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1. Introduction
Surface deformations resulting from mining activities at 
mining sites are generally monitored by various methods, 
such as global navigation satellite system (GNSS) 
receivers, geometric leveling, terrestrial laser imaging 
detection and ranging (LIDAR), and unmanned aerial 
vehicle (UAV) photogrammetry. Among these methods, 
the GNSS technique and the geometric leveling method 
produce precise point values. Point deformations could 
also be measured using geotechnical instruments such as 
crackmeters, inclinometers, extensometers, piezometers, 
and microseismic geophones (Jarosz and Wanke, 2004). 
Techniques for point-based deformation detection, such 
as inclinometer, extensometer and GNSS, require tracking 
of numerous points to monitor whole of the large scale 
mine site and involve high costs due to sophisticated 
data management (Jarosz and Wanke, 2004). These point 
measurements are often insufficient for the assessment of 
the kinematics and behaviors of displacements dependent 

on large landslides characterized by complex movements 
(Colesanti et al., 2005; Kristensen et al., 2012; Jakóbczyk 
et al., 2015). Although terrestrial LIDAR and UAV 
photogrammetry allow for the determination of areal 
deformations, they produce results that vary according 
to the properties of the equipment used. Airborne 
LIDAR data and imagery are safe, accurate, and able 
to achieve a valuable top-view. However, the extremely 
high cost associated with the use of aircraft and its time-
consuming nature makes this strategy an impractical 
solution, especially for investigations of small areas (Al-
Rawabdeh et al., 2016). UAV photogrammetry has been 
widely used in deformation monitoring studies in recent 
years. This method has been used in many studies, such 
as monitoring tectonic movements (Deffontaines et al., 
2016), determining deformations at mine sites (Tong et al., 
2015; Hastaoğlu et al., 2019; Ren et al., 2019), monitoring 
landslides (Niethammer et al., 2012; Peppa et al., 2017; 
Eker et al., 2018), and it has been emphasized that valuable 

Abstract: Slopes are formed to carry out mining activities such as stripping, ore production, transportation, and waste management 
in open-pit mines. The instability of slopes is a potential source of risks for mine safety. An unexpected slope failure may damage 
people, buildings, and equipment in the immediate area. Moreover, it leads to the disruption of mining production and an increase in 
production cost. For this reason, the regular examination and systematic monitoring of slopes should be performed to determine the 
early warning signs of failure. Thus, it may be possible to reach acceptable risk levels and to plan and implement the necessary safety 
measures. In this study, deformations at a common dump site of three different open-pit marble mines located in Eliktekke region of 
Amasya province (Turkey) were investigated by the permanent scatterer interferometry (PSI) technique using satellite radar images. The 
results obtained from the PSI technique were compared with global navigation satellite system (GNSS) and unmanned aerial vehicle 
(UAV) photogrammetry results which had been conducted by Hastaoğlu et al. (2019) in the same study area. Velocities in the satellite 
line of sight (LOS) direction approaching –70 mm/month were determined from the PSI results of this dump site. Although the obtained 
results provided the overall coherence at this site, different results were found from GNSS and UAV photogrammetry in the areas where 
step geometry (height, width, inclination) changed along with the ongoing dumps and frequently changing surface topography due to 
dumping. While deformations occurring in slow motion and in a long time could be revealed by the PSI technique, displacements that 
occurred instantly and in a short time could not be determined. This study showed the detectability of surface deformations in open-pit 
mines by the PSI technique and problems that might be encountered during the analysis stage.
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data could be produced with UAV, but improvements 
were needed to increase for accuracy. The ground-based 
synthetic aperture radar (GB-SAR) technique is also used 
at many mine sites. This technique is limited due to the 
linear observation feature of its system, especially  vertical 
displacement observations in flat areas (Ferrigno et al., 
2007). In recent years, methods such as interferometric 
synthetic aperture radar (InSAR), which allow for the 
determination of surface deformations and movements, 
especially in large areas, and use satellite data, have begun 
to come to the forefront. InSAR is one of the techniques 
that is applied for the analysis of surface deformation 
processes using satellite images.

With the InSAR method, a digital elevation model 
(DEM) of the studied region can be created by using 
the phase information in the interferogram, and surface 
deformations in centimeters or below centimeters can be 
determined in the satellite line of sight (LOS) direction. 
Furthermore, with the permanent scatterer interferometry 
(PSI) technique, which is the most used among the InSAR 
methods, movements occurring on the surface as a result 
of events such as earthquakes, volcanoes, glaciers, and 
landslides can be determined in the LOS direction, and 
deformations can be revealed areally (Colesanti et al., 
2003a; Colesanti et al., 2003b; Canuti et al., 2004; Colesanti 
and Wasowski, 2004; Ferretti et al., 2005).

There are many studies successfully observing 
displacements that occur in surface mines using the 
InSAR data. Mora et al. (2013) successfully observed the 
displacements of production slopes of an open-pit coal 
mine located in the northwest of Spain by the PSI technique 
using the images of the years 2008–2012 obtained from the 
TerraSAR-X satellite, and they performed slope stability 
analysis by considering the displacement values. Meisina 
et al. (2006) successfully performed the determination and 
monitoring of displacement in Oltrepo Pavese in Northern 
Italy, which is considered as a complex geological and 
structural area, using the PSI technique. Pinto et al. 
(2014) effectively applied the PSI technique to an open-
pit manganese mine. Pinto et al. (2015) indicated that 
high accuracy could be achieved in the case of long-term 
displacement monitoring using the PSI technique, without 
the need for terrestrial measuring instruments and field 
studies, in open-pit mining areas, dump sites, and regions 
around open-pit mines.

Graniczny et al. (2015) performed a detailed InSAR 
analysis in the Upper Silesian Coal Basin in Poland. They 
applied both the differential interferometry synthetic 
aperture radar (DInSAR) and PSI techniques for different 
data sets such as ERS1/2, Envisat, ALOS, and TerraSAR-X. 
With these techniques, they associated the topographic 
elevations in the field, depending on underground water. 

Bozzano et al. (2015) associated the spatial and temporal 
evolution of a collapse process monitored in the Acque 

Albule Basin (Italy), which is an area of approximately 
30 km². The authors performed the advanced DInSAR 
analysis of ERS and Envisat satellite images taken in 
1992. They also indicated that groundwater level changes 
triggered the collapse in the area, using the historical data 
set of radar images with the PSI technique. 

Paradella et al. (2015) monitored surface deformations 
in open-pit iron mines located in Carajás province 
(Amazon Region) by the PSI technique using 33 
TERRASAR-X images. They said that the approach 
was effective in monitoring deformations in the region. 
But on the other hand, they indicated that they could 
not determine deformations which developed in a fast 
and sudden way by this method. In the study on the 
determination of deformations at mining sites by the PSI 
technique, Temporim et al. (2017) indicated that intensive 
surface movements affected the results negatively due to 
mining processes. 

Perski et al. (2009) investigated the potential 
relationship between underground mining activities in the 
Wieliczka salt mine located on the edge of the Carpathian 
mountains in Poland and landslide events occurring on 
the surface. In their study, they performed the DInSAR 
and PSI analyses using ERS-1 and ERS-2 images in 
order to separate the observed field deformations into 
three different types. They indicated that slow-motion 
subsidences occurring on the surface due to the spaces 
formed from underground mining could be easily 
determined while the rapid field deformation caused by 
water intake could not be determined by InSAR analysis. 

In open-pit mining activities, it is necessary to monitor 
deformations occurring on the surface to ensure the safety 
of people and buildings, the continuity of production, and 
to determine whether these deformations have reached 
the critical risk value. Therefore, the effects to be caused 
by surface deformations should be examined through 
periodic observations at frequent intervals, and it is 
necessary to create unique behavior models according to 
the geomechanical properties of the field (Akcin et al., 
2007).

Hastaoğlu et al. (2019) monitored deformations at the 
same study area using the UAV photogrammetry and GNSS 
technique. The movement values of approximately 2 mm/
month –70 mm/month horizontally and approximately 3 
mm/month and –100 mm/month vertically were obtained 
by using the GNSS method and UAV photogrammetry at 
the dump site. Furthermore, there are 3 m horizontal and 1 
m vertical sudden displacements at the deformation point 
D35. 

The aim of this study was to determine the possible 
landslides or massive displacements that may occur in 
and/or around the excavation area or at the dump sites 
of mines by the PSI technique. A common dump site of 
three different open-pit marble mines located in Eliktekke 

https://www.sciencedirect.com/science/article/pii/S0013795206002535?via%3Dihub#bib14
https://www.sciencedirect.com/science/article/pii/S0013795206002535?via%3Dihub#bib14
https://www.sciencedirect.com/science/article/pii/S0013795206002535?via%3Dihub#bib15
https://www.sciencedirect.com/science/article/pii/S0013795206002535?via%3Dihub#bib7
https://www.sciencedirect.com/science/article/pii/S0013795206002535?via%3Dihub#bib12
https://www.sciencedirect.com/science/article/pii/S0013795206002535?via%3Dihub#bib12
https://www.sciencedirect.com/science/article/pii/S0013795206002535?via%3Dihub#bib20
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village of Amasya province was selected as the study 
area. Surface deformations were determined by the PSI 
technique, obtaining the Sentinel-1A images in a way to 
cover the same time periods for the dump site studied in 
the article of Hastaoğlu et al. (2019), and the success of the 
technique was measured.

Although one of the most commonly used techniques 
for the determination of deformations with satellite images 
is the DInSAR method, the PSI technique was preferred in 
this study. As the temporal difference between the images 
used in the DInSAR increases, the coherence of the images 
decreases, and thus, displacements can not be determined 
precisely. The PSI technique, which was developed to 
reduce this effect, can produce much more precise results 
in a time series by using many image sets compared to the 
DInSAR technique (Ferretti et al., 2001).

2. Materials and methods
2.1. Study area
The study area is the common dump site of three different 
marble mines located in Eliktekke village of Amasya 
province (Figure 1). This site is approximately 800 m 
in width and 900 m in length and covers an area of 
approximately 70 ha. The maximum height difference was 

determined to be 145 m. The base topography of the dump 
site has a slope of about 9°, and the overall slope angle at 
the benched dump site varies between 8°–18° (Gül et al., 
2020). In the study area, displacements and velocity values 
had been previously obtained (Hastaoğlu et al., 2019) by 
the GNSS method and UAV photogrammetry with a total 
of 49 deformation plates. 
2.2. Data set
Sentinel-1A images in the IW mode used in this study are 
open access, and they were obtained from the European 
Space Agency (ESA). The IW mode supports a single and 
double polarization option. Sentinel data images having a 
wide range of 250 km and medium spatial resolution (5 m 
´ 20 m along the ground-range and azimuth directions) 
can be used in medium resolution applications. Within the 
scope of this study, a total of 28 images, including 14 images 
in the descending orbits and 14 images in the ascending 
orbits, were evaluated between May 2018 and October 
2018, with a temporal resolution of 12 days (Table 1). This 
time interval was determined to cover the measurement 
periods in the study carried out by Hastaoğlu et al. (2019). 
Especially, the images were selected in a wider range due to 
the landslide occurred in July (point D35) which was also 
indicated in the study of Hastaoğlu et al. (2019). 

Figure 1. Study area. 
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2.3. Data processing
Within the scope of data processing studies, the results were 
reached in two different stages with two different software 
packages. In the first stage, the Sentinel Application Platform 
(SNAP) software suitable for open access and supported 
and developed by the ESA was used. Satellite radar images 
in the Sentinel-1A format were used as the input data in 
this software. Sentinel images consist of 3 sections (IW1, 
IW2, and IW3). Initially, the splitting process is applied to 
Sentinel images one by one. Subsequently, sensitive orbit 
files are loaded on the images to applied splitting, then the 
master image is selected for the coregistration of Sentinel 
radar images. The image that can show the best coherence 
in a way to form the base distance of radar images among 
themselves, the time of images, and their combination is 
called the master image. The sections (IW1, IW2, and IW3), 
in which Sentinel 1A radar data are formed, consist of  9 
subsections, and there are spaces between them. The deburst 
process step is performed to remove these band spaces. 
After these operations, if required, the image is reduced by 
making a subset according to the working region. Master 
and slave images are used in this stage. Interferograms are 
formed according to the phase differences between master 
and slave images. In the last stage, the topographic effect in 
interferograms is removed. Topographic phase is simulated 
and subtracted using the SRTM 3 arc-seconds digital terrain 
model (DTM), using the automatic downloaded option in 
SNAP (topographic phase removal). The interferograms 

obtained from this process were used as input data for the 
stanford method for PS software (StaMPS) choosing the best 
permanent scatterer (PS) points. Then velocities in the LOS 
direction were obtained from the time series of these points. 
Hooper et al. (2007) developed the StaMPS method in the 
deformation analysis of crust motions by addressing the PSI 
technique with a different approach. This method uses the 
spatial correlation of the interferometric phase in finding 
the pixels with a low phase change to perform analysis in 
all field types, whether or not there are significant objects 
such as buildings. The coherence maps of interferograms 
are used to determine the fixed target points. The number 
of SAR images is recommended to be higher than 12 in 
order to increase the number of PS points (Hooper, 2007). 
The amplitude values of a pixel in each image form the 
time series. The pixels which are unaffected by the irregular 
geometrical and temporal correlation and having a series 
of constant amplitude values are selected as PS points. 
The error between current topography and the used DTM 
is determined, and then the phase unwrapping process is 
performed by removing orbital errors. In the final stage, 
the deformation phase is sperated from the atmosphere 
and noise phases by the application of spatial and temporal 
filters (Hooper et al., 2018). The workflow diagram covering 
SNAP and StaMPS processes is presented in Figure 2. 

The evaluation of the study area with satellite radar 
images was performed with Sentinel-1A images directed 
and used by the European Space Agency. Fourteen 

Table 1. Perpendicular baseline and temporal baselines of Sentinel-1A (14 track/ascending and 94 track/descending) 
images used for PSI analysis.

Image ID
14 Frame 94 Frame

Date Bperp
(m)

Btemp
(days) Date Bperp

(m)
Btemp
(days)

1 22.08.2018 0 0 28.08.2018 0 0
2 18.05.2018 –5.69 96 24.05.2018 –31.81 96
3 30.05.2018 46.55 84 05.06.2018 –92.80 84
4 11.06.2018 9.11 72 17.06.2018 –24.45 72
5 23.06.2018 –7.02 60 29.06.2018 37.87 60
6 05.07.2018 35.64 48 11.07.2018 14.14 48
7 17.07.2018 –25.10 36 23.07.2018 –13.86 36
8 29.07.2018 48.69 24 04.07.2018 –44.18 24
9 10.08.2018 69.33 12 16.08.2018 –37.89 12
10 03.09.2018 –108.84 –12 09.09.2018 40.45 –12
11 15.09.2018 –41.74 –24 21.09.2018 10.91 –24
12 27.09.2018 25.90 –36 03.10.2018 –78.81 –36
13 09.10.2018 65.49 –48 15.10.2018 31.75 –48
14 21.10.2018 22.05 –60 27.10.2018 54.42 –60
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ascending (14 track number) and fourteen descending (94 
track number) satellite images were used. Among these 
images, the master image (descending and ascending) 
required for the PSI technique was determined through 
the SNAP program, and the processes were continued 
upon it (Figure 2). The temporal and spatial distributions 
of the master images used in the evaluation according to 
the other descending and ascending satellite images are 
presented in Figure 3.

The movements in the satellite line of sight direction 
were calculated from the relative motion obtained by 
evaluating all PS points in the related track number (Figures 
4 and 6). When the movements of the images with 14 and 
94 track numbers in the LOS direction were examined, it 
was observed that collapses occurred in the middle section 
of the dump site. As a result of the evaluation of the images 
with 14 track number, the maximum collapse value in the 
LOS direction was approximately –50 mm/month, and 
the upheaval value was approximately 40 mm/month. 
In the evaluation of the images with 94 track number, it 
was determined that the maximum collapse value in the 
LOS direction was approximately –60 mm/month, and 
the upheaval value was 40 mm/month. Furthermore, 
the standard deviations of the PS points are presented in 
Figures 5 and 7.

Hastaoğlu et al. (2019) determined that deformations 
of the region ranged from 2 mm/month –70 mm/month 
horizontally and 3 mm/month –100 mm/month vertically, 
except for point number D35. The biggest deformation 
was found at point number D35, to be approximately 3 m 

in the horizontal direction / 1 m in the vertical direction 
(Table 2). For comparasion of PSI results in this study, 
the horizontal and vertical velocities found by Hastaoğlu 

Figure 2. Workflow diagram for the processing of satellite radar images.

Figure 3. (a) Temporal and spatial distribution of 14 Sentinel-1A 
images with an ascending feature and 14 track number according 
to the master image, (b) temporal and spatial distribution of 
14 Sentinel-1A images with a descending feature and 94 track 
number according to the master image (Red lines indicate 
interferogram pairs).
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et al. (2019) with GNSS and UAV photogrammetry were 
converted to the satellite line of sight (Table 2). For this 
conversion, surface deformations were expressed in three 
dimensions in the east, north, and height directions as D 
= (de, d, dup)T , and the deformation vector was converted 
into the dLOS (line of sight) direction using the Equation 1.

dLOS=ST.D (1)
s=(−cosθsinφ sinφsinφ cosφ)T (2)
Here, dLOS, s, and D refer to displacements in the 

satellite line of sight direction, satellite unit vector, and 
three-dimensional surface deformations, respectively. In 
Equation 2, the satellite unit vector is defined in detail. 

Table 2. Movement velocities of 35 points (Hastaoğlu et al., 2019) and LOS velocities calculated from these velocities. 

Site ID
GNSS Ascending Descending UAV Ascending Descending

Vn
(mm/mo)

Ve
(mm/mo)

Vup
(mm/mo)

VLOS
(mm/mo)

VLOS
(mm/mo)

Vn
(mm/mo)

Ve
(mm/mo)

Vup
(mm/mo)

VLOS
(mm/mo)

VLOS
(mm/mo)

 D1 8.65 –9.01 –7.76 –1.05 –12.58 2.23 –0.97 –14.88 –10.90 –12.33
 D2 32.09 –4.11 –11.05 –9.28 –14.62 21.26 –2.10 –8.90 –7.75 –10.51
 D3 26.20 –3.02 –5.41 –5.06 –8.94 13.15 1.43 1.65 –1.12 0.73
 D4 60.80 2.78 –21.36 –24.71 –21.40 40.41 3.97 –9.55 –14.26 –9.31
 D5 28.63 1.00 –12.22 –13.07 –11.94 17.24 –2.95 –1.45 –1.11 –4.86
 D6 10.89 2.46 –13.94 –13.35 –10.40 2.53 2.74 17.53 11.24 14.96
 D7 2.37 –1.22 –3.58 –2.19 –3.79 –5.00 9.13 –0.56 –5.74 5.84
 D8 –2.09 –3.60 –4.64 –0.97 –5.61 –8.16 3.34 –6.93 –6.50 –2.35
 D9 –2.66 0.34 –7.49 –5.60 –5.27 –12.82 4.21 –18.84 –15.57 –10.48
 D10 3.46 –4.01 –2.55 0.26 –4.86 –5.94 2.91 14.74 9.96 13.84
 D11 –1.42 0.25 2.35 1.78 2.12 –6.39 1.63 5.41 3.76 5.89
 D12 2.36 3.66 –12.75 –12.28 –7.79 –0.53 8.35 –27.13 –25.87 –15.62
 D13 2.42 –2.33 0.68 1.75 –1.20 –4.12 12.38 –22.00 –24.18 –8.74
 D14 2.28 0.33 –3.98 –3.48 –3.11 –0.26 15.73 10.11 –2.42 17.69
 D15 3.29 2.64 –1.27 –3.02 0.32 –4.38 7.78 4.45 –1.14 8.79
 D16 –0.27 –1.53 –5.02 –2.79 –4.80 –0.19 3.14 0.18 –1.86 2.13
 D17 –6.66 5.30 –14.64 –13.77 –7.23 –22.95 5.76 –7.90 –7.15 0.04
 D18 1.57 –2.67 –12.15 –7.67 –11.21 0.17 6.22 –13.75 –14.44 –6.72
 D19 5.55 –7.21 –12.99 –5.82 –15.15 1.40 2.24 –2.50 –3.49 –0.68
 D21 –0.99 –5.22 –12.97 –6.36 –13.17 –6.29 2.66 –5.05 –4.84 –1.53
 D22 5.88 8.36 –33.48 –31.40 –21.21 –20.70 15.55 –19.60 –22.56 –3.08
 D23 8.17 –11.39 –70.08 –46.70 –62.07 –15.85 0.24 –55.33 –40.34 –40.77
 D24 –18.77 –21.00 –65.73 –34.24 –61.79 –28.88 0.68 –52.93 –37.36 –37.21
 D25 –0.58 –4.57 –23.30 –14.66 –20.77 –4.26 –1.33 –14.78 –9.88 –11.76
 D26 –8.91 –1.70 –9.95 –5.46 –7.76 –10.37 0.43 –7.25 –4.62 –4.18
 D27 –7.09 –16.74 –42.60 –20.74 –42.57 –15.53 –11.61 –23.53 –8.65 –23.72
 D28 –8.52 –3.07 –16.49 –9.58 –13.70 –7.11 0.69 –5.35 –3.71 –2.91
 D29 2.08 2.52 –14.34 –12.72 –9.70 –10.79 8.46 –25.57 –23.62 –13.22
 D30 –3.42 –0.10 –38.35 –28.62 –29.25 –19.91 15.10 –41.91 –39.27 –20.65
 D31 –30.10 39.02 –80.23 –82.56 –34.07 –41.35 35.36 –64.90 –67.34 –23.31
 D32 4.81 2.67 –13.99 –12.85 –9.64 –1.73 0.56 –6.37 –5.00 –4.37
 D33 2.53 –1.42 –12.90 –9.14 –11.11 5.06 4.62 –1.70 –4.82 1.03
 D34 –19.84 –15.87 –33.39 –12.91 –33.52 –27.08 –6.68 –28.38 –14.22 –23.10
 D35 3177.00 –1.00 –968.00 –1084.66 –1095.68 3211.00 –35.00 –1053.00 –1130.98 –1186.27
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Figure 4. Motion velocities in the satellite line of sight direction obtained by evaluating Sentinel-1A images with 14 track number [▲: 
Hastaoğlu et al. (2019) deformation monitoring points].

Figure 5. Standard deviations of the motion velocities in the satellite line of sight direction obtained by evaluating Sentinel-1A images 
with 14 track number [▲: Hastaoğlu et al. (2019) deformation monitoring points].



1011

POYRAZ et al. / Turkish J Earth Sci

Here, for the descending and ascending transition, q is the 
heading angle, and f is the incidence angle (Arikan et al., 
2010; Hastaoglu, 2016; Fuhrmann and Garthwaite, 2019; 
Ezquerro et al., 2020).
3. Result and discussion
The results of this study obtained by PSI technique 
were generally coherent with the GNSS and UAV 
photogrammetry results (Hastaoğlu et al., 2019). However, 
different results were found from the GNSS and UAV 
photogrammetry (Hastaoğlu et al., 2019) in the areas where 
bench geometry (height, width, inclination) changed along 
with the ongoing dumps and frequently changing surface 
topography due to these dumps. Especially in the study 
conducted by Hastaoğlu et al. (2019), the displacement of 
approximately 3 m in the horizontal direction / 1 m in the 
vertical direction determined at point D35 could not be 
revealed by the PSI technique.

It is seen that according to the values in Table 2, the 
vertical velocities of GNSS approache approximately 80% 
of LOS velocities. In the images with 14 track number, q 
heading angle and f incidence angle are given as 350.2316° 
and 40.72°, respectively. In the images with 94 track 
number, q heading angle and f incidence angle are given 

as 189.9254° and 39.56°, respectively. Accordingly, when 
Equations 1 and 2 were used, the unit vector (–0.62 –0.11 
0.78) was obtained for the frame with 14 track number, 
and the unit vector (0.62 –0.10 0.78) was obtained for the 
frame with 94 track number. In this case, the radar could 
detect 62%, 11%, and 78% of the east-west, north-south, 
and up-down movements in the frame with 14 track 
number, respectively, and 62%, 10%, and 78% of them in 
the frame with 94 track number. When the unit vector 
values (11%, 10%) were examined, the radar appeared to be 
insensitive to movements in the direction of measurement, 
in other words, in the north-south direction. Furthermore, 
while the detection of movements from west to east within 
the frame with 14 track number was 62%, it was totally 
opposite in the frame with 94 track number, in other 
words, movements from east to west were detected. When 
Table 2 was examined, it was observed that most of the 
deformations obtained from GNSS and UAV were high in 
the north direction. These deformations were also revealed 
by the PSI technique. However, their amounts were found 
to be lower. As mentioned above, one of the most important 
reasons of this situation was the north-south directional 
movements which could only be detected by around 11% 

Figure 6. Motion velocities in the satellite line of sight direction obtained by evaluating Sentinel-1A images with 
94 track number [▲: Hastaoğlu et al. (2019) deformation monitoring points].
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with the PSI technique. For all points especially at point 
D35, this can be considered as one of the reasons of failure 
of deformation determination.

Upon examining Table 2, it was observed that there 
was a displacement of approximately 3 m in the horizontal 
direction / 1 m in the vertical direction at point D35 
according to four periods GNSS and three periods UAV 
measurements. According to the study conducted by 
Hastaoğlu et al. (2019), it was stated that this change 
occurred suddenly between the 1st and 2nd periods 
(between 12 July and 27 July) and this movement (9.4 
cm in the horizontal direction / 4.2 cm in the vertical 
direction) was stationary in the subsequent periods (from 
27 July to 2 September) compared to the previous periods. 
In this study, evaluations performed by the PSI technique, 
such a displacement could not be detected, especially in 
the time period during which deformation was high. In 
order to reveal what else this situation may have resulted 
from, detailed studies stated below were also conducted.

Firstly, the time series of two different points falling 
close to the point D35 were analyzed (Figures 8 and 9). 
When these points were examined, high displacements 
at point D35 could not be obtained. The maximum LOS 
velocity determined in the PSI evaluations performed 

around this point was 30 mm/mo. Furthermore, it was 
observed that LOS velocities at PS points were small even 
while the displacement at and around point D35 was 
maximum.

Afterward, a profile (Figures 4 and 6) was passed 
through a line of approximately 450 m to cover point D35, 
where the deformation was the highest. In this profile 
given in Figures 10 and 11, the LOS velocities obtained by 
the PSI technique, the deformation points used in GNSS 
and UAV photogrammetry, and also the DSM (digital 
surface model) obtained from 3 different periods acquired 
as a result of UAV photogrammetry are shown two-
dimensionally. When Figures 10 and 11 were examined, 
it appeared that PS points were few in areas where 
inclination was high, which revealed the importance of 
the orbit of SAR satellites (descending or ascending) in 
inclined regions, especially in the PSI technique, and the 
direction of deformation development in the region. 

4. Conclusions and recommendations
An unexpected ground motion has the potential to 
endanger life and to destroy equipment and property. 
Therefore, surface deformations due to mining should 
be monitored, and measures for the prevention of slope 

Figure 7. Standard deviations of the motion velocities in the satellite line of sight direction obtained by 
evaluating Sentinel-1A images with 94 track number [▲: Hastaoğlu et al. (2019) deformation monitoring 
points].
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Figure 8. Time series of PS points around point D35 obtained by evaluating the satellite images with 14 track number (PS point 1; 
Longitude: 35.7578 Latitude: 40.4452, PS point 2; Longitude: 35.7579 Latitude: 40.4451).

Figure 9. Time series of PS points around point D35 obtained by evaluating the satellite images with 94 track number (PS point 1; 
Longitude: 35.7596 Latitude: 40.4451, PS point 2; Longitude: 35.7593 Latitude: 40.4452).
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failures should be carried out. The monitoring of surface 
deformations caused by mining activities with traditional 
tools could not be easy and practical. Useful and practical 
results could be obtained by using new technologies and 
new types of measurement in monitoring studies. In 
this scope, the PSI technique, which uses the Sentinel-1 
database, provides a state of the art solution for monitoring 
the advance of of mining activities.

Major deformations at the dump site occurred in the 
north-south direction (Table 2). Satellite radar images were 
used in two different orbits for the study area, and it was 
determined that these satellites could detect only 11% of 
the deformations in the north-south direction. Therefore, 
the direction of the deformation extension is an important 
factor in the PSI technique for the determination of actual 
deformation amounts. While deformations occurred in 
slow motions of long time could be found out by the PSI 
technique, a displacement that occurred instantly in a short 

time could not be determined by PS points (Figures 8 and 9). 
This result revealed the importance of time between periodic 
satellite radar images in the determination of rapid and 
sudden movements by the PSI technique. The deformation 
of D35 and it is around occurred in an area of 140 m ´ 250 m 
and had a volume of approximately 343 m³ (Gül et al., 2020). 
Since the resolutions (5 m ´ 20 m) of the Sentinel-1A images 
used in this study, it was thought that one of the reasons of 
no detection for displacements at D35 point and around.

PS point number and frequency are the most 
important factors for accuracy during the determination 
of deformation by the PSI technique. The overall slope 
angle was approximately 17° in the region with high 
deformation (Figures 10 and 11). Sufficient PS points could 
not be detected in this region since the slope inclination 
was high, which can be the indication of relation between 
the number of PS points in the PSI technique and the 
topographic inclination.

Figure 10. Profile covering the point D35 at the dump site (LOS velocities obtained by 
the conversion of GNSS and UAV photogrammetry points to LOS velocities according 
to the descending orbit data and by the evaluation of satellite images in this orbit).

Figure 11. Profile covering the point D35 at the dump site (LOS velocities obtained by 
the conversion of GNSS and UAV photogrammetry points to LOS velocities according 
to the ascending orbit data and by the evaluation of satellite images in this orbit).
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While monitoring and determination of deformations 
at mining sites by the PSI technique, it was observed 
that the changing intense of topography due to mining 
activities affected the results negatively. Sudden failures 
occured in the area where deformation monitoring studies 
were conducted with satellite images could not be detected 
using the PSI technique. In these cases, deformation 
monitoring should be supported with additional images 
or intermediate measurements to increase temporal and 
spatial resolution or with other approaches to increase the 
number of PS points such as the placement of reflectors, 
especially in areas with high inclination. 
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