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operations. It was assumed that the satellite radar data obtained from the Sentinel 1A/B satellites
may be used to monitor induced seismicity, i.e. mining tremors. Such seismic activity is
observed at much shallower depths, and the surface area affected by such activity is much more
limited than in the case of natural seismic events. Research was performed in a region located in
the southwest part of Poland, where copper ore is extracted using underground methods. The
geological structure of the selected area increases the likelihood of induced seismic events.
Moreover, the area is one of the most seismically active regions in this part of Europe. The
tremor analysed in this paper occurred on November 29, 2016, and had a magnitude of M,4.2.
Calculations showed that the seismic event resulted in the creation of a 2.7 km x 2.5 km
subsidence basin. The paper demonstrates that it is possible to use data provided by the Sentinel

1A/B satellites to detect surface displacements caused by a mining tremor.

INTRODUCTION

From the physical point of view, there is no
difference between induced and natural seismicity.
Unlike natural earthquakes, however, in most cases,
induced tremors have a smaller magnitude and
asmaller area affected on the surface. Records of
surface vibrations caused by mining tremors show
some similarity to vibrations caused by tectonic
movements. One of the factors which allow 0.5-2.5
between natural earthquakes and induced tremors is
the duration of the strong motion phase (Trifunac and
Brady, 1975; Zembaty, 2004). In the case of
earthquakes, this time is 20 sec. or more, while in the
case of mining tremors, it is 0.5-2.5 sec. Another
feature that is characteristic to mining tremors and
earthquakes is the size of the affected area. According
to (Bohnhoff et al., 2010), tremors that have
magnitudes in the ranges of M, 2—4 and M,, 4-6 may
generate surface displacements of 440 mm and 4—
40 cm, respectively. A particular magnitude range
corresponds to the range of induced tremors. In such a
case, the changes on the surface may be detectable
within a distance of 0.1 to 1 km (M, 2-4) or 1 to
10 km (M, 4-6) (Maciag, 2002). The frequency of
surface vibration is another important factor which
differentiates natural earthquakes and induced
tremors. The dominant surface vibration frequencies
from earthquakes are much lower than those from

mining tremors. Maximum acceleration values of
vibrations caused by mining tremors are reached
within the frequency range of 2.5-12.5 Hz. However,
sometimes this frequency range is 18-30 Hz, and
occasionally even up to 40 Hz (Maciag, 2002). In the
case of earthquakes, this frequency is no more than
several Hz. Induced tremors occur in specific areas,
typically limited to regions in which man is
intensively working the rock mass (e.g. mining
operations, oil and gas extraction or wastewater
injection).

Research to date has shown that Synthetic
Aperture Radar (SAR) interferometry may be
successfully used to measure the influence of
earthquakes (on a regional scale) on the land surface
(Huang et al., 2017; Lindsey et al., 2015; Tong et al.,
2010; Tung and Masterlark, 2016). SAR inter-
ferometry is also used to estimate the activity of
tectonic faults (Tong et al., 2013; Hussain et al., 2016)
and volcanic activity (Henderson and Pritchard, 2013;
Remy et al., 2015). It is also employed in research on
the influence of underground mining activity on the
land surface (Cuenca et al., 2013; Samsonov et al.,
2013; Milczarek et al.,, 2017). Literature offers
examples of the use of satellite radar data to evaluate
how seismicity induced by such activities as
wastewater injection (Yeck et al., 2017), geothermal
field monitoring (Vasco et al., 2013; Lin and Wu,
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2018), or oil and gas extraction (Verdon et al., 2016)
affect the shape of the land surface. Only a limited
number of publications, however, describe the use of
SAR data in identifying terrain surface changes
caused by a mining—induced tremor (Eneva, 2010;
Barnhart et al., 2014; Gee et al., 2017; Krawczyk and
Grzybek, 2018; Malinowska et al., 2018).

Underground mining causes the equilibrium of
the rock mass to be disturbed. In mining regions,
fragments of rock mass are displaced into the centers
of post-mining voids. Changes also include stress
fields. Tremors induced by underground mining
operations are referred to as mining tremors. The
factors that influence the induced seismic events are:
the depth of exploitation, the type of exploitation
system, as well as geological and mining conditions.
Gibowicz and Kijko (1994) proposed the division of
mining tremors into two main types. The first type is
characterized by the medium magnitude of the tremor,
and the number of tremors is closely related to the
intensiveness of the conducted exploitation. The
second type of mining tremor is generally more
powerful. The range of this type of shock is much
larger (on the scale of the mine) and is related to local
tectonic discontinuities.

Mining tremors are generated when mining
stresses, tectonic stresses and lithostatic stresses
overlap. These stresses cause an increase of the
potential energy in the rock mass. When the strength
limits are exceeded, the rock mass is destroyed and
the potential energy is rapidly released. The balance of
this process is described by the following equation
(Fairhurst and Cornet, 1981):

W+Q,=U+S+E +0, (N

where:
W — work of external forces, O, — thermal energy

flowing through the rock mass, S — energy
permanently dissipated in the process of rock mass
deformation, U — elastic strain energy, E, — kinetic

energy, O, — thermal energy accumulated in the rock.

Importantly, a small part of kinetic energy (up to 1 %)
is transformed into seismic energy. This energy
propagates in the form of elastic waves. Changes of
the land surface caused by vibrations due to a tremor
may take either a continuous (a subsiding trough) or
non—continuous (scarps, sink holes) form. Such
phenomena require a number of criteria to be met,
which include: (1) a certain depth of mining
operations, (2) the presence of thick and strong rock
layers which may be transformed, as a result of
mining operations, in the so—called layers of potential
induced seismic activity, (3) certain tectonics of the
deposit, (4) local stress distribution due to mining
activity. In the case of tremors induced by
underground mining activity, the focus depth rarely
exceeds the depth of the mining activity.

Tremors accompany mining operations in many
mining basins all around the world, e.g. in Great

Britain (Kusznir et al., 1980), in Germany (Bischoff et
al., 2010), in the Republic of South Africa (Riemer
and Durrheim, 2012), in the United States (Kubacki et
al., 2014), in China (Wang et al., 2015), or in Poland
(Drzewiecki and Piernikarczyk, 2017). It should also
be mentioned that induced seismicity may be related
to gas and oil extraction (Lei et al., 2013; Dempsey
and Suckale, 2017), wastewater injection (Talebi,
1998; Fan et al., 2016; McClure et al., 2017),
geothermal energy (Diehl et al., 2017; Juncu et al.,
2017), extraction of natural gas using hydraulic
fracturing (King et al., 2014; Schultz et al., 2015), or
water reservoirs (Talebi, 1998). Some works
(Griinthal, 2014; Petersen et al., 2015; Grigoli et al.,
2017) discuss induced seismicity on a regional/global
scale.

In Poland, the problem of mining tremors is
related to underground mining carried out in the
Upper Silesian Coal Basin (Stec, 2007) and in
the Legnica—Glogow Copper Belt (L—-GCB) (Orlecka—
Sikora et al., 2014) , as well as in the open cast lignite
mine in the Belchatow Lignite Basin (Gibowicz et al.,
1981). The L-GCB region shows the highest level of
seismic activity. Lime—dolomite rocks and anhydrites
located above the deposit store elastic strain energy
and release it as they fracture. As the excavations are
located at a great depth (600—1300 m) and performed
with the retreat mining method, additional favourable
conditions for energy accumulation are created. The
strongest seismic events in this area are similar in
character to weak earthquakes.

On November 29, 2016, a 4.2 mining tremor was
recorded in the area of the “Rudna” mining operation
(the L-GCB region). The epicentre of this mining
tremor was located near the Zelazny Most reservoir
(less than a kilometre from the western slope),
between the villages of Komorniki and Tarndéwek
(Fig. 1). This tremor was one of the strongest recorded
in the region in recent years. Directly in the mining
tremor region, copper ore exploration 1130 m below
the surface was carried out using the room and pillars
method.

Since the launch (on April 03, 2014) of the first
of the two Sentinel 1 satellites with SAR equipment
on board, it has been possible to monitor terrain
surface activity on an unprecedented scale. The
features of the new radar system allow more detailed
results than the results from previous SAR—equipped
satellites, especially for areas in which some
decorrelation factors have often previously prevented
reliable analysis of terrain surface activity.
A constellation of two satellites enables surface
changes to be detected with a theoretical time interval
of 6 days.

To sum up, a sufficiently strong induced seismic
event may lead to permanent displacements on the
terrain surface. However, as induced seismic events
have a geographically limited range, their results are
also local. Surface deformations may extend from
several hundred meters to several kilometres. With
such assumptions taken, the following question arises:
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Fig.1 Location of the induced tremor of Nov. 28, 2016 (red star) The green areas represent the borders of the
L-GCB mining region. The areas denoted with the red dashed line correspond to the range of the radar
images used in this research (in each case the sub—swath is no. IW2). The upper right corner contains the
spatial range of SAR data compared to Central and Eastern Europe. The photograph below shows the
Zelazny Most post—floatation tailings reservoir (source: google maps, as of 2018).

is it possible to detect such surface displacements
(especially those that are smaller, on the order of
several hundred meters) using satellite radar images?

AREA OF STUDY

At present, copper ore is extracted in the L-GCB
region in the southwest of Poland (Fig. 1) and at
adepth of more than 1100 m below the terrain
surface. The L-GCB areas are part of the Fore Sudetic
monocline, whose structure was shaped during the
Cimmerian and Laramie movements. The base of the
monocline consists of metamorphic proterozoic
formations (mainly gneisses and amphibolites) which
remain at a depth of over 1400 m. The base is also
formed of Permian—Mesozoic rocks. The copper ore
deposit in this area is located in the roof part of the
Rotliegend and in the floor part of the Zechstein.
The deposit is one of the biggest polymetallic deposits
in the world and has an area of more than 750 km”.

The underground mining activity undertaken in
the area since the 1960s has significantly disturbed the
equilibrium in the rock mass. In effect, a series of
disadvantageous phenomena may be observed in the
vicinity of the mining area. These phenomena include
continuous and non—continuous surface deformations.
Apart from surface deformations caused by mineral
extraction, mining tremors are also recorded. In the
L-GCB region, a total number of 1504 induced
seismic events were recorded between 2000 and the
end of 2016. The vast majority of the tremors (1242)
were in the range M,, 2.5 to 3.5. Magnitudes of 3.6 to
4 were calculated for 168 tremors. The strongest
tremors, measured between M,, 4.1 to 5.0, accounted
for about 6 % (94) of the total number.

Some of the tremors were located dangerously
close to the Zelazny Most reservoir — the biggest
reservoir in Europe. The construction of this post—
flotation tailings reservoir started in 1974. At present,
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Fig. 2 Spatial distribution of mining tremors with a magnitude greater than 2.5,
recorded in the L-GCB region (the green polygons). The tremor
magnitudes of individual seismic events are shown on the vertical scale.

Table 1 Interferograms used in the analysis of the Nov. 28, 2016’- mining tremor, together with basic

information.
track Reference Date Repeat Date Product/ Flight B. perp Mean
no. Satellite Product/ Time of acquisition direction [m] Coherence
Time of acquisition (utc) ™ [-]
(UTC) ™"
22 Sentinel 1B | 19 Nov 2016/05:08:34 | 01 Dec 2016/05:08:34 | Descending 127 0.37
22 Sentinel 1B | 01 Dec 2016/05:08:34 | 13 Dec 2016/05:08:34 | Descending 14 0.29
73 Sentinel 1A | 16 Nov 2016/16:38:23 | 28 Nov 2016/16:38:23 | Ascending 42 0.35
73 Sentinel 1A | 28 Nov 2016/16:38:23 | 10 Dec 2016/16:38:23 | Ascending =51 0.44
73 Sentinel 1B | 22 Nov 2016/16:38:25 | 04 Dec 2016/16:38:25 | Ascending -6 0.41

* The analyzed tremor took place at 20:09:39 UTC.

™ Time of acquisition in this case means the end of data acquisition for the IW2 sub—swath; in the case of all SAR images

used, mean measurement time for the whole IW2 was 31 s.

the total length of the weirs is 14.3 km and the
reservoir's total capacity is 440 million m’. Its total
surface is 1394 ha and the maximum weir height is
60 m. The Zelazny Most reservoir stores post-flotation
tailings from the copper ore concentration process.
Although the analyzed tremor was located about
8.5km from the north weir of the reservoir, the
question arises of whether it could have affected
the reservoir's structure.

DATA PROCESSING

The analysis of the effects of the mining tremor
was based on the radar data obtained from the Sentinel
1A and 1B satellites (Table 1). The main calculations
were carried out using the DinSAR differential
method (Differential SAR Interferometry). In total,
5 interferograms were calculated that temporarily
included the tremor and the periods before and after
its occurrence. Such a combination made it possible to

detect possible displacements before and after the
tremor.

Due to the fact that copper ore is exploited in the
area of the tremor, it was decided to carry out
additional calculations using the SBAS time series
method. The calculation period covered the entire year
2016. A total of 27 SAR images (Sentinel 1A and 1B)
from track no. 73 were used for the calculations. The
average period between each acquisition was 12 days.
The total number of interferograms was 78 (Fig. 6 —
upper). It was assumed that calculations using the
SBAS method would allow the exploitation impacts
on the surface to be correlated with the shifts that
exposed the analyzed tremor.

The data was processed with an updated version
of GMTSAR ver. 5.0.0 (Sandwell et al., 2011) with
additional post—processing using GMT ver. 5.4.0
(Wessel and Smith, 2013) and Snaphu ver. 1.4.2 to
unwrap the interferograms based on the minimum
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12 (22 track)

Fig.3 Examples of a coseismic interferogram from Sentinel 1A/1B related to the induced tremor of Nov. 28,
2016. The subsequent interferograms were calculated on the basis of the following pairs of SAR images
(starting on the right side): Nov. 28 to Dec. 10 (track no. 73), Nov. 22 to Dec. 04 (track no. 73) and Nov.
19 to Dec. 01 (track no. 22). The data was processed using GMTSAR (Sandwell et al., 2011). The
epicenter of the mining tremor is marked with a red star.

cost flow algorithm (Chen and Zebker, 2000) The
calculations on the tremor of Nov. 29, 2016, were
based on six radar images from the Sentinel 1A/B
satellites operated under the Copernicus program
by the European Space Agency (ESA) (the
photographs were retrieved from
https://scihub.copernicus.eu/dhus/). A precise orbit
was retrieved for each image
(https://qc.sentinell.eo.esa.int/). Wave phase
correction in relation to the ground surface was
performed with the Shuttle Radar Topography
Mission (SRTM) version 1 (Farr et al., 2007)
(retrieved from  http:/topex.ucsd.edu/gmtsar/demgen/).
The results, in the form of LOS (line—of-sight) values,
were geocoded into the World Geodetic System 84
coordinate system. All Figures were prepared using
GMT  software (ver. 5.4.0). The seismic data
covering the seismic events in the mining region
for the period 2000-2016 was retrieved from the
USGS, Earthquake Hazards Program database
(https://earthquake.usgs.gov/). The vector versions of
the borders of mining areas in the L-GCB region
were retrieved from the Central Geological
Database, operated by Polish Geological Institute
(http://baza.pgi.gov.pl/).

RESULTS

In order to precisely analyze the impact of the
tremor on the terrain surface, a series of
interferograms was calculated on the basis of all
available SAR images taken at the time of the seismic
event. The lower part of Figure 3 shows the time
range of the SAR images used.

The three calculated interferograms are from the
time range of the tremor of November 28, 2016
(20:09:39 UTC). These are the following (Fig. 3):
Nov. 22 to Dec. 04 (track no. 22, descending; Nov. 28
to Dec. 10 and Nov. 19 to Dec. 01 (track no. 73,
ascending). The first two interferograms from path 73

are spatially similar (Fig. 4). The observed tremor has
an impact on the terrain surface in the range of 2.65
km in the N-S direction and 1.95 km in the E-W
direction. However, the interferogram from path
22 shows a different situation: in this case, the
observed range in the N-S direction is about 2.55 km
and is similar to the values above. But in the E-W
direction, the range difference of about 400 m
(1.55 km) is already significant. The differences in the
parallel direction should be traced to different data
acquisition directions for each of the paths and to
a different incidence angle.

The main displacements in the radar line—of
sight (LOS) direction, up to —80 mm, were observed
from about 400 m (track no. 22) to about 630 m (track
no. 73) from the West side of the base of the Zelazny
Most reservoir. The calculations performed for the
pair from Nov. 16 to Nov. 28 (track no. 73) did not
show any changes (Figs. 1 and 2) on the surface
before the tremor occurred. For the two
interferometers from path 73 (Nov. 22 to Dec. 04 and
Nov. 28 to Dec. 10), which cover the time of the
tremor, the observed surface displacements are
practically the same. Therefore, it can be assumed that
the trough is the result of the analyzed tremor. This
assumption is confirmed in the calculated inter-
ferograms before the tremor (Nov. 16 to Nov. 28,
track no. 73) and after the tremor (Dec. 01 to Dec. 13,
track no. 22).

In order to allow a precise analysis of the
character of the observed displacements, a series of
cross sections were generated along selected
directions. The A—A' section is in the E-W direction
and has a length of 3000 m; the B-B' section, about
3600 m in length, extends along the longest edge
(NW-SE) of the created subsidence trough observed
in the interferograms from path 73: Nov. 22 to
Dec. 04 and Nov. 28 to Dec 10. The remaining two
sections: C—C and D-D (about 4500 m) extend in the
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Fig. 4 The LOS displacements (in mm) calculated from subsequent interferograms The five main maps include,
in their top left corners, the dates of the SAR images used for displacement calculations. The black
contour denotes the Zelazny Most post—flotation tailings reservoir. On the right, the location of
subsequent profiles is provided: A—A', B-B', C—C', D-D". The bottom part of the image shows the
distribution of subsequent interferograms in time, with regard to the date of the mining tremor (the red
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Fig. 5 Profiles of the slopes in the region of the trough created by the induced tremor The A—A' profile is
oriented in the E-W direction, the B—B' profile is in the NW-SE direction, and the C—C' and the D-D'

profiles are in the N—S direction. The shift of the D—D' profile in relation to the C—C' profile is 445 m.

N-S direction. The C—C' section cuts centrally across
the trough which is visible in the interferograms from
path 73. The last section (D-D') cuts centrally across
the trough from the Nov. 19 to Dec. 01 interferogram
(track no. 22). The shift between the C—C' and D-D'
profiles is 445 m.

In the case of the two interferograms from path
73, which cover the time of the analyzed tremor, the
maximum terrain subsidence of —80 mm is practically
the same. The trough profiles in the analyzed
directions (N-S, E-W and NW-SE) show a high
consistency. They may allow the conclusion that both
before the tremor (7 days) and after it (15 days), no
additional changes occurred on the terrain surface in
this direction. The results for the remaining analyzed
directions (N—S and NW-SE) are similar (Fig. 5).

Comparison of the results from paths 22 and 72
clearly shows the influence of the satellite's direction
of flight and hence also the influence of the indicated
angle values. The maximum values are preserved, but
when the trough from path 22 (Nov. 19 — Dec. 01) is
shifted in a parallel direction (the A-A’ profile) to
path 73, it is about 200 m. A similar observation is

possible when comparing the profiles from paths 73
(C-C") and 22 (D-D') along the N-S direction. The
C-C’ profile extends across the maximum of the
trough that is determined on the basis of the
interferograms from path 73, while the D-D’ profile is
shifted with respect to the previous profile by 450 m
to the East and cuts across the trough calculated on the
basis of the interferogram from path 22. With such an
assumption, the N-S profiles determined from the
three interferograms describe a practically identical
slope of the trough (Fig. 5).

Based on the two remaining interferograms
(Nov. 16 to Nov. 28 and Dec. 01 to Dec. 13), the LOS
displacement was calculated for two periods: before
the tremor and after the tremor. When analyzing the
diagrams (Fig. 5) of the profiles along the two main
directions, it is possible to demonstrate that apart from
some local noise — there are no significant
displacements for the investigated period.

The results obtained by the SBAS method
indicate that in the mining tremor region a subsidence
basin has been formed during the whole 2016. In the
period between November 28 and December 10, there
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was a sharp subsidence in the tremor area of the whole
year. The maximum subsidence observed on the A—A
and C—C profiles was approximately —80 mm (Fig. 6).
SBAS results are consistent with previously presented
results obtained by the DInSAR method. The spatial
range of subsidence of the tremor coincides with the
existing mining subsidence basin.

DISCUSSION AND CONCLUSIONS

The results of this research are consistent with
the results offered by Barnhart et al. (2014). They
demonstrate that it is possible to use radar data from
the Sentinel 1A/B satellites to detect displacements of
terrain surface which occur as a result of strong
mining tremor (induced events). Based on the
presented results, the following final conclusions were
formulated.

However, the displacements detected in this
research cover a greater geographical range than the
results of previous research (Barnhart et al., 2014).
The borders of the subsidence trough that was created
as a result of the tremor — are clearly visible in the
ascending and descending Sentinel-1 interferograms
(Fig. 3). In the case of the interferograms from path
73, the dimensions of the trough were 2.65 (in the N—
S direction) x 1.95 km (in the E-W direction), and in
the case of the interferogram from path 22, they were
respectively 2.55 (in the N-S direction) and 1.55 km
(in the E-W direction). The ability to detect surface
displacements ~ with  such  small dimensions
demonstrates the potential of SAR data from the
Sentinel 1 satellite constellation.

Due to the inability to obtain geodetic data from
the tremor region as of today, it is not possible to
compare the obtained results precisely. Nevertheless,
the presented results coincide with the results obtained
by Malinowska et al. (2018), and concerning the same
event. In turn, Popiotek et al. (2010) analyzed the
mining tremor from 2010, which was much
stronger (Mw 4.5). Based on the leveling
measurements, the maximum subsidence was
estimated at about —150 mm.

Although an attempt was made to observe
surface displacements accompanying the Dec. 26,
2016 tremor, no significant additional surface
displacements were identified either before or after the
analyzed tremor occurred. Taking into account the
accuracy of the LOS displacements, it could be
concluded that there were no residual movements.

The SBAS calculations clearly showed that the
observed displacements coincide with the subsidence
basin which is connected with the underground
exploitation of copper ore conducted in this area. On
this basis, it can be concluded that the induced mining
tremor can promote affect the deformation of the
ground surface in the area of exploitation.

The location of the tremor occurred exactly in
the operating field XXI2 (unit branch G-23) which
additionally confirms the induced character of the
shock.

Future research will focus on analyzing all
mining tremors which occurred in the L-GCB region
in order to detect any resulting surface displacements.
Analysis of a larger number of cases will allow
a better understanding of the influence that induced
tremors have on the land surface.
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