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Abstract

The ground motions in the Kalochori region (well known for its subsidence history
during the 2" half of 20" century) were investigated by NOA using a mobile GNSS
(GPS) network, comprising 18 stations. The network was measured four (4) times
during the period October 2013 - April 2015 under the framework of the research
project INDES-MUSA. Our GPS measurements were processed with GAMIT software
and show vertical (ITRF 2008) motions ranging from -2 cm to +2 cm (i.e. just above
the margins of measurement error) with the exception of the Kalochori dam where an
uplift of 2-5 cm was observed. We also found no evidence for local (non-tectonic)
motions and/or interseismic strain.
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Hepilnym

O1 gdapikég kivioels oty mepioyn tov Kaloywpiov ustpnbnrav ono to I'ewdvvouixo
Ivatirovto tov EAA ue yprjon torikod dixtvov GNSS. To diktvo 10pvlnke tov Oxtawfpro
o0 2013 oto mhaioio tov Epyov INDES-MUSA ko petpnbnke téooepic (4) popég
uetalo Oktawpfpiov 2013 - Ampiliov wov 2015.Ta onueia tov dixtvov eivar 18 kai
amoTEAODY Umovlovia, o€ dpopovg, mhateies kabwg kot kop@id oe falpa e 'YX, Ta
anoteAéouaro (oro ovotnua ovapopas ITRF 2008) wov mpoékvway omd emetepyaoio
ue 7o Loyiopiro GAMIT deiyvovv KoTaKopvYeS LUETATOTICELS THE TACEWS TWV GOV-TLAIY
2 €KOTOOTMV, EKTOS OO THV TWEPIUETPO TOL @payuatos tov Koloywpiov to omoio
avoywbnke omo 2-5 exoroord. O1 0pi{Oviies UETOKIVIOEIS O€Vv OELYVOLY KOOl
OVOYETION UE TEKTOVIKES KIVIOEIS THS EVPOTEPHS TEPIOYNG.

Aéeig kletdrd: edapikés vroywpnoeig, GPS, avaivon Bopvfov, IDW, INDES-MUSA.

1. Introduction

The area under study, the broader area of Kalochori, is located at the eastern part of Thessaloniki
plain. Major part of this plain was formed in the last 5000 years as the prograding delta of four
Macedonian rivers (Gallikos, Axios, Loudias and Aliakmon). At least till the 1920's when Kalochori
village was established by Greek refugees from Asia Minor and Eastern Thrace, the broader area
was covered by swamps, lagoons, small lakes and river floodplains, but following the construction
of extensive water discharge channels, coastal barriers and artificial levees, it was subsequently
occupied by an industrial centre and a small town (in the 1960’s and 1970°s). The rapid development
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led to an increasing need for water, provided by productive wells. Furthermore overexploitation of
the aquifers of the lower river Gallikos (including Kalochori region) was enhanced by water over-
pumping conducted by the Water Supply Organisation of Thessaloniki to meet the increasing needs
of Thessaloniki, since these were the main providers (at that time) of drinking water. The effects of
subsidence in the Kalochori region were first noticed in the early 1960’s. Since then, the
morphological and environmental setting of the region has greatly changed. In particular,
comparison of maps and aerial photos covering a period of up to 40 years and of more recent
geodetic data revealed that in the Kalochori area a cumulative subsidence of several metres had
occurred between 1955-1980, with annual rates of the order of up to 10 cm locally (Stiros, 2001;
Doukas et al., 2004). The land subsidence, which locally exceeded 3 m, caused a marine invasion,
which was firstly noticed in 1965 and few years later, in 1969, during a period of intensive rainfall
the sea reached the southernmost houses of the village.

The land subsidence in the Kalochori region has been studied during the last 25 years by many
researchers, who have supplied an extensive set of geological, geotechnical and geodetic data. Stiros
(2001) stated that until the 1980°s, the maximum subsidence regions (subsidence >3m) were
coinciding with the areas containing the pumping wells of the Water Supply Organisation of
Thessaloniki and with the south-western section of the industrial area containing the most water-
consuming industries. According to Badelas et al. (1996) the subsidence rate in Kalochori region
ranged from -3 to -13 cm/yr. The outcome of this study was based on land-based geodetic
measurements conducted from September 1992 to July 1995. In addition, Doukas et al. (2004)
estimated that the subsidence rate varied from -2.8 to -5 cm/yr by measuring a leveling network
consisting of 37 stations, for a period of ten years, 1992 - 2002. Although the majority of the
researchers assign the subsidence mainly to reservoir compaction (Andronopoulos et al., 1990,
1991; Hatzinakos et al., 1990; Rozos and Hatzinakos, 1993; Loupasakis and Rozos, 2009) other
interpretations have also been proposed. According to Stiros (2001) possible additional causes of
the ground subsidence are: (1) the consolidation of near-surface sediments; (2) the oxidation of peat
soils in the vadose zone; (3) the synsedimentatary deformation of the delta; (4) the subsurface
instability of the delta-front mud caused by the consolidation of relatively deep layers. Doukakis
(2005) reported that the rapid sea invasion, as well as the land subsidence, is amplified by coastal
erosion and by a sea-level rise caused by climate changes. Psimoulis et al. (2007) attributed the
subsidence to a large-scale natural effect on which smaller-scale anthropogenic effects, such as
compaction caused by water pumping, are superimposed. In contrast, Dimopoulos (2005) claimed
that the subsidence in the Kalochori region is caused by the consolidation of the loose silty-clay
deposits and by a flowing sand phenomenon taking place close to the coastline.

2. GNSS network

The geodetic network in the broader area of Kalochori consists of eighteen (18) points. It was
established by the National Observatory of Athens during October 2013 (see map in Figure 1)
following the implementation timetable of the project INDES-MUSA (Rovithis et al., 2014). The main
aim of the establishment of the network was to monitor the subsidence of Kalochori area and its
connection (interaction) with the neighbouring active faults of central Macedonia incl. the Mygdonia
basin (i.e. Pavlides and Kilias, 1987). Strict criteria were set while selecting the location of the stations
in order to ensure stable installations, unobstructed horizon view and avoidance of the multipath effect.
All the geodetic benchmarks were manufactured on artificial surfaces. We expect the benchmarks to
be stable and that the possible movements we observe are due to deformation.

The Kalochori Network has been measured already four times (2013, 2014a, 2014b and 2015;
observation days are 304, 101, 308 and 093 respectively) and static, GNSS observations were
recorded in RINEX format.
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Figure 2 - Field photographs during occupation of GNSS stations in Kalochori, left is station KA02
(urban, against DORAL factory) and on the right is station KAO7 (lagoon). See Fig. 1 for location map.
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Although Global Navigation Satellite System (GNSS), includes GPS, GLONASS and upcoming
Galileo satellites in this paper we present results from GPS observations only. The geodetic
equipment used is LEICA GSO8PLUS (three instruments). The sessions of measurements were
about 4-5 hrs per point, each session. The first day of each measurement campaign only six (6) of
the geodetic points were occupied, followed by another six (6) during the second day and finally six
(6) during the third and final day. The observation sampling interval was 15-s in all campaigns. To
measure the network we used tripods and height hooks (Figure 2) following this procedure: 1)
Position tripod over benchmark 2) Attach tribrach to tripod 3) Use tribrach bull's eye level to level
tripod. 4) Move tripod legs to center optical plumb on monument and to level tribrach bull's eye
level. 5) Make sure tripod legs are tightly secured and weighted down in windy days 6) Measure
vertical antenna height using height hook 7) Attach antenna mount to antenna and plug coaxial
antenna cable into antenna. All field metadata were recorded on campaign forms. In Figure 1 the
distribution of the GNSS network is presented.

3. GPS data quality analysis

GNSS data quality analysis includes information about the receiver clock slips, receiver cycle slips,
multipath, receiver SNR, and other useful parameters and tracking statistics. We analysed our data
for the most important quality indices, however, for convenience of the reader we only present our
analysis on multipath effects. Multipath interference occurs when the mobile station receives
reflected signals in addition to the direct LOS (line of sight) GNSS signal. These interference signals
are generally reflected from the ground, buildings or trees. Multipath remains a dominant source of
ranging error in GNSS and as such it has to be estimated in our data. For this purpose all campaign
data were analysed by use of TEQC software, distributed by UNAVCO (Estey and Meertens, 1999).
The multipath graphs are shown in Figure 3 for all four campaigns. Only three (3) out of eighteen
(18) stations exhibit multipath in L1 frequency > 0.2 m and in L2 > 0.25 m, respectively. Usually,
L2 multipath estimate (MP2) is much higher than the (MP1) estimate; this is confirmed here, except
for stations KA03 and KAOQ7 during campaign 2. Worst station in terms of multipath is KA16 (min
0.17 m - max is 0.47 m; Fig. 4) with second worst station KA02 (min 0.15 m - max is 0.32 m; Fig.
2 left), both urban stations. Best station with less multipath is KA20 (min 0.02 m - max is 0.04 m;
Fig. 4), a lagoon station. The average values for the autumn campaigns is MP1 0.10 m, MP2, 0.12
m and MP1¢ 0.10 MP2¢ 0.11m, respectively. The average values for the spring campaigns is MP1g
0.09 m MP2g 0.11m and MP1p 0.09 m MP2p 0.12 m, respectively.

4. Data processing and surface displacements of GNSS stations

Towards the realisation of the “campaign” method of GPS observation, the NOA team obtained four
(4) sets of 3-D coordinates measured at the same station but at different times. When these sets are
compared successively, changes in three-dimensional coordinate can be used to calculate the surface
displacements among campaigns of which the component of interest is the vertical one (see Table 1
for results).

During all campaigns, a minimum of 4 hours of recording was achieved at all benchmarks, with 15-
s sampling period and elevation cut-off angle of 10°. The campaign data were analyzed via the
GAMIT/GLOBK software package (Version 10.4; Herring et al., 2010) following a rigorous
approach as described in Chousiantis et al. (2015). GAMIT uses double-differenced phase
measurements (ionosphere-free linear combinations of the L1 and L2) to generate weighted least-
squares solutions for each daily session. We used International GNSS Service (IGS) final products
(orbits, clocks and earth orientation parameters), absolute transmitter/receiver calibration
corrections and differential code bias values published by Centre for Orbit Determination in Europe
(CODE) Analysis Centre.

The effect of solid-earth tides, polar motion and oceanic loading was taken into account according
to the IERS/IGS standard 2003 model (McCarthy and Petit, 2004).
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Figure 3 - Data quality graphs showing multipath per mobile GNSS station in L1 frequency
(top), multipath in L2 frequency (bottom).

We applied the ocean-loading model FES2004 and used IGS absolute elevation and azimuth
dependent tables for modelling the effective phase centre of the receiver and satellites antennas. The
accepted percentage of resolved ambiguities was set to 70%. An automatic cleaning algorithm was
applied to post-fit residuals in order to repair cycle slips and to remove outliers. For each session,
we obtained two solutions based on phase ambiguity resolution, one bias-free and one bias-fixed,
along with the associated variance-covariance matrices. Next, we combined our loosely constrained
bias-fixed solutions of our local network with analysed global and regional solutions provided by
SOPAC (http://sopac.ucsd.edu) into single day unconstrained solutions. Finally, we obtained
benchmark coordinates in a common reference frame by considering the daily loosely constrained
estimates and their associated variance-covariance matrices as quasi-observations and passing them
to GLOBK which employs the Kalman filtering approach. The reference frame during the formation
of these combined network solutions was again loosely defined until the last processing step, where
we realized a common reference frame applying generalized constraints (Dong et al., 1998; 2002)
and aligning each individual daily solution to the 2008 realization of the International Terrestrial
Reference Frame. This was done by minimizing, in the least-square sense, the departure from the
values determined by IERS of 18 IGS stations which were also incorporated in the GAMIT
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processing part in order to serve as ties with the ITRF2008 (Altamimi et al., 2012) (Figure 4). Four
additional, continuously recording GPS stations throughout Greece (NOA1, AUT1, DUTH, KLOK),
the first three of them part of the EUREF Permanent Network (EPN; http://www.epnch.oma.be/;
KLOK is part of NOANET, Ganas et al., 2011), were also incorporated in the processing scheme

thus gaining in efficiency and validation.
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Figure 4 - Distribution of 1GS stations (orange dots) used in GPS data processing.

Table 1 - Absolute vertical displacements of the mobile GNSS stations as differences of

ellipsoidal heights from each campaign to its next. Values are in metres.

Station | 1% Period | 2™ Period | 3" Period | 4" Period | 2™-1%(m) | 3-2"(m) | 4"-3(m) | 4" -1 (m)
KA02 20131031 | 20140411 | 20141104 | 20150403 | -0.0070 -0.0037 0.0050 -0.0057
KA03 20131031 | 20140411 | 20141104 | 20150403 | -0.0266 0.0079 -0.0073 -0.0259
KA04 20131031 | 20140411 | 20141104 | 20150403 | 0.0177 0.0003 -0.0034 0.0146
KAQ05 20131031 20140411 20141104 | 20150403 | -0.0376 0.0270 0.0222 0.0117
KA06 20131031 | 20140411 | 20141104 | 20150403 | 0.0035 0.0046 0.0119 0.0200
KA07 20131101 | 20140412 | 20141105 | 20150404 | 0.0213 -0.0235 0.0302 0.0280
KA08 20131101 | 20140412 | 20141105 | 20150404 | 0.0079 -0.0030 -0.0068 -0.0020
KA10 20131101 20140412 20141105 | 20150404 | -0.0230 0.0124 0.0145 0.0039
KA1l 20131101 20140412 20141105 | 20150404 | 0.0189 0.0106 0.0178 0.0473
KA12 20131101 20140412 20141105 | 20150404 | -0.0177 0.0040 0.0116 -0.0021
KA13 20131102 | 201404-13 | 20141106 | 20150405 | -0.0120 -0.0001 0.0019 -0.0102
KA14 20131031 | 20140411 | 20141104 | 20150403 | -0.0018 -0.0190 0.0254 0.0046
KA15 20131102 | 201404-13 | 20141106 | 20150405 | 0.0023 0.0138 -0.0139 0.0022
KA16 20131102 | 201404-13 | 20141106 | 20150405 | -0.0575 0.0280 0.0049 -0.0246
KA17 20131102 | 201404-13 | 20141106 | 20150405 | 0.0207 -0.0018 0.0071 0.0260
KA18 20131102 201404-13 | 20141106 | 20150405 | -0.0023 0.0242 -0.0076 0.0142
KA19 20131101 | 20140412 | 20141105 | 20150404 | -0.0124 0.0100 0.0172 0.0149
KA20 201311-02 | 201404-13 | 20141106 | 20150405 | -0.0222 0.0254 0.0044 0.0076
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The largest difference in the vertical component (campaign 4-1) is obtained at benchmarks KAQ3,
KAOQ7, KA1l, KA16 and KA17, with values exceeding 2 cm of motion (Table 1). KA11 shows the
largest motion (uplift) of 4.7 cm. KAO3 shows the largest subsidence of 2.7 cm. The displacement
graphs for the latter stations are plotted in Figure 5 (KA1l is located on the central section of the
dam while KAO3 is located on the main road of Kalochori, 28 Octovriou Str.). Due to the closeness
of KAO3 mean to the margins of error we reprocessed the data with the GIPSY v6.4 software
(https://gipsy-oasis.jpl.nasa.gov/) in PPP mode using ionosphere free linear combination. We were
able to confirm our GAMIT subsidence trend, in fact subsidence was found as low 4 cm (see Fig.
5). Table 1 data were inserted into ArcGIS and the difference (in m) between campaigns 1 and 4 (4-
1) is presented in the map of Figure 6 by use of Inverse distance weighted (IDW) interpolation
(Shepard, 1968). For comparison with campaign data we also present time series from two, co-
located permanent GNSS stations in Kalochori, namely KAL1 and KAL2 (Figure 7). KAL1 is
located near KALO4 (Fig. 1) while KAL2 near KALO5. These stations are equipped with LEICA
geodetic equipment and were installed during 2013. They provided 30-s daily observations for
almost 1.5 years, a period not enough for complete evaluation of their signals. Nevertheless, their
vertical component data also show a rather stable behaviour (Fig. 7) as of June 2015. This
preliminary result agrees with campaign data in the main urban area of Kalochori (Fig. 6), i.e. it
indicates motions in the range -1 to +2 cm.
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Figure 5 - Displacement (ITRF2008) vs time graphs for stations, KA11 (left) and KAO3
(right). Thin gray lines show motion trends. Note the difference in Y-scale in the two plots.
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Figure 7 - Position Time series (3-components) of permanent GNSS stations in Kalochori,
obtained by GAMIT/GLOBK software.
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5. Conclusions

Our GPS measurements (Table 1, Fig. 6, Fig. 7) during the period 2013-2015, in the greater region
of Kalochori, show vertical motions ranging from -2 cm to +2 cm (i.e. just above the margins of
measurement error) with the exception of the dam south perimeter where an uplift of 2-5 cm was
observed (Figure 6). We also found no evidence for local (non-tectonic) motions and/or interseismic
strain.
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