Natural Hazards (2019) 96:461-471
https://doi.org/10.1007/511069-018-3552-0

ORIGINAL PAPER p
@ CrossMark

Rapid ground deformation corresponding
to a mining-induced seismic event followed by a massive
collapse

Lukasz Rudzinski' - Katarzyna Mirek? - Janusz Mirek3

Received: 28 June 2018 / Accepted: 5 December 2018 / Published online: 19 December 2018
© The Author(s) 2018

Abstract

On 17 April 2015, the Wujek/Slask underground coal mine in Poland was struck by a
strong induced tremor of magnitude M4.0. The event was followed by a massive rock burst
and a collapse of tunnels in the vicinity of the hypocentre. The earthquake was widely felt
in the densely populated surrounding area. In this paper, we describe a possible connec-
tion between seismological parameters, such as the seismic source location and the focal
mechanism, and the ground deformation just above the collapsed tunnels a very short time
after the event occurred. We have shown that joint seismological and satellite observation
can be very valuable and important tools not only to improve the knowledge concerning
mining rock bursts and tunnel collapses, but also to find their influences on the ground
effects observed on the surface.

Keywords Mining seismology - Rock bursts - Ground deformation - Moment tensor -
InSAR

1 Introduction

Underground mining is a human activity associated with several specific anthropogenic
hazards. Issues of great importance in mining areas over the world are seismic activity
and rock bursts, i.e. the destruction of mining tunnels during a seismic events. The min-
ing seismicity is also responsible for weak-to-moderate ground shaking, often reported
by local residents. Since seismic sources are very shallow (usually not more than 3 km
and very often less than 1 km), the vibration caused by even small sources (i.e. mag-
nitudes approximately M3.0 and below) must be considered as potentially hazardous
for both surface facilities and mining infrastructures. Another common feature observed
on the surface above underground mines is small-to-moderate ground subsidence. It is
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generally agreed that both ground shaking (i.e. a seismic event) and local ground fail-
ures appear as consequences of mining. While co-seismic vibration effects are more
or less similar to what we observe during small-to-moderate natural earthquakes, the
shape of the terrain deformations is rather typical for mining areas. The subsidence can
be considered as a ground response to the closure of excavated mining panels, usually
conducted without any backfill. The ground response and subsidence formed above the
mine can last from months to years after the panel has been excavated. These specific
issues were also widely observed in two seismically active mining areas in Poland: the
Upper Silesian Coal Basin (USCB)—hard coal mine area (Stec 2007)—and the Leg-
nica Glogéw Copper District (Lasocki 2005). Both districts are characterized by strong
seismic activity, with more than one thousand seismic events above magnitude M1.0
recorded every year. Both districts were also affected by rock bursts and specific surface
effects. More than 56,000 tremors of magnitude M > 1.5 were recorded in the USCB
since 1974. The most energetic events result from mining and tectonic stresses and are
usually located close to existing tectonic failures. In the 1970s and 1980s, the number of
destructive rock bursts yearly exceeded 20, while in 2000s, the number decreased to 3
per year. It can be explained by both drop in coal exploitation and increase in rock burst
prevention (Stec 2007). The area is characterized by ground subsidence typically form
1.5 up to 5 m. These deformations are associated with mining activity and can be con-
sidered as rockmass response due to coal exploitation (Dulias and Kupka 2010).

In this paper, we focus on the strong mining-induced seismic event of M4.0, which
occurred on 17 April 2015 in the Wujek/Slask coal mine USCB, Poland (Fig. 1). Dur-
ing the earthquake, a massive rock burst occurred, the underground tunnels collapsed,
and two miners were buried. Ground shaking was widely reported by the local commu-
nity in Silesia—Zaglebie Metropolis—a 2.3 million population conurbation (polycen-
tric urban system). The event was considered one of the strongest earthquakes recorded
in the USCB area since the beginning of coal exploitation (the end of the nineteenth
century). The rescue operation lasted more than 50 days, and the affected part of the
mine was closed immediately after the emergency services finished the operation. Since
it was impossible to re-open the panel, eventually, the mine was abandoned in March
2018. In this study, we compare the seismological parameters and observation of the
surface response to the collapse. We found a very rapid—Iess than 12 days—ground
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Fig.1 Location of the upper Silesian coal basin and Wujek/Slask coal mine, Poland
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response to the event. The ground deformation corresponds very well with the seismo-
logical interpretation.

2 InSAR method and ground deformation before the event

Prior studies have shown that satellite radar interferometry (SAR) is a tool that has a wide
range of applications in numerous scientific disciplines: from digital elevation models
(DEM) through the monitoring of landslides, glaciers, floods and land settling to the study
of natural phenomena and vegetation. The method is also widely used in seismology to
help determine the epicentre location, fault geometry (e.g. Liu et al. 2004; Karakostas et al.
2016) or impacts of strong earthquakes on the ground shape (e.g. Guerrieri et al. 2010). In
mining areas, the technique allows for the tracking of the evolution of subsidence linked
to mining fronts and excavations (e.g. Przylucka et al. 2015; Mirek 2016; Klimczak and
Bata 2017), as well as for defining the correlation between ground subsidence and induc-
ing mining seismicity (e.g. Mirek and Mirek 2009, 2016). Typical ground deformation due
to exploitation of geo-resources usually lasts for months and can be observed even several
years after mining activities have stopped. However, in our studies, we find that subsidence
processes caused by a mining collapse can appear after less than 12 days.

The interferometric synthetic aperture radar method (InSAR) is a technique that exploits
phase shifts between the radar signals of two satellite SAR images. By processing the
phase differences of two images taken during consecutive satellite passes, we obtain a sin-
gle interferometric image. When recording the radiation reflected from the Earth’s surface,
information is acquired about the intensity of the reflected radar beams (i.e. the degree to
which the waves are absorbed by the Earth’s surface) and the phases of these signals at the
time of arrival at the receiver. A phase change of 360° (full cycle) in the SAR image corre-
sponds to half of the signal wavelength. For ERS-1/2, ENVISAT and Sentinel-1A/1B satel-
lites, the SAR device exploits a wavelength of 5.6 cm. By using two SAR images taken at
different times, it is possible to find the phase difference for these two signals. The inter-
ferometric image obtained from the two SAR images will show altitude changes of the land
surface. A phase change of 360° in the image corresponds to 2.8 cm, which is the altitude
change over time between two consecutive SAR images.

In the current study, we used Sentinel-1A (European Space Agency satellite) data
acquired in interferometric wide swath mode with a 12 day revisit time and a 5X20 m
ground resolution. The SAR image processing was done in SITBX software provided by
the European Space Agency (https://sentinel.esa.int/web/sentinel/toolboxes/sentinel-1)
under the GNU GPL licence. Data processing included the basic steps for interferome-
try: co-registration of the file from the slave to master, the creation of interferograms and
filtration.

Three pairs of SAR images were selected for INSAR processing (Table 1). The interfero-
grams illustrate the deformation before, during and after the 17 April 2015 collapse.

Since the coal extraction in the vicinity of the epicentre started several months before
the event, let us first consider the surface deformation just before the earthquake. Figure 2
shows the interferogram obtained from two SAR images: 31 March and 12 April 2015, i.e.
5 days before the event.

It is clear that before the tremor, the trough at the perimeter of which the epicentre was
located was in the forming stage (Fig. 2). The subsidence has a length in E-W direction
around 800 m and N-S width around 500 m. Let us also notice another smaller ground
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Table 1 Interferometric pairs

used in the study Interferometric pair Date f’aerrgz?:lii:ll: ”S[:Ir’zﬁ):éiil
(m) (days)

1 Master 31.03.2015  63.87 12
Slave 12.04.2015

2 Master 12.04.2015 64.74 12
Slave 24.04.2015

3 Master 24.04.2015 208.22 12
Slave 06.05.2015

18°55'12.0"E

50°14'24.0"N --#50°14'24.0"N

50°13"12.0" 50°1312.0"N

18°56"24.0"E

Fig.2 Interferogram covers the study area just before the 17 April 2015 event (the star denotes the future
epicentre). The two SAR images were recorded on 31 March and 12 April 2015

deformation some 750 m to the north form the future epicentre. This ground feature is a
visible continuous subsidence on following interferograms much before March 31 and is
typical for deformation associated with mine exploitation in the USCB. The deformation
is rather associated with another longwall located in the vicinity to the affected part of the
mine. This subsidence is not directly connected to the collapse.

3 Seismic data analysis and collapse mechanism

The seismic event occurred in the Wujek/Slask coal mine, Poland. According to the
European-Mediterranean Seismological Centre (http://www.emsc-csem.org), the earth-
quake origin time was 17 April 2015 22:16:22.7 UTC (00:16:22.7 CET). The epicentre
was located within the coordinates 50.29N 18.92E at a depth of 10 km with a magni-
tude of M4.0. The hypocentre location was also reported by the Central Mining Institute
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(CMI), Katowice, Poland (http://www.grss.gig.eu/en/) at a point of 50.2238N 18.9173E
and a depth of 1 km (fixed at the excavation level according to reported damage) with
origin time 22:16:21.8 and magnitude M; 4.1. The CMI location was obtained through
signals recorded by the very local Upper Silesian Regional Seismological Network
(USRSN) (Stec 2007).

We upgraded the initial location using the single event location technique and TRM-
LOC software (Debski 2015; Debski and Klejment 2016) based on signals recorded by
the USRSN operated by the CMI in the whole USCB area (IS EPOS 2017). The loca-
tion app, signals and corresponding metadata are available in the IS-EPOS Platform, the
e-platform devoted to anthropogenic hazard analysis, including underground mining (IS
EPOS 2017). The final location, together with location errors, is included in Table 2.

Although some of the mining-induced tremors can be modelled similarly to tectonic
earthquakes by a double-couple (DC) source model (e.g. Dahm et al. 1999; Richard-
son et al. 2005), many of the tremors are characterized by strong non-DC components
(e.g. §ilen}’7 and Milev 2008; Ford et al. 2009), which in particular can be modelled by
the isotropic source model for mining earthquakes associated with rock bursts and col-
lapses (e.g. Rudajev and §ilen3’/ 1985; Ford et al. 2009; Rudzinski et al. 2016). Since the
earthquake destroyed (closed) the Wujek/Slqsk mining tunnels, we estimated the source
mechanism as a full moment tensor (MT) solution (Jost and Hermann 1989) to verify
whether the source was dominated by DC or non-DC effects and how these effects cor-
respond to the surface deformation. The mechanism was estimated using broadband
signals recorded at seismological stations belonging to Polish, Czech and Slovak net-
works (Fig. 3). We used records from seven stations equipped with STS2 seismome-
ters (120 s—50 Hz) and from station OKC working with Giiralp CMG3ESP sensors
(60 s—50 Hz). The signals and corresponding metadata are available on the ORFEUS-
EIDA project webpage (http://www.orfeus-eu.org/data/eida/). To obtain real displace-
ments, the data processing consisted of the removal of the station responses and deci-
mation from 20 to 5 Hz.

Several different methods can be used to estimate the full MT. In general, the meth-
ods are based on first amplitude or full waveform inversion. While the former approach
is less sensitive to signal clipping, an issue often observed during a strong mining tremor
recorded by underground networks with low dynamics (Rudziriski et al. 2017a), the latter
can be used in both the time and frequency domains and is expected to be less sensitive
to mismodelling of the velocity structure (Cesca et al. 2006; Domingues et al. 2013). In
this paper, we used the full waveform inversion and solved the source mechanism in both
domains using the Kiwi tools inversion platform (http://kinherd.org; Heimann 2011) and
procedures described by Cesca et al. (2006). The method was already tested for natural
earthquakes (Cesca et al. 2013), mining tremors (Sen et al. 2013) and mining collapses in
Poland (Rudzinski et al. 2016, 2017b; Lasocki et al. 2017). Although the previous study
concerning a mining collapse in Poland tested three different velocity models (Rudzinski
et al. 2016), we used two velocity models, CRUST2.0 Bassin et al. (2000) and Grad et al.
(2003), just to ensure the quality of the regional MT solution.

Table2 The 17 April 2015

earthquake epicentre coordinates Latitude Longitude Depth (m)
and corresponding errors 50.2255N 18.9237E 995
220 m 175 m 317m
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Fig.3 Epicentre (star) and stations (triangles) used to estimate the source mechanism of the 17 April 2015
earthquake

The full MT inversions were done with signals filtered between 0.13 and 0.16 Hz. We
inverted the real and synthetic data calculated for both velocity structures in both the fre-
quency and time domains. After the inversion, the results were completed and contained
the full MT components, seismic moment and corresponding moment magnitude M,
Since the inversions with both velocity models led to almost identical results, we decided
that the final solution was characterized by the Grad et al. (2003) model, which yielded
a smaller misfit. The final MT and its decomposition into isotropic, compensated linear

Table 3 Final MT components and MT decomposition: ISO, isotropic term; CLVD, compensated linear
vector dipole; DC, double couple

Moment tensor (MT) components Seismic moment, Moment MT decomposition
My (Nm) magnitude, components
MW
mll m22 m33 ml2 ml3 m23 ISO CLVD DC
—24x -20x —41x -001x -06x —0.1x 428x10" 3.7 —66% 28% 6%
101 104 101 1014 1014 101

The seismic moment M, and corresponding moment magnitude M, are also included
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vector dipole (CLVD) and DC parts are shown in Table 3. Such MT decomposition is often
used in mining seismology because of its possible interpretations (Hasegawa et al. 1989).

Note that the source mechanism (Table 3) is dominated by a very high (more than 60%)
implosive component. This kind of result is not exceptional for mining collapses and is
similar to the solutions reported earlier for Polish copper mines (Rudziriski et al. 2016,
2017b; Lasocki et al. 2017). The source model represented by such MT is similar to the
so-called tabular cavity collapse (Talebi and Co6té 2005; Rudziriski et al. 2016), which is
the model of a mining collapse interpreted as a closure of an underground tunnel with
associated roof collapse, footwall uplift and sidewall failure. According to the underground
inspection, these kinds of damage were observed after the tremor. It is also very likely that
such a source can be responsible for the terrain deformation just above the affected tunnels.

We have also noticed a small differences among magnitude reported by EMSC (body
wave magnitude mb), CMI (M;) and our result. These differences at least partially can
be explained by different methods used. While the local magnitude describes the seismic
energy recorded on local distances in spectrum limited by the Wood—Anderson (W-A)
instrument, our moment magnitude corresponds only to the low-frequency part of seismic
spectrum recorded on regional distances in frequency between 0.13 and 0.16 Hz. In other
words, the M; and M, were estimated in different parts of the spectrum. The difference
between mb and M, more likely can be explained by the difference in depth between auto-
matic location (EMSC) and location presented in this study.

4 Ground deformation after the event

Since the earthquake, rock burst and collapse occurred during the time between two SAR
images, the possible ground deformation during this period above the mining area can
be considered as nearly “co-seismic” effects, directly caused by the event. To study these
effects, we used the pair of SAR images dated April 12 (5 days before the event) and April
24 (7 days after the tremor). The 12-day interval differential interferogram (Fig. 4a) shows
a distinctive concentric feature, which indicates a subsidence trough. The subsidence pat-
tern shows one cycle of deformation corresponding to approximately 2.8 cm of subsidence.
The terrain features also correspond very well with both the epicentre location and the col-
lapse source model (Fig. 4b).

Now, let us consider the interferogram obtained by the next interferometric pair
(Table 1) dated 24 April and 6 May 2015. From Fig. 5, it is clear that the last interferogram
indicates a stabilization of the surface above the epicentre. Therefore, we conclude that
most of the subsidence observed in the InNSAR images was likely due to the mine collapse
on 17 April 2015. The surface features observed after April 24 strongly suggest that this
rapid deformation can be treated as a “co-seismic” ground response to the earthquake.

5 Conclusions

Rock bursts are considered the most dangerous events associated with mining seismic
activity. Usually, the rock bursts are responsible for strong ground shaking, which is often
reported by the local community. On the other hand, it was not obvious that the induced
events were also responsible for the very rapid ground deformation. In the current study,
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Fig.4 a Interferograms of the Wujek/Slask mining area between 12 April and 24 April 2015. b The same
interferograms together with the source mechanism corresponding to the final MT (Table 3). The location
of the focal sphere in the image corresponds to the epicentre, while the size of the beach ball corresponds to

the location errors (Table 2)
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Fig.5 Ground deformation observed between 24 April and 6 May 2015. The epicentre is denoted by the
black star

we show that the combination of InSAR observations and simple seismological analysis
can provide important insights into mine collapses. The presented example shows a very
good agreement between the seismological results and the terrain features observed just
above the epicentre a relatively short time after the earthquake. We noted that routine mon-
itoring of the land surface subsidence via satellite INSAR data could provide constraining
information about future mine collapses, especially over poorly instrumented areas. The
satellite observation should be combined with other types of monitoring, especially seis-
mological and strong motion observations. The combined seismological and ground defor-
mation monitoring should be recommended as an important solution in any mining areas
with a high likelihood of rock burst hazards.
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