syn-rift sediments; therefore, it may be possible that
groundwater fluctuations are reflected in their behavior.
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Table 3 Estimation of the

Station y0 (mm) X, A (mm) w (days)
seasonal parameters of
the geodetic data (vertical KLOK —~0.06496 0 4574 184.25
component of position) of
stations KLOK, KRDI and KRDI -0.02777 0 1.881 225.62
LARM LARM 0.03066 0 2.075 226.60

6 Conclusions

1. The most prominent subsidence signal in the Thessaly basin is inside its southeastern
part, inside a Quaternary alluvial plain where GNSS station STEF is located (former
Karla lake; Figs. 5, 7) which underwent average vertical subsidence at ~ 10 cm/yr during
2012-2017. The cumulative subsidence reached 55 cm in 2017.

2. Surface subsidence at STEF is correlated with groundwater-level drawdown but not with
rainfall patterns, i.e., it is anthropogenically induced because of overexploitation of the
ground water.

3. Correlation analysis of stations KLOK, KRDI and LARM using seasonal-trend decom-
position procedure based on LOESS smoothing showed that KRDI and LARM height
pattern reflects groundwater fluctuations.

4. The periodicity observed in geodetic data of station KLOK is not correlated with either
groundwater levels or rainfall patterns; therefore, it reflects geodynamic processes.
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