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Abstract. The assessment of the impact of mining-induced seismicity on the natural environment and infras-
tructure is often limited to the analysis of terrain surface vibrations. However, similar seismic phenomena, like
earthquakes, may also imply dislocations and deformations of the rock mass. Such ground movements may oc-
cur in areas which are not directly under the influence of the mining. The study of the displacement field caused
by mining-induced seismicity is usually carried out with the use of geodetic methods. Classical geodetic mea-
surements provide discrete information about observed ground movements. As a result, they generally do not
provide spatially and temporally relevant estimates of the total range and values of ground movements for spe-
cific periods of interest. Moreover, mining-induced seismicity causes a severe threat to buildings. That is why,
regarding the complexity of the mechanism of occurrence of mining-induced seismicity and their impact on
ground movements, this problem remains a substantial research issue. The presented research aimed to analyse
the ground movements caused by mining-induced seismicity. The ground displacements were established based
on data from Sentinel-1 satellites applying differential interferometric synthetic aperture radar (DInSAR). The
results of the investigation in the copper mining area of the Lower Silesia region of Poland revealed that the
observed subsidence caused by mining-induced seismicity usually has a shape of a regular ellipse. The radius
of these ground movements does not exceed approximately 2–3 km from the mining-induced tremor’s epicen-
ter, and the total subsidence reaches ca. 10–20 cm. More than 50 % of the total subsidence is observed on the
surface within a few days after the mining tremor occurrence. Furthermore, the deformations of the surface oc-
cur when the energy of mining-induced tremor reaches values of the order of 105 J or higher. The presented
research can contribute to better identification and evaluation of the mechanism of the rock mass deformation
process caused by mining-induced seismicity. In addition, the use of satellite radar interferometry improves the
quality of monitoring of these dynamic phenomena significantly. The data retrieved using this method allow for
quasi-continuous monitoring of the local subsidence bowls caused by mining-induced seismicity.

1 Introduction

Several dozens of mining-induced earthquakes occur in
Poland every year. A few of them exceed the magnitude
Mw = 3.5. These earthquakes are related to changes in stress
in the earth’s crust as a result of mining. They are charac-
terized by high seismic energy, low frequencies of the main
phase of vibrations and high intensity of vibrations in a
larger area. Impact of mining-induced earthquakes is usually

a significant inconvenience for people living in areas at risk.
Earthquakes of this type may even cause structural damage
to infrastructure.

The seismic intensity assessment is currently based on spe-
cialized empirical scales. One such scale is GSI-2004, which
was developed for the local conditions of Legnica-Glogow
Copper Ore District (LGCD), Poland (Fig. 1).

Degrees of seismic intensity are determined based on the
horizontal amplitudes of earth vibration speed PGV and the
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Table 1. Sentinel-1 images used in the research (Witkowski, 2019).

No. Master Slave Track Orbit Perpendicular No.
interferogram image image baseline [m] interferogram

1. 20 Nov 2017 26 Nov 2017 22 Descending 84 1.
2. 23 Nov 2017 29 Nov 2017 73 Ascending 40 2.
3. 26 Nov 2017 2 Dec 2017 22 Descending 62 3.
4. 29 Nov 2017 5 Dec 2017 73 Ascending 108 4.
5. 2 Dec 2017 8 Dec 2017 22 Descending 45 5.
6. 5 Dec 2017 11 Dec 2017 73 Ascending 137 6.
7. 8 Dec 2017 14 Dec 2017 22 Descending 89 7.
8. 11 Dec 2017 17 Dec 2017 73 Ascending 143 8.

Figure 1. GSI-2004 seismic intensity scale. Degrees of seismic in-
tensity (Level 0-III) are shown as a function of the earth vibration
speed (PGV) and the duration of the main vibration phase (TV) (af-
ter Wodyński and Lasocki, 2004).

duration of the main vibration phase. Each degree of inten-
sity has been assigned specific effects in the construction
works (Wodyński and Lasocki, 2004; Szczerbowski and Jura,
2015; Zembaty et al., 2015; Chen et al., 2007; El Gharbawi
and Tamura, 2015; Malinowska et al., 2018). Therefore, the
assessment of potential damage in surface development and
technical infrastructure is mainly related to determining the
map of the PGV ground vibration distribution. However, the
occurrence of high-energy earthquakes may also imply sub-
sidence trough.

This aspect is not considered when assessing the effects of
the occurrence of these phenomena.

The objective of the proposed research was to determine
the total area, which was under the influence of negative
impacts caused by the occurrence of a high-energy mining-
induced earthquake. These works were carried out based on
the determination of the seismic intensity map, coupled with
the determination of land subsidence.

2 Study area

The study area is located in the Lower Silesia region (a part
of the Fore-Sudetic Monocline, Fig. 2). The Fore-Sudetic

Block is composed of metamorphic rocks and volcanogenic-
sedimentary beds (Central Geological Database, 2019). In
that area, a copper deposit is located at the base of Zechstein
formations. The thickness of ore layers varies from 0.1 to
15.0 m. Polish copper ore mines belonging to the interna-
tional copper mining-metallurgic company KGHM have op-
erated copper ore seam mining since 1968. Tectonic recogni-
tion of faults of a large stratigraphic throw in the area of the
KGHM mines reveals that the majority of faults are NW–SE
oriented with an NWW–SEE and NNW–SSE deviation (Sal-
ski, 1996; Butra and Kudełko, 2011). The dominant system
of faults in the mining area coincides with the fault zone of
Ruda Glowna and Glowny Lubin.

3 Research methodology

The ground movements were investigated with the use of
Sentinel-1 synthetic aperture radar data. These acquisitions
were obtained from descending and ascending orbits (Ta-
ble 1). The ground surface subsidence was determined us-
ing DInSAR. Terrain surface movements were analysed for
more than four weeks. In total, eight 6 d interferograms
were generated, from which it was possible to study line-of-
sight (LOS) movements. The vertical component of surface
movement (subsidence) was computed from the LOS move-
ments based on the look angles of the Sentinel-1A, 1-B satel-
lite data acquisitions.

Determination of the amplitude distribution of vibration
velocity was based on empirical formulas. The influence of
seismic energy, hypocentral distance, and amplitude of 15
vibration on amplitude values of PGV was considered. The
input data for the calculations were obtained from the IS-
EPOS system (Table 2). The map of seismic intensity on the
surface environment according to the GSI-2004 scale was de-
termined. Finally, the maps of total subsidence and seismic
intensity zones were obtained by interpolating the values of
vertical movements of the terrain surface and the values of
ground vibration speed PGV (Fig. 3).
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Figure 2. Study area (© OpenStreetMap contributors 2020. Distributed under a Creative Commons BY-SA License).

Figure 3. Map of land subsidence and seismic intensity zones resulted from mining-induced tremor occurring at 7 December 2017 (© Open-
StreetMap contributors 2020. Distributed under a Creative Commons BY-SA License).

4 Results discussion

Maximal vertical displacements generated through the in-
terpolation reached −84 mm. The total area of subsidence
caused by the earthquake reached about 2 km2 with a subsi-
dence volume of approximately 38 000 m3, and a spatial di-
mension of ca. 1.2–2.0 km (Fig. 3).

The analysed mining-induced earthquake caused ground
surface vibrations with values as much as 0.07 cm s−1. These
values are within the range of three seismic-intensity-zones:
I–III, where the isoline defining the lower boundary of zone I
is characterized by a radius of approximately 1.5 km from
the epicenter of the earthquake. Although the most extensive
area is occupied by zone I, in which vibrations are strongly
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Table 2. IS-EPOS data on analyzed seismic constraints. Seismic intensity is defined based on peak ground acceleration (PGA), duration of
peak ground acceleration (tPGA), peak ground velocity (PGV) and duration of peak ground velocity (tPGV) (Guzy, 2019).

Seismic Lat Lon Elevation Epicenter PGA tPGA PGV tPGV GSI
station [

◦
] [

◦
] [m] distance [m s−2

] [s] [cm s−1
] [s] scale

[m]

Dąbrowa 51.500 16.140 145 20 624 0.203 0.64 0.989 0.69 0/I
Guzice 51.531 16.103 124 3353 0.403 0.88 0.781 0.87 0
Kazimierzów 51.539 16.054 136 5757 0.098 1.54 0.568 1.45 0
Komorniki 51.527 16.145 136 3822 0.110 1.11 0.810 1.18 0
Krzydłowice 51.545 16.233 95 10 001 0.023 5.69 0.177 5.61 0
Obiszów 51.577 16.116 118 8576 0.042 3.28 0.357 3.23 0
Pieszkowice 51.481 16.138 194 3006 0.196 2.57 0.907 2.59 0
Trzebcz 51.516 16.108 143 1774 0.430 0.78 1.853 0.78 I

felt by people inside buildings, vibrations with such values
do not cause substantial damage to the surface infrastructure.
Intensification of existing cracks in infrastructure facilities or
damage to finishing elements can be noted only in the second
and third zones, the total area of which is approx. 1.8 km2.
Zone III, where single damage to structural elements may
occur, includes a small area with a radius of approximately
100 m from the epicenter of the mining-induced earthquake.
The area encompassed both by the seismic-intensity-zones
and subsidence was about 4.7 km2.

5 Conclusions

Coupled InSAR and IS-EPOS data substantially help to de-
tect ground surface movements caused by mining-induced
earthquakes. The area of impact of mining-induced earth-
quake includes not only the regions where the vibration val-
ues of the terrain surface are determined (the procedure used
presently to determine the area of impact) but also the area
affected by land subsidence. As seen in Fig. 3, the spatial dis-
tribution of these regions may not show an exact correlation.
For example, in the case of subsidence reaching several cm
occurred beyond the boundary of zone I (Fig. 3). Consider-
ing the millimetre accuracy of the measured land subsidence
and the lower accuracy of the earthquake epicenter determi-
nation, the actual area of impact of earthquake perhaps could
include the area of observed land subsidence.

Data availability. All data used in this research are freely and fully
accessible to all users via the Copernicus Programme and the Euro-
pean Plate Observing System services. Detailed guidelines on data
availability are accessible on the following websites: http://www.
esa.int/ (Witkowski, 2019) and https://www.epos-ip.org/ (Guzy,
2019).
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