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ABSTRACT

Several studies have focused on the ground displacement phenomena in the broader area of the Thessaloniki Plain, Greece.
Although there is a general consensus on the diachronic occurrence of subsidence, there have been recent studies that also report
considerable uplifts. In order to resolve some of these ambiguities and to further study and monitor the area, new, high-accuracy
leveling measurements were conducted during 2018-2020 in the vicinity of the town of Sindos. Findings indicate a total vertical
displacement of up to about -15 mm, whereas the continuation of a clear overall subsidence tendency rather than uplift has been
verified.
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1. Introduction

Subsidence is a type of geological hazard that is gen-
erally subtle and imperceptible in real-time, typically
necessitating at least a couple of years of observations
to identify. Nevertheless, the consequent disaster may
be particularly catastrophic, especially in the presence
of certain conditions, e.g., when occurring in low-ly-
ing coastal urban centers, populated deltas or coast-
al protected areas. One of the factors contributing to
subsidence is the uncontrolled pumping of water and
oil from underground, which particularly escalated in
the twentieth century and has led to significant eco-
nomic and cultural losses (Bolt et al. 1977).

Climate change and associated sea level rise is
expected to considerably aggravate the impact of such
coastal subsidence geohazards in the years to come
(Elias et al. 2020). This is due to the fact that the com-
bined climate-induced sea-level rise and vertical land
movements, including natural and human-induced
subsidence in sedimentary lowlands, have a higher
impact (up to four times faster), in terms of average
relative sea-level rise, over coastal areas (Nicholls et
al. 2021).

Such an example is the broader area of the Thes-
saloniki Plain, northern Greece, where several stud-
ies have detected vertical ground displacements
since the 1960s. Especially at the eastern edge of the
Plain, in the vicinity of the coastal front, the Sindos-
Kalochori wider area has been the most interesting
one and hence the focus of the majority of studies.
The comparison between past leveling and Global
Navigation Satellite System (GNSS) data indicates
that sections of the plain of Thessaloniki, especially
those close to the modern Galikos and Axios river
mouths, have undergone subsidence of up to 4 m in
the last 50 years (Stiros 2001; Psimoulis et al. 2007).
Most researchers highlight the over-exploitation of
groundwater as the main cause of subsidence phe-
nomena (Hadzinakos, Rozos, and Apostolidis 1990;
Andronopoulos, Rozos, and Hadzinakos 1991). How-
ever, a number of experts suggest alternative inter-
pretations, such as the compaction of the shallow
sediment layers and the synsedimentary deforma-
tion of the delta (Stiros 2001), the coastal erosion
and the rise of sea level (Doukakis 2005), the combi-
nation of natural and anthropogenic factors (Psimou-
lis et al. 2007) and the compaction of unconsolidated
silt-clay deposits near coastline (Dimopoulos, Stour-
naras, and Pavlopoulos 2005). Although groundwater
exploitation in the area started in the early 1960s in
order to facilitate industrial development, subsid-
ence was not noticed until 1965, indirectly, mani-
festing as progressive marine water inflow (Raspini
et al. 2014). In 1969, during a period of intensive
rainfall, seawater reached the southern houses of
the village (Mouratidis et al. 2010). Previous studies
have exploited the archive of the ERS satellite Syn-
thetic Aperture Radar (SAR) data (1991-2000), for

implementing conventional and Persistent Scatterer
(PS) SAR Interferometry (InSAR) measurements, as
well as the equivalent part of the Envisat Advanced
SAR (ASAR) data (2002-2010) for standard and
elaborated InSAR processing (Raucoules et al. 2008;
Costantini et al. 2016; Mouratidis 2017). According
to these studies, the estimated subsidence rate in the
vicinity of Sindos-Kalohori ranges between about 2
and 5 cm/yr (Costantini et al. 2016).

Nevertheless, some authors (Svigkas et al. 2016)
contradict part of the aforementioned results and
highlight a significant uplift signal in the area, suggest-
ing a rebound phenomenon. More specifically, from
2003 to 2010, an uplift tendency of up to +12 mm/yr
was reported in the Sindos-Kalohori area, as opposed
to the 1992-2000 subsidence of more than 20 mm/yr.
Regarding the spatial distribution of the uplifting
pattern, the pixels in and around Sindos with uplift
values close to the maximum are only slightly fewer
than those recorded in the adjacent area of Kalochori
(Svigkas et al. 2016), indicating a relatively isotropic
phenomenon.

The most recent deformation measurements in the
area of Sindos come from InSAR studies, in the era of
Sentinel-1 SAR mission. These indicate subsidence
rates of about 10 mm/yr for the period 2014-2019
(Elias et al. 2020) and 14 mm/yr during 2015-2019
(Svigkas et al. 2020).

In this context, the purpose of this study is two-
fold; a) to resolve any ambiguities regarding the
current (2018-2020) status of Sindos in terms of
vertical ground deformation (subsidence or uplift),
by applying, for the first time in this area, sub-milli-
meter precision methods, and b) to establish a high
precision monitoring network, in order to ensure the
continuity of monitoring efforts with reliable in-si-
tu observations in the near future either as a stand-
alone approach or as a complementary (ground truth,
calibration and validation data) to other monitoring/
observational Remote Sensing methods (e.g. InSAR)
and corresponding networks (e.g. Global Navigation
Satellite Systems/GNSS).

2. Study Area

The study area is the broader region of the town of
Sindos or Sinthos (older name, Tekeli) (Fig. 2). Sindos
(40°40'0" N 22°48'0" E) lies about 14 km NW of the
city of Thessaloniki, northern Greece, and belongs to
the Municipality of Delta. It is an almost flat, low-el-
evation (5-10 m) region and covers an area of about
5 km?, in the vicinity of four major rivers (Gallikos,
Axios, Loudias, Aliakmonas). According to the 2011
census, there are 9289 inhabitants in the area, with
agricultural activities being the primary occupation.

During the last decades, the area was gradually
transformed into a suburban-industrial zone due to
the expansion of the nearby city of Thessaloniki. In
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1965, Sindos was designated as the Industrial Park
of Thessaloniki. Nowadays, more than 300, mostly
small, factories are operating in the area. In Sindos,
there are also other important facilities besides those
that define it as the Industrial Zone of Thessaloniki.
These include the facilities of the International Hel-
lenic University (IHU) and, in the wider area, the facil-
ities of the city’s water supply and sewerage company
(EYATH) and biological wastewater treatment.

From a geological point of view, Sindos consists
of Holocene deposits which are characterized as
coastal deposits with fossils of gastropods. These
deposits are unconsolidated to partly consolidated
marine-lacustrine sediments, filling a NW-SE ori-
ented tectonic graben, consisting mainly of sand and
black silty clays (Rozos, Apostolidis, and Xatzinakos
2004; Hadzinakos, Rozos, and Apostolidis 1990). The
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Fig. 1 Two recent, indicative stratigraphic columns of the broader
area of Sindos (Tsourlos et al. 2007).

Neogene basement, buried by a 300-400 m thick
sequence of Quaternary deposits, is represented
by sandstones, red clays and outcrops in the north
and in the north-east border of the area of interest
(Raspini et al. 2014). The materials that are found
are mainly sands, red clays with calcareous compo-
sitions, and conglomerates (Tsourlos et al. 2007)
(Fig. 1). The existence of these elements in the area
indicates that the plain of Thessaloniki probably was
part of the Thermaikos gulf, and, at some point, Sin-
dos used to be a coastal area (Ghilardi et al. 2008).
Generally, the area is comprised of recent uncon-
solidated material, which form on multiple aquifer
systems. Three main aquifers can be identified: one
phreatic and two deep confined aquifers. The water
level within these deposits was at an average depth
of about 10-15 m below ground surface. The ground-
water table is below sea level. The mean hydraulic
conductivity was estimated tobe k=6.5 x 1073 - 1.5 x
10-2 m/min, Transmissivity (T) = 0.55-0.94 m?%/min,
Storage coefficient (S) = 103 (Tsourlos et al. 2007).
Further information about individual boreholes in
the area can be found in additional studies (Mattas,
Voudouris, and Panagopoulos 2014). According to
climate data from the Meteorological station of Thes-
saloniki (40°03' N, 22°58' E) the mean annual tem-
perature is 15.8 °C and the mean annual precipitation
is 451.7 mm (Pateli et al. 2002).

The reasons for the occurrence of subsidence lie
in both natural, as well as anthropogenic processes,
related to the compaction of sediments and over-ex-
ploitation of aquifers (Astaras and Sotiriadis 1988).

3. Methodology

3.1 Method and Instrumentation

The most common methods for measuring subsidence
and studying its spatial distribution are GNSS, InSAR
and leveling, each of which has its advantages and
drawbacks, while the combination of multiple tech-
niques bears the potential of more enhanced results
(Blasco et al. 2019; Del Soldato et al. 2018; Argyrakis
etal. 2020).

In the spatial domain, spirit leveling, GNSS and
extensometer measurements are relatively sparse,
as these measurements can only be taken at a com-
parably restricted number of locations. InSAR meas-
urements on the other hand are spatially dense,
with their resolution (and thus density) depending
on the pixel size of the SAR data used. Nevertheless,
high-precision (mm) InSAR methods require, at the
time of this writing, a few months of SAR observa-
tions, in order to accumulate a sufficient amount of
data. Additionally, these InSAR results are provided
in the form of a deformation rate (mm/yr), assuming
alinear evolution of the phenomenon. Thus, potential
variations within the considered time period may be
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Fig. 2 Overview of the study area (Background source: Google™).

cancelled out, while a certain degree of in-situ valida-
tion is also typically desirable.

The frequency of measurement highly depends on
the study objectives, the measurement methods, the
available manpower and the expected order of mag-
nitude of the subsidence rates. Very slow subsidence
rates may not be possible to capture by GNSS meas-
urements over a period of several years, due to the
low signal-to-noise ratio (enough subsidence needs
to occur between measurements to exceed the expect-
ed measurement error). In this case, a more accurate
method, such as spirit leveling, may be necessary, in
order to obtain meaningful results within a reasonable
timeframe.

Overall, the most precise measurements are made
using spirit-leveling surveys and extensometers. High
precision leveling has been efficiently used e.g. for the
purposes of monitoring crustal vertical deformation
(Hao et al. 2014; Chen et al. 2021), post-glacial land
uplift (Kall, Oja, and Tanavsuu 2014), inter-seismic
deformation (Amighpey, Voosoghi, and Arabi 2016), in
hydropower projects (Guanming et al. 2019), but also
for calibrating or validating satellite-based land subsid-
ence rates (Fryksten and Nilfouroushan 2019; Hung et
al. 2018; USGS n.d.).

Taking into account these considerations and given
the verified low deformation rates (whether subsid-
ence or uplift) during the last two decades in the Sindos

N

Location map

Location map

Scale 1 : 6000

0 200 400 m
.

22°49'12"E

area (Svigkas et al. 2020; 2016; Elias et al. 2020), the
method selected, in order to fulfil the objectives of
this study, was spirit leveling.

The equipment used for the measurements was
Leica DNAO3™, which is a high precision digital level,
with a nominal accuracy (Standard deviation per km
double run) of + 0.3 mm with invar staff or + 1 mm
with standard staff.

(LT

Ll

Fig. 3 The equipment, Leica DNAO3™ and the staff (Professional
3000 series), that was used for the leveling measurements.

3.2 Network Design

The leveling network consisted of eleven points
that cover the study area. The mean, maximum and
total distance between all points is about 500 m,
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Fig. 4 The leveling network used in this study, including ten fixed points and the considered stable reference point (red dots and green triangle
respectively).

1.4 km and 5 km respectively. The location of each - Conspicuity and durability.

point was carefully selected according to the following - One of these points should be as far from the affect-

criteria: ed area as possible (given local conditions, total

- Coverage (including the approx. N-S and E-W distance for leveling and safety regulations), in
boundaries of the study area). order to serve as the reference (“stable”) point for

- Accessibility. all measurements.

- Minimum interference with public and (predomi- Note that three additional points (namely S5, S8
nantly) private property. and S12) were originally established in 2018, but

Tab. 1 The exact location and design details of each point of the established network are listed on the table below.

Point No. | Point Name | Description
1 s1 40,6641 22.8003 The westernmost point in the study area. It is located near the municipal gym of
Sindos.
) 2 40,6662 22.8004 Point facilitating the transition towards the center of Sindos. It is located near the
3rd elementary school.
3 3 40.6704 22.8041 The northernmost point in the study area, located on the main square of Sindos
Town.
4 S4 40.6626 22.8043 Located on the road, at the main entrance of Sindos.
5 S6 40.6613 22.8117 Point located at approximately the center of the study area.
6 7 40,6551 22.8035 Thg sou.thernmost point, located on the pavement, in the International Hellenic
University (IHU) campus.
7 S9 40.6586 22.8055 Second point located in the main IHU campus.
8 S10 40.6585 22.8117 Point located on the road, near the IHU agricultural fields.
9 S11 40.6696 22.8203 The reference point, located in the NE boundary of the study area.
10 S13 40.6669 22.8148 Point located on the road, facilitating the transition towards the central point, S6.
11 S14 40.6623 22.8126 Point located on the road, facilitating the transition towards the central point, S6.
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were eventually lost (destroyed due to external fac-
tors) by 2020.

Based on the diachronic InSAR measurements and
other previous results (Mouratidis, Costantini, and Vot-
sis 2011; Mouratidis et al. 2010; Raucoules et al. 2008;
Costantini et al. 2016; Raspini et al. 2014; Svigkas et
al. 2016) in the study area, the vertical displacement
tends to zero towards the NE. At this point, it ought
to be taken into account that Sindos is an industrial
area, including highways, bridges, intense truck traf-
fic and other heavy vehicles, combined with an inher-
ent poor town/road planning. These create overall
adverse field work conditions and imposes constrains
related to safety of the people involved in the measure-
ments. Given also the practical limitations in terms of
distance that can be covered with leveling, point S11
(Fig. 4) was rendered as the best choice for a reference
point. In fact, as indicated in some of the high-reso-
lution results (Svigkas et al. 2016), the selected ref-
erence point is (marginally) located inside the stable
area. It also has to be noted that these results refer
to the period 1993-2000, when the subsidence rates
were considerably higher (more than double) than in
the post-millennial period. Therefore, S11 was already
stable as early as 2000, when the overall subsidence
rates in the broader area were much larger.

In order to secure the network as much as pos-
sible, but also to establish a reference for future

studies (when significant deformation is expected
to have accumulated), static, approximately hourly,
GNSS measurements were conducted at each of the
points. To this end, geodetic, dual (L1, L2) frequen-
cy Topcon Hiper pro™ GNSS receivers were used, at
a sampling rate of 30 sec and with a cut-off angle of
5°. These measurements were coupled with equiv-
alent, simultaneous GNSS observations outside the
study area, at a distance well below 20 km (in Pylaia,
Thessaloniki).

3.3 Data Collection and Processing

Spirit leveling was then performed in a double-run
mode, between all consecutive network points,
with several loops in-between (Fig. 6), in order to
minimize blunders. Backsights and foresights were
approximately equal in distance, ranging between
40-50 m, with an average of 42 m. The measure-
ments were also carried out during similar periods
of the year for three years (i.e.,, May-June 2018, 2019
and 2020), so as to avoid seasonality-related effects
as much as possible.

As a first level of quality assurance, each dou-
ble-run measurement that did not satisfy a closure of
+0.5 mm was executed again, until the desired thresh-
old was achieved. The final height difference between
two points was then calculated as the mean value

Fig. 5 Approximate distance between network of points and GNSS stable station at Pylaia.
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Fig. 6 Complete sketch of the leveling network, including the loops performed on an annual basis from 2018 to 2020.

between the double run measurements, fulfilling the
threshold. To further ensure robustness against blun-
ders, as well as to enable residual error redistribu-
tion, the leveling network was designed with multi-
ple loops. An empirical threshold of the loop closure
was set; If the loop closure was larger than +15 mm,
the double-run leveling for this particular loop was
repeated.

Tab. 2 Summary of the conducted leveling main characteristics.

Vertical Deformation (mm)

June 2018 - June 2018 -
June 2019 June 2020 June 2020
S1 -9.3+£0.73 -0.6 +0.75 -9.9+0.74
S2 -7.3+0.73 -3.4+0.74 -10.7+£0.74
S3 -5.3+0.71 -2.9+0.71 -8.2+0.72
sS4 -8.8+0.72 -0.4+0.7 -9.2+£0.71
S6 -8.5+0.69 0.7 £0.69 -7.8+£0.68
S7 -15.1+0.75 0.8+0.75 -14.3+0.75
S9 -11.6+0.71 0.7+0.71 -10.9+0.7
S10 -14.4+0.71 -0.6+0.71 -15.0+£0.71
S11 Reference Point
S13 -2.9+0.58 3.2+0.57 0.3+0.58
S14 -5.5+0.67 3.0+£0.68 -2.5+0.67

All of the collected leveling data were imported in
a Geographical Information System (GIS) environment,
specifically QGIS. For this process it was necessary to
decode and transfer the data from the digital level to
a readable PC format, as well as to pre-process them,
in order to be fully and properly readable by the GIS
software. The next step was to calculate the relative
height difference of each point in relation to the refer-
ence point. Finally, the values calculated from the three
datasets were subtracted (2019-2018, 2020-2019,
2020-2018), with the purpose of determining the rel-
ative vertical displacement of every point, always in
relation to the reference point.

3.4 Quality Analysis of the established Vertical
Network

The vertical network was solved by applying least
squares adjustment for three successive years (2018,
2019, 2020), using the DeRos software (Dermanis and
Rossikopoulos 1981). Specific rigorous criteria (dou-
ble run and loop-closure controls, respectively) for
the elimination of potential blunders were applied.
The solution was based on minimum constraints
(Koch 1999), fixing the reference point (which is laid
far away from the area of interest). The outlier iden-
tification and rejection were realized by the appli-
cation of the data-snooping method (Dermanis and
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Fig. 7 Vertical displacements between June 2018 and June 2019.

Fotiou 1992; Rossikopoulos 1999). The t-test (Stu-
dent’s t-test) was implemented with a 95% level of
confidence.

After performing adjustment on an annual basis,
the estimation of the heights and their associated
accuracies were obtained, for the respective years. In
order to assess the significance of the estimated verti-
cal displacement the following criterion was applied,
pointwise (Dermanis 1986):

hk - hy

N 2
0%k + 0%k
i ¢

<Z4/2(1)

Where hj%, h/J, the estimated heights of an arbitrary
point i for two successive years j and k, 2 ;k., 62 nke the
estimated variances of the aforementioned heights
and z9/2 the value of the normal distribution, for a par-
ticular level of significance a. A level of confidence a =
0.05, thus z4/2 = 1.96 was chosen. If equation (1) is ful-
filled, the estimated displacement between two suc-
cessive years is statistically insignificant. On the other
hand, the failure of the test leads to the conclusion that
the displacement and the uncertainty can be separat-
ed, meaning that the displacement can be measured
with adequate confidence.
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4. Results

4.1 Leveling measurements for the period
2018-2019

The leveling results between June 2018 and June
2019 are presented in Fig. 7. Starting from the refer-
ence point (S11), negative displacement on the z axis
is increasing towards the SW side of the area of inter-
est. This negative displacement indicates subsidence
for every point of the dataset. Maximum subsidence
value for this period is 15.1 + 0.75 mm (S7), minimum
is 2.9 £ 0.58 mm (S13) (Table 3). Therefore, for 2018-
2019, only subsidence phenomena were observed
over the study area.

4.2 Leveling measurements for the period
2019-2020

In this second set of results between June 2019 and
June 2020, deformation seems to have a lower homo-
geneity (Fig. 8). More specifically, a significant number
of points (5 out of 11) display values that are close to
zero. These points are S1, S4, S6, S9, S10 and they are
located in the middle of the area of interest, creating
a cluster. Three out of eleven points seem to have an
uplift trend. These points are S7, S13 and S14. The two
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Fig. 8 Vertical displacements between June 2019 and June 2020.
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Fig. 9 Cumulative vertical displacements for the total study period (June 2018 — June 2020).
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remaining points S2 and S3 seem to have a negative dis-
placement (subsidence). Maximum subsidence value
for this period is 3.4 + 0.74 mm, while maximum uplift
is 3.2 £ 0.57 mm (Tab. 3). Hence, in 2019-2020, both
subsidence and uplift phenomena took place, but most
of the points measured seem to be relatively stable.

4.3 Leveling measurements for the period
2018-2020

The third set of the measurements refers to the total
difference between June 2018 and June 2020 (Fig. 9).
One out of eleven points (S13), displays values that are
close to zero, therefore it can be considered as overall
stable. All other points of this dataset seem to have
negative displacement (subsidence), which increases
towards the SE part of the area. Maximum subsidence
value for this period (which includes the total time
range of the measurements) is 15.0 + 0.71 mm (S10),
minimum is 2.5 * 0.67 mm (S14) (Tab. 3). In light of
an overall interpretation, only subsidence phenomena
appear to have taken place in the study area in this
time frame. In this context, for a better overview of
the ensemble deformation, a continuous surface was
created by using the IDW (Inverse Distance Weight-
ing) method.

=
©
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@
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g

22°48'0"E 22°48'36"E

Tab. 3 Summary of vertical deformation for every point of the
established network, during each period of measurements.
Subsidence/uplift are presented with negative/positive values
respectively.

Loop closure

Loop closure Loop closure

2018 (mm) 2019 (mm) 2020 (mm)
$3-511-513-S3 -0.2 0.5
$2-513-53-52 -0.6 0.6 0.3
$1-S2-S13-54-S1 -0.7 -0.2 -0.7
$4-513-S14-S6-S4 0.5 -0.4 -0.4
$1-S4-59-S1 0.2 -0.1 0.4
$1-S9-57-S1 -0.4 0.3 0.6
59-54-56-S9 -0.5 -0.4 0.3
$9-10-56-S9 -0.2 0.1 -0.5
$7-S9-510-S7 0.1 -0.3 -0.1

4.4 Control and Quality Analysis

The final closures for all measured loops, in accord-
ance to Fig. 6, are presented, for each year, in Tab. 4.

Concerning quality analysis, all tests (according to
Eq. 1) for the period 2018-2019 indicate statistically
significant displacements. Conversely, for the peri-
od 2019-2020 half of the displacements identified
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Fig. 10 Continuous surface of deformation for the period between 2018 to 2020, created by taking into account all eleven points of the
dataset. This raster map is solely for visualization and qualitative interpretation purposes, hence the estimated values of deformation per
pixel are indicative. As such, the map highlights an increasing subsidence towards the SW of the study area.
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are statistically insignificant (S1, S4, S6, S9 and S10),
while the total displacements between 2018-2020
are considered significant for all points except for S13.

After applying Least Squares (LS) adjustment,
the accuracy (StD of the adjusted heights) ranged
between 0.57 mm and 0.75 mm, with a mean value of
about 0.7 mm.

Tab. 4 Loop closures for the 2018, 2019 and 2020 measurements.

Loop closure Loop closure Loop closure

Loop

2018 (mm) 2019 (mm) 2020 (mm)
$3-511-513-S3 0.4 -0.2 0.5
$2-513-53-52 -0.6 0.6 0.3
$1-52-513-54-S1 -0.7 -0.2 -0.7
$4-513-514-56-54 0.5 -0.4 -0.4
$1-S4-59-51 0.2 -0.1 0.4
$1-59-57-51 -0.4 0.3 0.6
$9-54-56-59 -0.5 -0.4 0.3
$9-10-S6-S9 -0.2 0.1 -0.5
$7-59-510-S7 0.1 -0.3 -0.1

5. Discussion

The three annual sets of high precision leveling meas-
urements over the Sindos region have yielded reliable
data - well below the mm level -, in order to ascertain
the subtle vertical deformations occurring in the area.

The first set of measurements refers to the peri-
od between June 2018 and June 2019. For this time-
frame, the displacement results over the ensemble
network are negative, indicating a subsidence trend
varying from 2.9 mm to 15.1 mm. Subsidence values
seems to increase towards the SW part of the study
area, i.e., to the south of Sindos and, in particular, in
and around the facilities of the International Hellenic
University (points S7 and S9). This increase of sub-
sidence rate has been previously identified by sev-
eral studies (Bolt et al. 1977; Mouratidis, Briole, and
[lieva 2010).

In the second dataset, for the period between June
2019 and June 2020, both negative (subsidence) and
positive (uplift) deformation values have been record-
ed. Nevertheless, all of these values are much lower
than those of 2018-2019, while five (i.e., almost 50%)
of the measured points were determined to be stable.
More specifically, points S1, S4, S6, S9 and S10, locat-
ed at the center and towards the south of the study
area, seem to be stable (deformation rate less then
+ 0.7 mm). At the NW part of the study area, which
also coincides with the denser urban environment
of Sindos Town, negative values are recorded (points
S2 and S3). The magnitude of subsidence over these
two points is 2.9 mm and 3.4 mm respectively, for this
second period of measurements. Finally, in the E-
NE (S13 and S14) and far SW (S7) part of the study
area, some positive displacement values have been

measured. These correspond to an uplift of 3.2 mm,
3.0 mm and 0.8 mm, respectively. Taking into account
the adjusted network accuracy of 0.7 mm, the uplift of
S7 can be considered as marginally discernible. Giv-
en the geographic distribution of deformation during
2019-2020, S7 could be eventually considered as sta-
ble, given that all its nearest neighbors (S1, S4, S6, S9
and S10) are the points previously identified as stable
as well.

Overall, during the full measurement timeframe,
i.e., between June 2018 and June 2020, subsidence
phenomena prevail over the whole study area, apart
from one of the network points (S13), which is con-
sidered as stable, while no uplift signals have been
recorded. The pattern of subsidence for these two
years, is similar to the results for 2018-2019, i.e., val-
ues are maximized towards the S-SW (14.3 mm for S7
and 15.0 mm for S15).

As is evident from the individual (annual) results,
a considerable difference in the deformation was
identified between the two epochs (2018-2019 vs
2019-2020). In particular, the first year of meas-
urements indicates clear subsidence (up to about
15 mm), whereas the second year is characterized
by rather stable or significantly less perceptible dis-
placements - whether uplift or subsidence - of about
+ 3 mm. One possible explanation for these annual
(or seasonal) differences may lie in the fact that
changes of the aquifer level is followed by a propor-
tional response detected at the surface (Raspini et
al. 2014) and that sediments in the area are strong-
ly affected by the underground water level (Raspi-
ni et al. 2014). These formations cover the majority
of the study area and are indicative of high erosion
and leaching. They are characterized by moderate to
high permeability, frequently creating dynamic aqui-
fers with evident water-level fluctuations. Addition-
ally, according to (IGME 1993), phenomena of sub-
sidence and soil displacement are observed as the
direct result of urban expansion over these extensive
sediment surfaces.

In order to investigate the correlation of subsid-
ence trends with the aquifer level, aquifer level data
over the study area was retrieved from the Thessalon-
iki Water Supply & Sewerage Company (EYATH S.A.).
The data cover the period just before and right after
the leveling measurements on a bi-annual basis from
2018 to 2020. The average aquifer level difference
of all available borehole data, with reference to June
2018 - hence just before the start of the leveling cam-
paigns - is presented in Fig. 11.

As it can be observed, the water level drops by
more than 1m from June 2018 to May 2019 which
is consistent to the observed clear subsidence dur-
ing the same period. Conversely, during May 2019 -
June 2020 the aquifer levels rise by about 0.35 m,
which is again consistent with the more balanced
behavior of the deformation phenomena in this time
frame. Overall, the trend in the aquifer level changes
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Fig. 11 Evolution of aquifer levels in the study area, during the period of the leveling measurements. All differences are presented with

reference to June 2018 (source: EYATH S.A.).

resembles the pattern of the deformation phenome-
na, taking into account the time-lag between aquifer
recharge and ground uplift mentioned in (Svigkas et
al. 2016).

Additionally, monthly precipitation data of Sindos
weather station were retrieved for the period 2018-
2020 (apart from February 2020, for which the data
were missing) (Meteo 2021). Subsequently, the total
precipitation for the two individual time frames (June
2018 - May 2019 and June 2019 - May 2020) were
calculated, yielding 342 mm and 528 mm respectively.
This means that the precipitation of 2019-2020 was
at least 54% more than that of 2018-2019, which
may have slowed down or even partially reverted the
subsidence phenomena for the specific year. Also, by
retrieving all additional precipitation data from the
Sindos weather station for previous years, dating
back up to June 2015, the resulting average precipita-
tion per year (June to May) is 420 mm. Interestingly
enough, the minimum value (342 mm) is observed
during the period between June 2018 - May 2019, i.e.
coinciding with the clear subsidence trend measured;
while the maximum value (528 mm) occurs between
June 2019 - May 2020, i.e. coinciding with the more
balanced deformation pattern identified in this period
(Meteo 2021).

Compared to previous studies, which verified an
ongoing decrease in the maximum subsidence rate
per year, throughout the last three decades (Costanti-
nietal. 2016), the current situation in Sindos seems to
be following the same pattern. In particular, the rate
of subsidence in the area continues to decline, from
about 45 mm/yr in the period 1992-2001 (Raspini et
al. 2014; Raucoules et al. 2008) and 34 mm/yr during
1993-2000 (Svigkas et al. 2016), to approximately
18 mm/yr during 2002-2007 (Mouratidis, Briole, and
[lieva 2010; Mouratidis et al. 2010) and 14 mm/yr
for the period 2004-2010 (Costantini et al. 2016),
to 10 mm/yr during 2014-2019 (Elias et al. 2020)
and 14 mm/yr for 2015-2019 (Svigkas et al. 2020)
and finally to about 7 mm/yr during 2018-2020

(from the results of this study). In contrast to this
pattern, Svigkas et al. (Svigkas et al. 2016) reported
an uplifting trend of about 12 mm/yr, for the period
between 2003-2010 (Tab. 5 and Fig. 12). Note that
all other studies were applied in broader area of
Northern Greece, Thessaloniki region or specifically
in Kalochori and Sindos regions. All the above-men-
tioned studies were based on InSAR methods (such
as individual interferograms generation, Persistent
Scatterer Interferometry and Small Baseline Subset
approaches), hence, where appropriate, their results
had to be converted from Line of Sight (LoS) defor-
mation to vertical displacement (subsidence), in
order to be comparable with the results of the cur-
rent study.

Tab. 5 Rate of deformation in the broader area of Sindos based on
all available relevant results.

Deformation Rate

Studies Time Interval T
Saueouies D etal (2008) | 19522001
Svigkas, N. et al. (2016) 1993-2000 -34
Mouratidis, A. et al. (2010) 2002-2007 -18
Costantini, F. et al. (2016) 2004-2010 -14
Svigkas, N. et al. (2020) 2003-2010 12
Elias, P. et al. (2020) 2014-2019 -10
This study 2018-2020 -7

The main limitation of this study lies in the restric-
tions related to the distance that can be covered by
leveling, in order to ensure that the reference point is
clearly outside the deforming area, thus stable with
respect to the other network points. Pre-existing
information and literature as well as achieved results
converge that S11 lies at the farthermost end of the
least affected-by ground deformation-area. Thus, S11
was by evidence the optimum choice for a reference
point for the purposes of this study.
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Fig. 12 Graphical representation of the evolution of the rate of deformation throughout the years in the broader area

of Sindos region.

6. Conclusions

In this study, subtle vertical motions in the Sindos
region, Thessaloniki, northern Greece, were meas-
ured three times, in three consecutive years (June of
2018, 2019 and 2020), by creating a high precision
leveling network of eleven points over an area of
about 5 kmZ2. Measured also with GNSS, this network
comprises a scientific “investment” for the continual
observation of vertical deformation in the study area,
in the coming years or decades.

The first pair of measurements (June 2018 - June
2019) reveals considerable subsidence over the
whole study area, while the second period (June
2019 - June 2020) is predominantly characterized by
relative stability or significantly lower deformation -
subsidence or uplift - values. Over the full two-year
period (2018-2020), the area is clearly dominated by
a subsidence trend, with a total maximum value of up
to 15.0 mm. Although this value corresponds to a sub-
sidence rate of about 8 mm/yr, special attention ought
to be given to the non-linear nature of the phenome-
na involved, as verified by the year-to-year measure-
ments. This phenomenon can be, by hard evidence,
attributed to the different amounts of annual precipi-
tation, the intensity of ground water exploitation and
the consequent variations of the aquifer level.

The identified on-going subsidence at progressive-
ly lower rate is particularly evident and in line with
the vast majority of previous relevant studies of the
last three decades.

Overall, it is acknowledged that the current study
investigates only a “temporal window” of a diachron-
ic and dynamic phenomenon of deformation that has

been quantitatively studied via reliable ground- and
satellite-based methods (leveling, GNSS, InSAR) for
more than three decades. As such, but also due to the
considerable decrease of the subsidence rate and the
consequent reduction of the signal/noise ratio during
the last 10-15 years, it has been considered impera-
tive to scale-up the precision of observations.

High precision leveling over such an extensive area
requires a lot of properly trained human resources
and engineering expertise, is very time-consuming,
costly and tedious. Nevertheless, the resulting output
was rather essential, in order to constrain and be able
to map and monitor the current subtle deformation
signal manifestations in the study area.

Apart from resolving the ambiguity of downward/
upward displacements and the indication of non-line-
ar deformation patterns, the established network and
measurements shall serve as a basis for future mon-
itoring. Additionally, they also constitute invaluable
assets for the validation of alternative/complementary
geodetic methods, such as those of GNSS and InSAR, or
the synergistic use of all three approaches simultane-
ously. In fact, the study area has been monitored since
1991, almost continuously, with InSAR (apart from
2011-2013, due to the lack of SAR data), while the
subsidence phenomena have been evolving. Thus, the
leveling network as well as the GNSS measurements (to
be periodically repeated in the future) will render this
case study as an ideal test site for the cross validation of
geodetic methods (InSAR, GNSS, leveling) and/or the
optimization of their combined use. This is e.g., expect-
ed to contribute to the overall deterioration of oppor-
tunistic InSAR results (Hanssen 2003) and to overcom-
ing the limitations of the individual geodetic methods.
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In this context, it is of high scientific value that the
research expands in space and time, in order to have
a clear representation and understanding of the phe-
nomenon and its progress throughout the years, as
well as to ascertain the potential periodicity of ground
deformation.
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