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Abstract

The ground subsidence induced by salt mining has been causing significant damage in Tuzla, Bosnia and Herzegovina since
the 1950s. Several investigations and geodetic surveys have been conducted, i.e., traditional topographic surveys (1950-2003)
and static GPS surveys (2004—2007). The last GPS survey (2006-2007) revealed that the subsidence in Tuzla was still occur-
ring at a rate of about — 10 cm/year in some areas. Although monitoring of the subsidence has been on-going at a few points
since 2010, by means of the real-time kinematic GNSS method, it lacks spatial coverage. Therefore, an appropriate method
is required to monitor the subsidence over an extensive area at a low cost and with less labor time. Differential Interferom-
etry Synthetic Aperture Radar (DInSAR), together with the Small Baseline Subset (SBAS) time-series algorithm, is one of
the solutions for use as an effective monitoring tool. The spatial distribution of the subsidence obtained by SBAS-DInSAR
shows a good agreement with the subsidence obtained from the former monitoring results. The temporal transition of the
subsidence obtained by SBAS-DInSAR is evaluated using the results by the real-time kinematic GNSS monitoring system. It
was shown that the DInSAR results coincide with the GNSS results with a discrepancy of less than 10 mm. SBAS-DInSAR
detected that the subsidence had almost vanished everywhere, except the north and northeast portions of Pannonica Lake
where the rate of subsidence was — 1 to — 4 cm/year during the period of October 2014-May 2019. This study demonstrates
that SBAS-DInSAR can be employed as a useful and effective subsidence monitoring tool without the need to install any
devices in the monitoring area.
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1 Introduction

The subsidence in Tuzla has been causing significant dam-
age for a long period of time, mainly since 1950. It has
been reported that the major factor in this subsidence is
the salt mining activities (Mancini et al. 2009a, b; Stecchi
2008; Stecchi et al. 2009). Subsidence of up to — 12 m was
reported to have been measured by traditional topographic
surveys from 1956 to 2003 (Mancini et al. 2009b). The next
series of studies on the subsidence in Tuzla was conducted
four times by means of static GPS surveys in 2004, 2005,
2006, and 2007 (Mancini et al. 2009a; Stecchi 2008). These
GPS surveys produced subsidence information for three
periods, namely, 2004-2005, 2005-2006, and 2006-2007,
and it was found that the subsidence was generally decreas-
ing, except in the area near Pannonica Lake (Mancini et al.
2009a; Stecchi 2008).

The present subsidence is being monitored by means of
classical geodetic measurement and the real-time kinematic
GNSS monitoring system. Three GNSS stations have been
installed: one is for the reference point and the other two
are for measurement points (Celikovié and Imamovic¢ 2016).
Although the GNSS/GPS system can provide continuous
monitoring results, they are obtained only at monitoring
points which have been installed with sensors. Therefore,
the results show a lack of spatial coverage.

The problems of subsidence monitoring in Tuzla can be
summarized as follows: (1) there is a lack of information on
the spatial distribution of the current subsidence, (2) con-
ducting conventional, annual or periodical GPS surveys is
costly, requires labor and time, and involves difficulties in
terms of obtaining the continuous temporal transition of the
subsidence, and (3) the installation of a number of real-time
kinematic GNSS sensors is one solution for improving the
spatial and temporal coverage of the monitoring results;
however, it is costly.

Therefore, an efficient, effective, and economical method
is required to overcome the above problems. Differential
Interferometric Synthetic Aperture Radar (DInSAR) is
employed in this study. With DInSAR, it is possible to meas-
ure ground surface displacements with accuracy of a few
centimeters from the satellite data which were taken more
than 500-700 km away from the Earth’s surface (Ferretti
2014). This accuracy can be improved by applying several
error corrections and using a large amount of satellite data
(Berardino et al. 2002; Ferretti et al. 2000). The other advan-
tages of DInSAR are that it can monitor extensive areas (i.e.,
over thousands of square kilometers) without any sensors or
targets on the ground surface.
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DInSAR had been applied to various projects related
to rock mechanics and geotechnical engineering, such as
land subsidence (Vervoort and Declercq 2018; Wempen
and McCarter 2017), landslides (Barla 2018; Piane et al.
2016), and other ground displacements (Ciantia et al. 2018;
Janna et al. 2012; Rutqvist et al. 2016). Several examples
of the application of DInSAR related to ground movement
induced by mining activities have been given by Herrera
et al. (2010), Vervoort and Declercq (2018), Wempen and
McCarter (2017), and Woo et al. (2012). Those researches
demonstrated the applicability and effectiveness of DInSAR;
however, the results were seen to depend on the ground sur-
face conditions, topography, and other conditions. There-
fore, the availability of its application must be investigated
in detail and the computing process should be tuned appro-
priately for each applied case.

The main purposes of this study are: (1) to evaluate the
validity and applicability of DInSAR to monitor the subsid-
ence in the target area from the viewpoints of spatial distri-
bution and temporal transition and (2) to enhance the former
subsidence information and to provide the present situation
of the subsidence in Tuzla. In this study, the Synthetic Aper-
ture Radar (SAR) data from the Sentinel-1A and -1B satel-
lites, operated by the European Space Agency (ESA), are
used. The Small Baseline Subset algorithm (Berardino et al.
2002) is employed to obtain the time-series subsidence.

2 Subsidence in Tuzla

The study area is located in Tuzla City, in the northeast part
of Bosnia and Herzegovina. Tuzla is the third largest city
in Bosnia and Herzegovina. It has a population of about
110,000. Tuzla is famous for salt mining, and massive salt
exploitation was conducted during the years of 1956—-1988
(Mancini et al. 2009b).

2.1 Geological Setting and Salt Mining History

The Tuzla salt deposit geology has been investigated by
several authors (Cicic 2002; Hrvatovic 2006; Jovanovic
1968, 1980; Katzer 1903; Sokllic 1959, 1964, 1982; Ste-
vanovic 1977; Tari and Pamic 1998; Vrabac 1999). The
Tuzla salt deposit is located beneath Tuzla City in an area
of approximately 2 km? (Fig. 1a). It consists of five separated
salt series, or stratigraphic layers, which contain salt rocks
embedded in a syncline with one of the limbs close to the
surface of the city’s center (Fig. 1b and c). The maximum
thickness of the salt formation is about 600 m. It is com-
posed of marls and clayey sandstones, salt rocks, banded
marls, and anhydrite rocks, as shown by the vertical cross
section of X—X"in Fig. 1c.
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The origin of the salt deposit is related to the geology of
the Pannonian Basin and the Paratethys Sea. The Paratethys
was a large shelf sea, stretching from Germany to China,
during the beginning of the Oligocene epoch (about 34 mil-
lion years ago). After paleogeographic changes, the Black
Sea, Caspian Lake, and Aral Lake are today’s remnants of
the Paratethys Sea. The Tuzla Basin was one of the most
important basins at the southern edge of the Central Para-
tethys (Pannonian Basin) during the Miocene epoch (from
the Badenian stage to the Pontian stage). The conditions of
the lagoon sedimentation and the arid climate contributed
to the formation of salt deposits in the Tuzla region during
the Early Badenian stage. For a relatively short geological
period, the Central Paratethys was isolated, but for most of
the time, it was connected to the Eastern Paratethys (Vrabac
2005). The rock salt deposit is located inside the banded
marls. It consists of five series, marked as I, II, IIIA, IIIB,
and IV in Fig. 1c (Ferhatbegovi¢ 2004).

The primitive salt exploitation was done by natural
brine and shallow salt water wells in the Neolithic period
6000 years ago. This was confirmed by the discovery of
ceramic fragments of holders from 3500 BC, used to boil salt
water above hot charcoal (Bakalovic 2005; Stecchi 2008).
During the Ottoman-Turkish Empire, salt water exploitation
was done by shallow wells, at depths of about 60 m, and the
production of salt in that period amounted to 2500 kg/day
(Jokanovi¢ 1952).

Industrial exploitation of the salt deposit in Tuzla had
been developed in two separated mining fields, i.e., under-
ground salt mining in TuSanj and borehole salt mining
(extraction of salt water) in Hukalo—Trnovac. The deposit
between the two mining fields was not mined so as to leave
it as a safety pillar, as shown in Fig. 1 (Ferhatbegovic¢ 2004).

Underground mining was conducted in TuSanj from 1967
to 2002 by means of the classical room-pillar method and
the extraction of crude dry salt. Also, in the same field, the
so-called “controlled leaching” was conducted in lower min-
ing rooms to extract dissolved salt, which was pumped out of
the underground mine through pipelines. The TuSanj mine
was flooded by dissolved salt and had to be closed from
2002 to 2004 (Tomic et al. 2005). Salt water extraction was
conducted in Hukalo—Trnovac from 1906 to 2006 using a
borehole method (Celikovié et al. 2014). This method is
known as the “uncontrolled leaching method” because it is
impossible to control which part of the deposit is leached.
The location of boreholes (salt wells) is indicated by bullets
in Fig. la. Borehole salt mining was initially carried out
by the injection of fresh water to speed up the dissolution
process. The fresh water injection process was conducted
for only six months; it was stopped due to the appearance of
a 50-m-diameter sinkhole in a suburban area in 1987 (Man-
cini et al. 2009a; Stecchi et al. 2009). The area between the
underground mining in TuSanj and the borehole mining in
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Hukalo—-Trnovac was unexcavated and left as a safety pillar.
A safety pillar is a type of natural protection; it does not
require any additional construction work or reinforcements
(Ferhatbegovi¢ 2004).

The intensive production of salt water (by the uncon-
trolled leaching method) caused extensive subsidence of up
to -12 m in the urban area of Tuzla. It induced serious dam-
age to buildings and the infrastructure, such as water supply
systems, sewage networks, and electric powerlines (Stecchi
et al. 2009). For this reason, more than 2000 buildings col-
lapsed or needed to be demolished and about 15,000 people
had to evacuate the most affected area (Stecchi et al. 2009).
Another report (Ibreljic et al. 2007) mentioned that 2300
apartments were ruined between 1965 and 1990 due to the
subsidence phenomenon. The decision to stop the exploita-
tion of salt was made to reduce the subsidence. In the period
from March 2006 to May 2007, a gradual suspension of the
salt well exploitation was carried out. The official date of
termination of the Tuzla salt deposit exploitation is May 29,
2007 (Celikovi¢ and Imamovi¢ 2016).

2.2 Former Monitoring Results of Subsidence

Several investigations and geodetic surveys have been con-
ducted to monitor the subsidence in different periods, i.e.,
traditional topographic surveys (1950-2003) (Mancini et al.
2009b), static GPS surveys (2004—-2007) (Stecchi 2008), and
real-time kinematic GNSS monitoring (2010—present day)
(Celikovi¢ and Imamovi¢ 2016).

2.2.1 Traditional Topographic Surveys Until 2003

The first geodetic survey was conducted in Tuzla in 1914
(Mancini 2009b). However, a systematic survey to meas-
ure the subsidence due to salt mining was not started until
1956. It was continued until 1992 and ended due to the Bal-
kan War. These long-term surveys produced a large amount
of topographical data. The results of the geodetic surveys
from 1992-2003 were not as reliable as those from the pre-
vious period. One analysis of the topographical data was
conducted by Mancini et al. (2009a, b) and revealed that
the ground surface had sunk up to — 12 m. These results
are presented in Fig. 2a by contour lines (Mancini et al.
2009a). It was found that the large subsidence extended to
the north part of the city, including the residential area, and
was shaped like a bowl.

Figure 2b presents the relationship between the annual
average subsidence in cm/year (as a solid line) and the
annual amount of brine water pumped in m> (as a dashed
line). The annual volume of extracted salt water was esti-
mated from the mining database, and the annual average
subsidence was calculated by the representative subsid-
ence for the whole area and during 1956-1992 (Mancini
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Fig.2 Cumulative subsidence and its relationship to annual amount
of brine water pumped: a cumulative subsidence obtained by tradi-
tional topographic surveys from 1956 to 2003 presented by contour
lines (dashed line indicates salt deposit border added by the authors)

et al. 2009a). A remarkable correlation is shown around
1982 when the salt water extractions were reduced and the
subsidence rate decreased (Fig. 2b). It is seen that halv-
ing the salt water extraction from the year 1982 induced a
reduction in the annual subsidence rate to approximately
one half of that of the previous value (Mancini et al.
2009a).

Years

and b comparison between annual average subsidence in cm/year (as
a solid line) and annual amount of brine water pumped in m® (as a
dashed line). It is limited to the period of 1956-1992 (modified from
Mancini et al. 2009a)

2.2.2 Static GPS Surveys

Static GPS surveys were conducted four times, namely, in
2004, 2005, 2006, and 2007 (Mancini et al. 2009a; Stecchi
2008). The survey network was composed of six reference
points and 60 densification measurement points (Mancini
et al. 2009a). The results of the GPS surveys are presented in
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Fig. 3. Figure 3a—c shows the subsidence distributions, while
Fig. 3d shows the location of the densification and reference
points of the GPS surveys.

The GPS results for 2004-2005 show that the subsid-
ence continued at a rate of — 12 to — 22 cm/year in the
north part of Pannonica Lake (Fig. 3a), although the sub-
sidence rate had decreased a great deal compared with
that of the previous period (1956-2003). A considerable
part of the northeast portion of the city was subjected
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der, safety pillar, and mining region were added by the authors), and
d map of GPS densification and reference points (re-drawn from
Stecchi (2008) and Mancini et al. (2009a)

to subsidence rates of — 2 to — 5 cm/year. In the period
of 2005-2006, the subsidence rate decreased to — 8 to
— 22 cm/year around Pannonica Lake (Fig. 3b). Mancini
et al. (2009a) and Stecchi (2008) stated that the last GPS
results from 2006 to 2007 showed that the subsidence was
heading to the end almost everywhere, except for the area
near Pannonica Lake where the subsidence rate was still
about 10 cm/year (Mancini et al. 2009a; Stecchi 2008).
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2.2.3 Real-time Kinematic GNSS Monitoring

The real-time kinematic GNSS monitoring system has been
installed for monitoring the subsidence in Tuzla. Three
GNSS sensors were installed in the city (Celikovi¢ and
Imamovic¢ 2016). The results will be shown in Sect. 4.2.

3 Procedure of Multi-temporal DInSAR
3.1 Outline of SBAS-DInSAR

SAR is an active remote sensing device which can be used
day and night to produce high resolution images (3—15 m of
spatial resolution on the Earth’s surface). It is mounted on a
satellite, and transmits microwave signals in a side-looking
direction (Fig. 4) with specific wavelength 4 (band) to the
Earth’s surface and receives its reflected waves. There are
several types of SAR bands, e.g., X-band (1=2.5-3.75 cm),
C-band (1=3.75-7.5 cm), and L-band (1= 15-30 cm). The
amplitude and phase of the reflected waves are observed and
stored in one file referred to as the SAR data.

DInSAR is a method for observing the displacements of
the Earth’s surface using the SAR data (Ferretti 2007). It can
detect changes in the distance between the satellite and the
Earth’s surface by utilizing two sets of SAR data taken in

LOS : Line of Sight

Fig.4 Geometrical view of SAR system

the same area on the Earth’s surface, but at different times
and at slightly different satellite positions. These changes
in distance can be interpreted as the displacements of the
Earth’s surface in the direction of the line along which the
waves are transmitted. This direction is called the line of
sight (LOS) (Fig. 4). The LOS displacements are similar in
quantity to the displacements measured by an extensometer.

The time difference between the first and second periods
of data acquisition is called the temporal baseline length, and
the distance between the two satellite positions is called the
spatial baseline length. DInSAR does not directly measure
the displacements of the ground surface, but it calculates
the phase difference of the two sets of SAR data. The spatial
distribution of the phase difference is called an interfero-
gram. It includes the effects of the satellite baseline length
and the topography of the Earth’s surface. To obtain the
displacement from the interferogram, such effects should
be removed using the satellite information and the Digital
Elevation Model (DEM). The displacement is determined
for each pixel on the Earth’s surface. This is the basic pro-
cess of DInSAR for measuring the displacement distribution
on the Earth’s surface (Ferretti et al. 2007).

When continuous displacement monitoring is conducted
by DInSAR, a time-series analysis is applied to many pairs
of SAR data. The SBAS method (Berardino et al. 2002)
could be a useful tool for this analysis. SBAS is implemented
using the SAR data pairs with small spatial and temporal
baseline lengths, selected by giving the threshold of both
baseline lengths, in order to reduce the errors caused by long
spatial and temporal baseline lengths. After conducting the
DInSAR process to obtain the incremental displacement for
each pair of SAR data, the mean velocity of the displacement
for each period is estimated (Berardino et al. 2002). During
this process, the errors due to the residual topography, the
atmospheric phase delay, and other random error sources
can be reduced (Berardino et al. 2002; Lanari et al. 2007).
A simplified flowchart for SBAS is given in Fig. 5. After
all the errors have been reduced, the time-series of the dis-
placement can be obtained, and further analysis and an inter-
pretation of the results can be conducted using Geographic
Information System (GIS) software.

3.2 Data Collection

The SAR data acquired with TOPSAR (Zan and Guarnieri
2006) by means of the Sentinel-1A and Sentinel-1B satel-
lites, operated by the ESA, are used in this study. Since the
data from Sentinel-1A and -1B are free, economical moni-
toring can be realized.

The total amount of data used in this study are 199 sets
of SAR data (Table 1), which were taken from October 9,
2014 to May 28, 2019 in the descending orbit direction.
The path and the frame numbers of the SAR data are 51
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Fig.5 Flowchart of SBAS (simplified)

and 442-446, respectively. Since Sentinel-1A and -1B are
in active operation, the amount of SAR data can be updated
every 6—12 days.

3.3 SBAS Processing Steps

In this study, Envi SARscape version 5.5.2 (SARMAP 2019)
is used as the SAR processor for conducting the SBAS-DIn-
SAR analysis. The first step is the selection of the SAR data
pair combinations by assigning threshold values to the tem-
poral and spatial baselines. The maximum temporal baseline
and the maximum spatial baseline are set at 48 days and
150 m, respectively. This produces possible combinations
from the 199 sets of SAR data (Table 1), as shown in Fig. 6.
These threshold values result in a total of 544 combinations
(interferograms) to be analyzed. Then, all possible pairs, pre-
sented in Fig. 6, are processed using the conventional DIn-
SAR method. The digital elevation model (DEM) provided
by JAXA (Japan Aerospace Exploration Agency), ALOS
World 3D—30 m (AW3D30) (Takaku and Tadono 2017),
is used to remove the topographic phase effects. The inter-
ferograms and the coherence, which is an index representing
the reliability of the results of the interferograms, were pro-
duced in this step and then checked. The eight sets of SAR
data with low coherence (presented by the red diamonds in
Fig. 6) are removed from the SBAS analysis to reduce the
errors in the analyses.

After the SBAS process, the time-series spatial distribu-
tion of the LOS displacements is obtained for all the dates
on which the SAR data were observed. The spatial resolution
of the displacement is 25 m X 25 m in this study.
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3.4 Derivation of Subsidence from Measured LOS
Displacements

The displacements obtained by SBAS-DInSAR are in one
dimension along the line of sight (LOS), as mentioned in
Sect. 3.1. To convert the LOS displacements to subsidence,
a simple assumption is employed, namely, as the displace-
ments are mainly caused by subsidence (vertical move-
ments), the horizontal displacements can be ignored. Under
such an assumption, the relationship between LOS displace-
ment D; o and subsidence Dg,, is shown in Fig. 7, and the
subsidence can then be obtained from the LOS displace-
ments by Eq. (1).

Dy os
cos @,

Dgyp = — ()
where 6, is the local incidence angle and the subsidence is
assigned with a minus sign.

It should be noted that if a non-negligible horizontal dis-
placement arises in the actual behavior, Eq. (1) will include
some errors.

4 Results and Validation
4.1 Spatial Distribution

The results of the distribution map of the subsidence were
obtained by SBAS-DInSAR, as described in Sect. 3.3. The
total number of maps is 198. Figure 8 shows some of them
as examples; they indicate the time transition of the subsid-
ence distribution.

It is clearly found that the subsidence increases as time
passes in the area north of Pannonica Lake and in the east
part of TuSanj. The larger subsidence occurring in the area
northeast of Pannonica Lake is represented by orange and
red (Fig. 8f). The accumulated subsidence from October
2014 to May 2019 is 100-200 mm in the area northeast
of Pannonica Lake, 50-100 mm in the area northwest of
Pannonica Lake and the east part of TuSanj (yellow color
in Fig. 8f), and less than 50 mm in other areas. Around the
safety pillar, which is an unexcavated area, as well as the
area outside of the salt deposit around the city area, almost
no subsidence has occurred over the last four and a half
years.

On the other hand, there are no results for some parts of
the map especially in the area with vegetation coverage. This
is due to the weak or the lack of microwave reflections and to
the changes in the growing situation in high vegetation areas
that cause the low coherence of the interferograms, which
means SBAS-DInSAR cannot provide reliable measurement
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Table 1 List of Sentinel-1A and -1B SAR data used in this study

No. Date Satellite No. Date Satellite No. Date Satellite No. Date Satellite
1 2014-10-09  S1A 51 2016-10-22  S1A 101 2017-09-05  SIB 151 2018-08-07  S1B
2 2014-10-21 S1A 52 2016-10-28  SIB 102 2017-09-17  SIB 152 2018-08-19  SIB
3 2014-12-08  S1A 53 2016-11-03  S1A 103 2017-09-29  SIB 153 2018-08-25  S1A
4 2014-12-20  S1A 54 2016-11-09  S1B 104  2017-10-11 S1B 154 2018-08-31 S1B
5 2015-01-01 S1A 55 2016-11-15  S1A 105  2017-10-17  SI1A 155  2018-09-06  S1A
6 2015-01-25  S1A 56 2016-11-21 S1B 106 2017-10-23  SIB 156  2018-09-12  SIB
7 2015-02-06  S1A 57 2016-11-27  S1A 107 2017-11-04  SIB 157  2018-09-18  S1A
8 2015-02-18  S1A 58 2016-12-03  S1B 108  2017-11-10  S1A 158  2018-09-24  SIB
9 2015-03-02  S1A 59 2016-12-09  S1A 109  2017-11-16  S1B 159  2018-09-30  S1A
10 2015-03-14  S1A 60 2016-12-15  SIB 110  2017-11-22  S1A 160  2018-10-06  S1B
11 2015-03-26  S1A 61 2016-12-21 S1A 111 2017-11-28  SI1B 161 2018-10-12  S1A
12 2015-04-07  S1A 62 2016-12-27  S1B 112 2017-12-10  S1B 162  2018-10-18  SIB
13 2015-05-01 S1A 63 2017-01-02  S1A 113 2017-12-16  S1A 163  2018-10-24  S1A
14 2015-05-13  S1A 64 2017-01-08  S1B 114 2017-12-22  SIB 164  2018-10-30  SIB
15 2015-05-25  S1A 65 2017-01-14  S1A 115  2017-12-28  S1A 165  2018-11-05  S1A
16 2015-06-06  S1A 66 2017-01-20  S1B 116 ~ 2018-01-03  SIB 166  2018-11-11 S1B
17 2015-06-18  S1A 67 2017-01-26  S1A 117 2018-01-09  S1A 167  2018-11-17  SIA
18 2015-06-30  S1A 68 2017-02-01 S1B 118  2018-01-15  SIB 168  2018-11-23  SIB
19 2015-07-12  S1A 69 2017-02-07  S1A 119  2018-01-21 S1A 169  2018-11-29  S1A
20 2015-07-24  S1A 70 2017-02-13  S1B 120  2018-01-27  S1B 170  2018-12-05  SIB
21 2015-08-17  S1A 71 2017-02-19  S1A 121 2018-02-02  S1A 171 2018-12-11 S1A
22 2015-08-29  S1A 72 2017-02-25  S1B 122 2018-02-08  SIB 172 2018-12-17  SIB
23 2015-09-10  S1A 73 2017-03-03  S1A 123 2018-02-14  S1A 173 2018-12-23  SI1A
24 2015-10-04  S1A 74 2017-03-09  SIB 124 2018-02-20  S1B 174  2018-12-29  SIB
25 2015-10-16  S1A 75 2017-03-15  S1A 125  2018-02-26  S1A 175  2019-01-04  S1A
26 2015-10-28  S1A 76 2017-03-21 S1B 126  2018-03-04  SIB 176 2019-01-10  SIB
27 2015-11-09  S1A 77 2017-03-27  S1A 127 2018-03-10  SIA 177  2019-01-16  S1A
28 2015-11-21 S1A 78 2017-04-02  S1B 128  2018-03-16  SIB 178  2019-01-22  SIB
29 2015-12-03  S1A 79 2017-04-08  S1A 129  2018-03-22  S1A 179  2019-01-28  S1A
30 2015-12-15  S1A 80 2017-04-20  S1A 130  2018-03-28  SIB 180  2019-02-03  SIB
31 2016-01-08  S1A 81 2017-04-26  S1B 131 2018-04-03  S1A 181 2019-02-09  S1A
32 2016-01-20  S1A 82 2017-05-02  S1A 132 2018-04-09  SIB 182 2019-02-15 SIB
33 2016-02-01 S1A 83 2017-05-08  S1B 133 2018-04-15  S1A 183  2019-02-21 S1A
34 2016-02-25  S1A 84 2017-05-14  S1A 134 2018-04-21 S1B 184  2019-02-27  SIB
35 2016-03-20  S1A 85 2017-05-20  SIB 135 2018-04-27  S1A 185  2019-03-05 S1A
36 2016-04-13  S1A 86 2017-05-26  S1A 136 2018-05-03  SI1B 186  2019-03-11 S1B
37 2016-04-25  S1A 87 2017-06-01 S1B 137  2018-05-09  S1A 187  2019-03-17  S1A
38 2016-05-19  S1A 88 2017-06-07  S1A 138 2018-05-15  SIB 188 2019-03-23  S1B
39 2016-05-31 S1A 89 2017-06-13  S1B 139 2018-05-21 S1A 189  2019-03-29  SI1A
40 2016-06-12  S1A 90 2017-06-19  S1A 140  2018-05-27  SIB 190  2019-04-04 SIB
41 2016-07-06  S1A 91 2017-06-25  S1B 141 2018-06-08  SIB 191 2019-04-10  S1A
42 2016-07-18  S1A 92 2017-07-01 S1A 142 2018-06-14  S1A 192 2019-04-16 SIB
43 2016-08-11 S1A 93 2017-07-13  S1A 143 2018-06-20  SIB 193 2019-04-22  S1A
44 2016-08-23  S1A 94 2017-07-19  SIB 144 2018-06-26  S1A 194 2019-04-28  SIB
45 2016-09-04  S1A 95 2017-07-25  S1A 145  2018-07-02  SI1B 195  2019-05-04  SIA
46 2016-09-16  S1A 96 2017-07-31 S1B 146  2018-07-08  SIA 196  2019-05-10  S1B
47 2016-09-28  S1A 97 2017-08-06  S1A 147  2018-07-14  S1B 197  2019-05-16  S1A
48 2016-10-04  SIB 98 2017-08-12  S1B 148  2018-07-20  SI1A 198  2019-05-22  SIB
49 2016-10-10  S1A 99 2017-08-24  S1B 149  2018-07-26  SIB 199  2019-05-28  S1A
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Table 1 (continued)

No. Date Satellite No. Date Satellite

150  2018-08-01 S1A

No. Date Satellite No. Date Satellite
50 2016-10-16 S1B 100 2017-08-30 S1A
Time-position plot
200 E — L ) I B B =
150 — . 1 \ —]
= bkt -
— 100 — “ 'Il “ H‘ T
£ = “ ‘ y ‘ Iﬂ ﬂ I !’1 3 - 1’\ ‘\]’w“”‘ -
c E 1 e " -
1 E ‘ I i “H" *‘“‘fﬂn\"%‘“ i -
e ke e A1 Ttk -
= T ] =
$ wE i 3
']ffgan:-u — 2-.]ull-15 T T P TR E— 1-in-20

31-Dec-16
Acquisition date
@ SAR data used in analysis

Super master data
@ SAR data removed from analysis

Fig.6 Combination of SAR pairs used in SBAS-DInSAR analysis.
The green diamonds indicate the number of SAR data used in the
SBAS-DInSAR analysis, the red diamonds indicate that the SAR data
were not used or removed from the SBAS-DInSAR analysis, and the
yellow diamond is the super master data

SAR satellite

Horizontal plane

/ DSub

Fig.7 Relationship between LOS displacements and subsidence
under assumption of no horizontal displacement
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results (Ferretti 2014). In this research, 0.3 is given as the
threshold value of the coherence for interferometry to obtain
the results, i.e., the results are not shown for areas where the
coherence is less than 0.3.

The spatial distribution of the subsidence obtained by
SBAS-DInSAR for a year (from May 2018 to May 2019) is
compared with distributions by GPS surveys (from 2006 to
2007) and traditional topographical surveys (from 1956 to
2003) in Fig. 9. It is found that the subsidence distribution
by SBAS-DInSAR (Fig. 9a) is different from those by the
traditional topographical surveys (Fig. 9¢), i.e., the amount
of subsidence is much smaller than before and the location
of the large subsidence area is seen to have moved from
the center of the salt mine region (see Fig. 9c) to the area
northeast of Pannonica Lake (see Fig. 9a). This is because,
as seen in Fig. 2b, the extraction of salt water was very active
in those days (1956-2003).

On the other hand, the subsidence distribution by SBAS-
DInSAR is similar to those by the GPS surveys (Fig. 9b).
This means that the subsidence has continued in the same
place since the last GPS survey even after the termination of
the salt water extraction in 2007. As will be seen in Sect. 5.2,
the rate of subsidence has decreased since 2007 in almost all
areas. The details will be discussed in Sect. 5.2.

4.2 Temporal Transition

To validate the subsidence transition in time obtained by
SBAS-DInSAR, the monitoring results by GNSS are used.
GNSS stations have been installed at three points, namely,
TuS$anj, Pannonica, and Tuzla, and displacements are being
monitored at those stations by the real-time kinematic
method (Celikovi¢ and Imamovi¢ 2016). Tuanj and Pan-
nonica stations are the monitoring points and Tuzla station
is the reference (fixed) point.

To make an appropriate comparison, the three-dimen-
sional displacements obtained by GNSS are projected into
LOS displacements using the following equation:

—sin@; - sin §
Dyios = [ Dy_s Dg_w Dy_p || sin6;-cosp | )
cos 6,

where 0, is the incidence angle of the microwaves transmit-
ted from the satellite and f is the angle of the satellite flight
(orbit) direction, as shown in Fig. 10.
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Fig.8 Subsidence distribution

obtained by SBAS-DInSAR

on several dates: a October 21,

2014, b October 28, 2015, ¢

October 22, 2016, d October 23,

2017, e October 24, 2018, and f

May 28, 2019 Gy

und mining

qsam area /157

vSafety pillar

alt deposit border:

.. Borehole mining
infHUkalo-Trhovac area

Pannonica‘Lake
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— | Meters|

Pannonica Lake
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Comparisons of the LOS displacements by GNSS and
SBAS-DInSAR at TuSanj and Pannonica stations are
shown in Fig. 11. Since the GNSS results were greatly
scattered, very few results could be utilized. The displace-
ments show a good agreement. Figure 12 illustrates the
relationship between the SBAS-DInSAR results and the
GNSS results at Pannonica and Tusanj stations. It is seen
that the SBAS-DInSAR results coincide with the GNSS

Pannonica kake

500 1,000
Meters|

Pahnonica'lake

500 1,000
Metersfg

Pannonica‘kake

0 500 1,000
— Meters|

Subsidence

Oomm +200mm

results with a discrepancy between them of less than
10 mm. The RMSE (root mean square error) is 4.3 mm for
Pannonica station, 1.6 mm for TuSanj station, and 3.9 mm
totally for both stations. These results are similar to or
better than those reported in other researches (Casu et al.
2006; Hu et al. 2019; Motagh et al. 2017; Qu et al. 2015;
Tizzani et al. 2007).
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(m)

-0.03

250 500
| Metersj

Fig.9 Comparison of subsidence distributions obtained by different
methods and in different periods: a subsidence distribution obtained
by SBAS-DInSAR from May 27, 2018 to May 28, 2019, b subsid-
ence distribution obtained by GPS surveys from 2006-2007 ( modi-

Figure 11c presents the LOS displacement by SBAS-
DInSAR at Tuzla station, which is located far from the
subsidence area. The displacement at this station did not
increase much over the monitoring period and the accu-
mulated value is less than a few mm. It showed that no
remarkable displacement occurred at this point and then
Tuzla station was suitable for the reference point of GNSS
monitoring.

From the above results, it is found that the SBAS-DIn-
SAR results in this study are acceptable.

@ Springer

fied from Stecchi 2008), and ¢ subsidence distribution obtained by
traditional topographical surveys from 1956 to 2003 (re-drawn from
Mangcini et al. 2009b)

5 Discussions

5.1 Comparison Between Former (1956-2003)
and Present (2014-2019) Subsidence in Spatial
Distribution

A comparison of the subsidence shapes and values,
obtained by the traditional topographical surveys and by
SBAS-DInSAR, is illustrated in Fig. 13 in section lines
A-A’ and B-B’.
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Vertical

Fig. 10 Geometry of three-dimensional displacements projected into
LOS displacements (in descending right-looking orbit direction)

Figure 13c shows the subsidence along section line A—A’.
A large subsidence of more than 1 m appeared between 400
and 1400 m on the lateral axis, and its peak (— 12 m) was
found at a position of around 910 m on the lateral axis dur-
ing the period of 1956-2003 (Mancini et al. 2009a). Accord-
ing to the SBAS-DInSAR results, the magnitude of subsid-
ence decreased greatly and subsidence of up to — 115 mm
occurred at a position of 1650 m on the lateral axis during
the period of 2014-2019.

The subsidence by SBAS-DInSAR along section line
B-B’ is shown together with the results of the traditional
topographic surveys in Fig. 13d. The figure shows that a
subsidence larger than — 40 mm occurred between 1000 and
1800 m on the lateral axis during the period of 2014-2019.
However, the subsidence along B-B’ between 1250 and
1570 m on the lateral axis did not appear because of the low
coherence of the interferogram in this portion due to the
vegetation conditions.

Section lines A—A’ and B—B’ were set by Mancini et al.
(2009a) to show the shapes and the maximum subsidence
obtained by the traditional topographical surveys in the ver-
tical section. In a similar way, to investigate the SBAS-DIn-
SAR results, two section lines, C—C* and D-D’, are newly
set to present the distributions of subsidence obtained by
SBAS-DInSAR, including the maximum subsidence. Fig-
ure 13e and f show subsidence of more than — 40 mm (up
to — 160 mm) along lines C-C’ and D-D’ between about
700 m and 1900 m on the lateral axis, and between about
520 m and 1150 m on the lateral axis, respectively. It is

found that the area of the maximum subsidence is located
outside the salt deposit around the northeast portion of Pan-
nonica Lake. The extent of the area of subsidence has been
reduced, and the amount of subsidence is much less at the
present time.

5.2 Trend of Time Transition of Subsidence
from 2004 to 2019

To assess the present trend of the subsidence, the time
transitions from 2014 to 2019 obtained by SBAS-DInSAR
are compared with the subsidence measured by GPS from
2004 to 2007 (Mancini et al. 2009a; Stecchi 2008) at the
GPS measurement points, as shown in Fig. 14. Both time
transitions of the subsidence by GPS and SBAS-DInSAR
are presented at the selected points in Fig. 15. The average
subsidence rates per year were calculated for the GPS and
SBAS-DInSAR results, as shown in Table 2. The distribu-
tions of cumulative subsidence during 2014-2019 are seen
to overlap in Fig. 14.

The subsidence at points 10, 11, and 14-16 reached more
than several meters during 1956-2003 (see the contour lines
in Fig. 14), and the average rates from 2004 to 2007 were
— 40 to — 210 mm/year (see Table 2). SBAS-DInSAR found
that the subsidence occurred at rates of — 10 to — 20 mm/
year at points 10, 11, and 14 (solid squares in Fig. 14) and
at rates of — 20 to — 40 mm/year at points 15 and 16 (bullets
in Fig. 14) from 2014 to 2019. As shown in Fig. 15a—e, the
subsidence greatly decreased from 2004 to 2019, but it is
still continuing at present. Around points 15 and 16, located
in the northeast portion of Pannonica Lake, the maximum
subsidence occurred during 2014-2019, and its trend has
been found since at least 2004 (see Fig. 3a—c).

The subsidence rates at points 5-7, 17-19, 25, 26,
and 29-31 (points 5-7, 17-19, and 25 are located in
Hukalo-Trnovac and points 26, 29, and 31 are located in
TuSanj) decreased to — 3 to — 10 mm/year during the period
of 2014-2019, although the rates were — 3 to — 200 mm/
year during the period of 2004-2007. Those points are
denoted by solid triangles in Fig. 14. Figure 15f—j show the
time transition of subsidence at points 6, 7, 19, 25, and 26.
SBAS-DInSAR found that the rate was greatly reduced at
those points from 2004 to 2019, and the cumulative subsid-
ence was smaller than that in the north and northeast por-
tions of Pannonica Lake.

At all other points (1-4, 8, 9, 12, 20-24, 27, 33-37,
and 39-44), the subsidence rates have become very small,
namely, within — 3 mm/year (less than — 1 mm/year at
most points) from 2014 to 2019, as shown in Table 2.
Those points are located mainly the southwest portion of
the salt deposit area (i.e., the city area) and are denoted by
circles in Fig. 14. Figure 15k—p show the subsidence tran-
sition in time at points 22, 24, 36-38, and 41. During the
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Fig. 11 LOS displacements
obtained by SBAS-DInSAR
and GNSS at GNSS stations:
a locations of GNSS stations,
b Pannonica station, ¢ TuSanj
station, and d Tuzla station
(reference point)
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period of 2004-2007, the subsidence rates at points 22, 24,
and 38 were — 10, — 20 and — 47 mm/year, respectively,
and the rates at other points were 7 to — 7 mm/year. How-
ever, during the period of 2014-2019, the rate decreased
to less than — 3 mm/year. SBAS-DInSAR found that the
subsidence has almost vanished in this area.

There are two points (28 and 32) denoted by “X” in
Fig. 14 where no results were obtained due to the low

@ Springer

T T T T T
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coherence (less that the threshold value of 0.3) caused by
the highly vegetated area.

From the above discussion, the subsidence in Tuzla still
continues with — 10 to — 40 mm/year in the north and north-
east portions of Pannonica Lake in spite of the termination
of salt water exploitation in 2007. On the other hand, it has
almost vanished in the city area. In the areas east and south
of Pannonica Lake (including points 5-7 and 17-19) and
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Fig. 12 Scatter plot of LOS (a) (b)
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in the east part of TuSanj, small subsidence with a rate of
up to — 10 mm/year is continuing to occur. Therefore, it is
important to keep monitoring the subsidence in these areas
to confirm the convergence of the subsidence or to estimate
the future behavior. SBAS-DInSAR can be employed as a
useful and effective tool for monitoring the subsidence in
Tuzla.

In this research, the LOS displacements by SBAS-DIn-
SAR are converted to the subsidence (the vertical displace-
ment) by using Eq. (2) under the assumption of non-hor-
izontal displacement. A detailed discussion considering
horizontal displacements together with the estimation of
future behavior is needed as a future work.

6 Conclusions

This study has focused on investigating the applicability
of SBAS-DInSAR for monitoring the subsidence induced
by salt mining activities in Tuzla, Bosnia and Herzegovina
and has compared it with the monitoring results obtained by
other methodologies and in different temporal periods. The
conclusions can be given as follows:

1 The validity and applicability of SBAS-DInSAR to
monitor the subsidence induced by salt mining activities
were evaluated using the former subsidence results (tra-
ditional topographic and GPS surveys) and the present
real-time kinematic GNSS monitoring system. It was
found that SBAS-DInSAR was able to provide the time
transition of the subsidence distribution together with

the temporal transition of the subsidence in the target
area. The discrepancy between the results of SBAS-
DInSAR and the GNSS kinematic method was within
10 mm, and the RSME was 3.9 mm. This is good accu-
racy for DInSAR monitoring.

The present subsidence distribution obtained by SBAS-
DInSAR is much smaller than the former results
obtained by the traditional topographical surveys from
1956 to 2003, and the location of the larger subsidence
area was seen to have moved from the center of the salt
mine deposit to the southeast border of it. The distribu-
tion shape is similar to those obtained by the former
GPS survey conducted from 2004 to 2007.
SBAS-DInSAR detected that the subsidence is still on-
going in the north and northeast portions of Pannonica
Lake in spite of the termination of salt water exploitation
in 2007, and it has almost vanished in the city area of
Tuzla. It was found that the subsidence rate was — 10 to
— 20 mm/year and — 20 to — 40 mm/year in in the north
and northeast portions of Pannonica Lake, respectively,
during the period of 2014-2019. In areas east and south
of Pannonica Lake and in the east part of TuSanj, small
subsidence with a rate of up to -10 mm/year is continu-
ing to occur.

According to the above results, it is important to keep
monitoring the subsidence in this area to confirm the
convergence of the subsidence or to estimate the future
behavior. SBAS-DInSAR can be employed as a use-
ful and effective tool for monitoring the subsidence in
Tuzla.
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Table 2 Subsidence trend between two measurements periods, 2004—
2007 (by GPS survey) and 2014-2019 (by SBAS-DInSAR)

Station Average rate of subsidence (mm/year) Sym-
20042007 (GPS)  2014-2019 (SBAS- E?;."ll 4
DInSAR)
1 3.33 0.89 (0}
2 - 6.67 0.73 (6}
3 0.00 0.42 (¢}
4 - 10.00 -0.33 (6}
5 —53.33 —-342 A
6 —50.00 —3.05 A
7 —200.00 -6.21 A
8 6.67 0.48 (0]
9 - 6.67 0.77 (¢}
10 —73.33 —10.26 |
11 —46.67 —12.17 |
12 5.00 -0.75 (6]
14 —36.67 — 1471 |
15 —210.00 - 2598 [ J
16 —133.33 —36.28 ()
17 0.00 — 344 A
18 - 6.67 -333 A
19 - 6.67 —8.38 A
20 0.00 -0.77 (¢}
21 0.00 1.04 O
22 —10.00 0.25 O
23 - 6.67 0.56 (0]
24 —20.00 1.09 O
25 —20.00 —4.41 A
26 — 10.00 —6.32 A
27 —3.33 - 1.71 O
28 0.00 No result X
29 13.33 —5.78 A
30 —6.67 —5.51 A
31 —-3.33 —4.13 A
32 — 10.00 No result X
33 —5.00 — 1.60 O
34 0.00 0.05 O
35 —6.67 —-0.37 O
36 0.00 0.16 O
37 —6.67 —0.10 O
38 —46.67 —1.26 O
39 6.67 0.20 (0]
40 6.67 - 0.09 O
41 —5.00 0.88 O
42 6.67 —0.31 O
43 6.67 0.90 O
44 6.67 0.39 O

0=~— 3 mm/year, A =— 3 to — 10 mm/year, B=— 10 to 20 mm/
year, @ =— 20 to 40 mm/year, X =No result
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