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A b s t r a c t  

On 19 March 2013, a tremor shook the surface of Polkowice town 
where the Rudna Mine is located. This event, of  ML = 4.2, was the third 
most powerful seismic event recorded in the Legnica G�ogów Copper 
District (LGCD). Inhabitants of the area reported that the felt tremor was 
bigger and lasted longer than any other ones felt in the last couple of 
years. Analysis of spectral parameters of the records from in-mine seis-
mic system and surface LUMINEOS network along with broadband sta-
tion KSP record were carried out. The location of the event was close to 
the Rudna G�ówna Fault zone; the nodal planes orientations determined 
with two different approaches were almost parallel to the strike of the 
fault. The mechanism solutions were also obtained as Full Moment Ten-
sor from P-wave amplitude pulses of underground records and waveform 
inversion of surface network seismograms. The results from the seismic 
analysis along with macroseismic survey and observed effects from the 
destroyed part of the mining panel indicate that the mechanism of the 
event was complex rupture initiated as thrust faulting on an inactive tec-
tonic normal fault zone. The results confirm that the fault zones are the 
areas of higher risk, even in case of carefully taken mining operations. 

Key words: focal mechanism, full moment tensor, mining induced seis-
micity. 
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1. INTRODUCTION 
Fault zones in underground mining operations are considered as potentially 
dangerous zones, where excavation works may be complicated and can 
cause various geomechanical issues that may lead to roof instability (e.g., 
Tajdu� et al. 1996, Medhurst et al. 2008). Therefore, in regions of intense 
mining production all fault zones are treated with special care. In tectoni-
cally active zones, most of the seismic events are located along discontinui-
ties in the rockmass, such as fault zones. In the case of Legnica G�ogów 
Copper District (LGCD), Western Poland, the tectonic activity is not consid-
ered. There is only a small subsidence up to 1 mm/year (Zuchiewicz et al. 
2007). The main fault zones in the vicinity of LGCD such as Sudetic Mar-
ginal Fault are considered not active as well as most discontinuities in West-
ern Poland (Zuchiewicz et al. 2007), although two unexpected seismic 
events of magnitudes 2.8 and 3.8 occurred in 2007 and 2012, respectively, 
and were connected with movement along a small local normal fault near 
Jarocin (Lizurek et al. 2013). The Carpathian Mountains in the southern part 
of Poland are moderately active tectonically. This tectonic activity is accom-
panied by seismicity (e.g., Wiejacz and D�bski 2009, Guterch et al. 2005, 
Guterch and Lewandowska-Marciniak 2002). This seismically active area is 
about 300-400 km away from the LGCD; therefore, all the seismicity re-
ported in the LGCD region is considered as a mining induced seismicity 
(Gibowicz and Kijko 1994). The anthropogenic seismic activity of LGCD is 
related to the copper ore underground exploitation in 3 mines: Rudna, Polko- 
wice-Sieroszowice, and Lubin. Those mines produce annually several hun-
dreds of seismic events with a local magnitude in the range of 0.4 to 4.5 
(Lasocki 2005). The largest events in this area were  Ml = 4.5  of 24 March 
1977 (Gibowicz et al. 1979), and  Ml = 4.3  of 20 June 1987 (Gibowicz et al. 
1989) both located within the Lubin Mine. On 19 March 2013, a tremor 
shook the surface of Polkowice town where the Rudna Mine is located; in-
habitants reported that it was one of the most powerful tremors they experi-
enced in the last couple of years. The magnitude of this event, mb = 4.6 
according to EMSC (2013) and  Ml = 4.2  according to IGF PAS, was the 
largest reported event since 1987 in this mining district. The seismic event 
was followed by a rockburst and several miners were trapped within the 
mining panel. Fortunately, there were no casualties, except of only two min-
ers who were hurt and hospitalized. The event was reported to be located 
within G-3/4 mining panel of Rudna Mine, in the vicinity of Rudna G�ówna 
Fault. The aim of the study is to find if the mechanism of the event is con-
nected with the existing fault zone nearby. To fulfil this goal we obtained 
two moment tensor solutions: the first one is obtained from the amplitudes of 
the first arrivals of waveforms recorded by in-mine seismic monitoring sys-
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tem, and the second one which supports the results by inversion of the wave-
forms from new surface local monitoring network Legnica-G�ogów Under-
ground Mining INduced Earthquake Observing System (LUMINEOS). 
Macroseismic questionnaires were also prepared and incorporated within lo-
cal community for estimation of the tremors felt range, which was performed 
to find more information for an event depth determination (Lizurek et al. 
2013).  

2. SITE  AND  DATA  DESCRIPTION 
Rudna Mine is located in the Legnica-G�ogów Copper District (LGCD), 
Southwestern Poland (Fig. 1). Mining in the Rudna Mine is carried out in 
three mining regions: Rudna Central, Rudna West, and Rudna North. The 
Rudna Mine operates 11 shafts (3 for extraction, 4 for ventilation, and 4 for 
personnel and materials) ranging from 950 to 1150 m in depth. The mine is 
operated by KGHM S.A. company (Kombinat Górniczo-Hutniczy Miedzi). 

Fig. 1. Location of the 19 March 2013 seismic event and the seismic networks oper-
ating in the Polkowice area. Dark blue triangles denote LUMINEOS network sta-
tions and light blue triangles denote underground Rudna Mine seismic stations. The 
location of the considered mining panel is denoted with a rectangle. A topographic 
map of Poland with Polish Seismological Network broadband stations is in the upper 
right corner inset. The area of LGCD is denoted with black rectangle. 
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The ore bearing strata includes Permian series of dolomite, shale and 
sandstone layers. Above them is the evaporate series composed of anhydrite 
and salt layers. The approximate depth of ore bearing layers is between 900 
and 1100 m. Ore is currently excavated at a depth of over 1150 m, with an 
increase to a depth greater than 1200 m expected during the next several 
years. Below the copper ore strata lies the Rotliegend sandstone. Exploita-
tion is performed in several mining panels. A pillar-chamber mining method 
is employed. In this system, the ore is separated into pillars and passages 
separated by structural pillars, which serve to support the roof. Blasting is 
the method used for extracting the copper ore due to its hardness (15-
170 MPa) and the diversity of the ore body that comprises 3 types of rock: 
dolomite and sandstone, separated by a main layer of copper-bearing shale. 
Those parts of the ore, having a thickness of up to 7 m, are worked out using 
the room-and-pillar method with an extra roof support; for ore having 
a thickness of over 7 m the room-and-pillar method is used with elimination 
of cavities by rock or hydraulic backfilling. The whole ore bearing strata are 
flat and slightly dipping towards NE (KGHM 2013). G-3/4 mining panel is 
located in southwestern part of Rudna Mine (Fig. 1). The Rudna G�ówna 
normal fault zone is located in north-eastern part of the panel; therefore, the 
panel lies in the hanging wall of this fault, which has NW-SE strike dipping 
to NE. Maximum fault throw values in this region are up to 4.5 m; there are 
smaller faults located within the panel area with NW-SE and NE-SW strikes. 

Seismicity induced in the Rudna Mine is quite high: annually there are 
several hundreds of events reported by the mine with magnitude range from 
0.4 up to 4.2. Among them there are couple of high energy events (Ml > 3.0) 
per month, for example in 2012 there were 2236 events of Ml above 0.9, and 
1626 events with Ml above 1.2, which was magnitude of completeness for 
the Rudna Mine seismic catalog in 2012. The maximum magnitude observed 
of Rudna Mine induced events in 2012 was 3.4. Seismicity in G-3/4 panel 
started in 2001 and was observed during all mining works carried in this area 
to April 2013. There were almost 2000 seismic events in this panel and 31 
events with energy higher than 107 J (Ml > 3). Activity varied from 0.12 to 
0.56 events per day. The 19 March 2013 tremor has the highest energy re-
leased from the whole G-3/4 panel catalog. 

Seismicity in the Rudna Mine is monitored continuously with local un-
derground seismic network (Fig. 1), which is composed of 32 vertical seis-
mometers at mining level; except of 5 sensors placed in elevator shafts, 
seismometers location depth varies from 300 down to 1000 m below surface. 
Epicenter location accuracy is about 50 m in terms of location uncertainty 
(Rudzi�ski and D�bski 2011, Le�niak and Pszczo�a 2008). The seismometers 
used in this network are vertical short-period Willmore MkII and MkIII sen-
sors, with the frequency band from 1 to 100 Hz. This system is designed for 
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fast and precise location of events, but has some dynamic range limitations, 
which cause saturation of the S-wave part of the signal for high energy 
events at the nearest stations. Therefore, there are 4 stations doubled in the 
acquisition system and recording with lower gain to increase the ability of 
the network operator for more precise determination of the seismic energy 
released during seismic events. Lower gain stations have about 10 times 
lower gain coefficients: 1.5 × 10–7 m/s per count, while normal gain setting is 
1.6 × 10–8 m/s per count. Examples of the saturated and unsaturated signals 
from the in-mine system are presented in Fig. 2. 

Fig. 2. Comparison of the signals recorded by Rudna Mine underground network 
(two upper traces, first one with lower gain, second one saturated), LUMINEOS 
network TRBC station, and broadband station KSP from PLSN. 
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At the beginning of 2013 the local surface network of Institute of Geo-
physics, Polish Academy of Sciences (IGF PAS) with acronym LUMINEOS 
was installed under the agreement with KGHM S.A. and Rudna Mine offi-
cials. This network at the moment of the 19 March 2013 event (Fig. 1) was 
composed of 4 short-period one-second triaxial seismometers LE-3D/1s 
manufactured by Lenartz Electronics. 

Initial locations of the event provided by the mine have been improved 
using Single Event Relocation Method (Rudzi�ski and D�bski 2011) with 
the use of P-wave arrivals recorded on in-mine seismic system. The event 
was located in north-eastern part of mining panel in the vicinity of Rudna 
G�ówna Fault at the excavation level (Figs. 1 and 3). 

Spectral analysis was applied to estimate source parameters such as 
seismic moment, seismic energy, radius, and slip (Table 1). Seismic moment  
 

Fig. 3. Focal mechanism solutions presented as beach balls on the background of the 
Rudna Mine contour with underground seismic network (small light blue triangles) 
and LUMINEOS network (bigger dark blue triangles). On the left (black color) 
P-wave amplitude inversion fault plane solution is shown, and on the right (red col-
or) waveform inversion fault plane solution is shown. The big star denotes epicentral 
location of the main event, the grey circle denotes epicenter location uncertainty, 
small stars present the aftershock locations with beach balls for the strongest of 
them, and the thick dashed line denotes Rudna G�ówna Fault zone margins. 
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Table 1  
Source parameters of the 19 March 2013 seismic event calculated  

from mine network, LUMINEOS network, and KSP broadband station records 

Station Fc  
[Hz] 

P-wave
energy

[J] 

S-wave
energy 

[J] 

Seismic
energy 

[J] 
Es/Ep

M0 
[Nm] Ml Mw 

Radius
[m] 

Slip 
[m] 

MOSK 3.7 2.4 × 108 4.60 × 109 4.84 × 109 19.2 2.80 × 1014 4.3 3.6 175 0.11 

TRBC 3.2 7.7 × 107 1.84 × 109 1.92 × 109 23.9 1.82 × 1014 4.1 3.5 198 0.06 

TARN 5.1 9.2 × 107 4.80 × 109 5.72 × 109 5.2 1.26 × 1014 4.4 3.4 125 0.09 

ZUKW 4.9 7.5 × 107 1.82 × 109 1.90 × 109 24.3 1.58 × 1014 4.1 3.4 132 0.11 
Rudna 
Mine 

network 
2.7 1.3 × 108 1.72 × 109 1.85 × 109 13.2 5.58 × 1014 4.1 3.8 223 0.13 

KSP 3.3 7.2 × 108 9.62 × 108 1.68 × 109 1.34 8.34 × 1014 4.1 3.9 180 0.30 

Average 
3.7 
' 

0.9 

2.2 × 108

' 
2.5 × 108

2.62 × 109

' 
1.6 × 109 

2.84 × 109

' 
1.7 × 109 

11.9
' 

9.7 

3.56 × 1014

' 
2.8 × 1014 

4.2
'

0.2 

3.7
'

0.2

172
' 
38 

0.13 
' 

0.09 

 
was calculated upon Boore and Boatwright (1984) assumption of low-
frequency level of the far-field displacement, seismic energy was calculated 
with the use of the Boatwright and Fletcher (1984) relation of radiated en-
ergy of P and S waves and the energy flux contained in the P- and S-wave 
trains. 

Source radius was calculated upon Brune (1970, 1971) formalism with 
the use of Madariaga (1976) circular fault model, which was also used for 
the slip estimation from Aki and Richards (1980) seismic moment definition. 
Moment magnitude was estimated from seismic moment (Hanks and 
Kanamori 1979), while local magnitude was estimated from empirical rela-
tion between energy estimates and local magnitude for LGCD; all the details 
of the estimation methods of the above-mentioned parameters were de-
scribed by Gibowicz and Kijko (1994) and Niewiadomski (1997). The anal-
ysis was performed using unsaturated records of the seismic system of 
Rudna Mine, the records from LUMINEOS network and KSP broadband 
station of PLSN network, which is located about 80 km south from the epi-
centre. Signal examples from the above-mentioned networks are presented in 
Fig. 2. 

The relevant parts of seismograms of P and S waves were selected man-
ually, and then transformed by Fast Fourier Transformation (FFT). The re-
sulting amplitude spectra were corrected for attenuation effects with  Q = 400 
and 200, respectively, for P and S waves. For further calculations we set ve-
locities of P and S waves in source at  Vp = 5900 m/s  and  Vs = 3400 m/s. 
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The free surface correction for surface network and broadband stations 
were used, while in case of in-mine system the free surface correction can be 
neglected. Shear modulus was set at 2.7 × 1010 Nm–2; the account for P- and 
S-wave radiations were set for 0.52 and 0.63, respectively (Lizurek and 
Wiejacz 2011, Kwiatek 2013, Gibowicz and Kijko 1994). Far-field dis-
placement spectra were approximated on logarithmic scale. The two asymp-
totes were calculated using of integrals of squared displacement and 
velocities of ground motion. This has allowed us to estimate the spectral 
plateau, corner frequency and energy flux in observation point for every 
spectrum of P and S waves. 

Further energy of P and S waves was calculated from an energy flux in 
far field displacement. The average value of the seismic energy released dur-
ing the event is 2.84 × 109 J, average seismic moment 3.56 × 1014 Nm, local 
magnitude 4.2, moment magnitude 3.7, source radius 172 m, and slip 
13.3 cm. These values are relatively high compared with the mining induced 
events in LGCD, where energy release is rarely above 108 J. In the past, such 
high energy release was noted for the two biggest events from LGCD: in 
1977 with energy 2.5 × 1010 J, Ml = 4.5 (Gibowicz et al. 1979) and in 1987 
event with  Ml = 4.3  and energy 5.0 × 109 J (Gibowicz et al. 1989). S-wave 
to P-wave energy ratio is quite high 
 almost 12 in average, which is charac-
teristic for tectonic earthquakes with shearing as a main rupture component, 
rather than for mining induced events, where non-shearing components may 
play a role in rupture process, especially in the case of LGCD mines 
(Gibowicz and Kijko 1994, Lizurek and Wiejacz 2011). Source parameters 
are comparable with the parameters obtained using the same methodology 
for tectonic seismic event near Jarocin from 6 January 2012 (Lizurek et al. 
2013), but the mining induced event from 19 March 2013, was shallower, 
had higher energy release, larger slip value and higher magnitude, which 
made it more intensely felt on smaller area. The large event was followed by 
10 aftershocks within the area of the G-3/4 mining panel during next 16 
hours with the highest energy released, 7.1 × 104 J. During the next month, 
only 4 events were reported for this mining panel, none of them with energy 
higher than 1 × 104 J. The aftershock distribution does not follow the fault 
strike, but is dispersed over the vicinity of the studied event, mostly within 
the G-3/4 panel (Fig. 3). 

3. FOCAL  MECHANISM 
Focal mechanism was calculated using two different approaches: the first 
one using the moment tensor inversion in the time domain from amplitudes 
of P-wave onset recorded by underground seismic network in Rudna Mine 
(Wiejacz 1992, Awad and Kwiatek 2005), the other using waveform inver-
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sion (Cesca et al. 2010) of the signals recorded with LUMINEOS network 
(Figs. 1 and 3). 

3.1  P-wave amplitude inversion 
Calculations of the moment tensor from the mine underground network re-
cords were performed using FOCI software 3.0 (Kwiatek 2013). The inver-
sion of the P-wave amplitude was performed in time domain. The registered 
first onsets may be of different types: direct P waves and refracted from the 
overlying anhydrite layer or the thick strata of sandstone underlying the ore 
deposit. This is caused by the geological situation. The layers are almost flat, 
the dip of the layers being about 4 degrees NE. The ore bearing strata are 
a dolomite layer of 60-90 m thickness. Above the ore bearing strata, there 
exists the evaporate series mainly composed of the anhydrite of 160 m 
thickness, and below the ore bearing strata there is a sandstone layer of about 
300 m thickness. 

The observation of seismic recordings from the in-mine system led to the 
conclusion that the direct P wave is observed when the source-receiver dis-
tance is smaller than 1 km, because the direct wave gradually disappears and 
only the refracted waves are observed at longer distance. The velocities de-
termined for the waves were: 5 km/s for the direct wave, 5.9 km/s for the re-
fracted wave from the overlying anhydrite layer, and 5.6 km/s for the 
refracted wave from the underlying sandstone layer (Wiejacz 1992). In the 
present study all types of waves were used with 22 onsets on 22 stations; 
these were mostly the waves refracted from the overlying anhydrite layer, 
2 onsets of wave refracted from the underlying sandstone strata, and only 
one direct wave onset was recorded at the station nearest to the source. 

The input parameters are the amplitude and polarity information on the 
first P-wave displacement pulses. According to Fitch et al. (1980), the rec-
orded displacement for the vertical component of the P-wave phase is: 

 � � 3
1, ,

4�
P
z z

rU x t Ms t l
r

 


���
! "� �� 	� �# $� �% &
�  (1) 

where � is the average density, r is the source-receiver distance, � is the av-
erage velocity of P wave, M is the seismic moment, lz is the cosine of the an-
gle of the incidence, and 
  is the take-off angle. The Source Time Function 
(STF) was based on the Haskell’s source model (Haskell 1953): 
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0, elswhere

T t T
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where T is the rupture time. 
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Moment tensor is obtained by solution of a set of N equations of type 1. 
Due to the six independent elements of the moment tensor there must be at 
least six such equations, but the more, the better. When the condition of the 
zero trace is imposed on solution, the deviatoric moment tensor may be de-
termined, which excludes the type of mechanism with volumetric change in 
the source. When the condition of zero trace and zero denominator are set, 
the solution is limited to the double couple source. The deviatoric, pure shear  
 

Table 2  
Source parameters (moment tensor and nodal planes) of the 19 March 2013,  

seismic event calculated from in-mine network, LUMINEOS network 

Moment tensor solutions Nodal plane 
1 orientation 

Nodal plane  
2 orientation 

Method  
of inversion 

Tensor  
components [Nm] Strike/Dip/Rake Strike/Dip/Rake 

Solution A 

M11 –1.26 × 1014 

309/47/96 120/43/83 

M22 –7.10 × 1013 

M33 4.46 × 1014 

M12 –6.76 × 1013 

M13 4.49 × 1012 

M23 –7.10 × 1013 

Solution B 

M11 –6.11 × 1014 

115/48/97 285/42/83 

M22 –3.99 × 1014 

M33 4.51 × 1014 

M12 –7.55 × 1013 

M13 3.47 × 1013 

M23 6.89 × 1013 

Decomposition components 

Solution A 
DC 42% 
CLVD 33% 
ISO 25% 

Solution B 
DC 41% 
CLVD 9% 
ISO –50% 

Uncertainties of the methods 

Nodal plane orientation uncertainty (Strike/Dip/Rake) 

Solution A '12/9/5 
Solution B '24/11/10 
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Fig. 4. Mechanism solutions with P-wave amplitude inversion (solution A) – from 
the left: Full Moment Tensor, Trace Null, and Double Couple solution. The numbers 
and signs denote the station location and polarization on focal sphere. All solutions 
are presented as a Lambert azimuthal equal-area projection on lower hemisphere 
Schmidt net. The red lines denote the nodal plane orientation for different station 
configurations of Jacknife test, and the black lines denote the nodal planes from the 
obtained solution with all stations used. 

and full moment tensors were calculated using the L2 norm as a measure of 
the misfit (Wiejacz 1992, Awad and Kwiatek 2005). The sensor distance 
from the hypocenter was mainly above 1500 to 8000 m in case of in-mine 
system, with one exception of channel 12, which was about 200 m from the 
source. It is within source dimension radius, but it was the only channel with 
direct wave recorded. The Jacknife test of station influence on the result has 
shown (Fig. 3, Table 2) that it has no big influence on tensor components 
and nodal plane orientation, but the use of this channel allows to decrease 
the moment tensor uncertainty; therefore, it was included into the moment 
tensor inversion procedure. Moreover, the strike/dip/rake uncertainty was 
relatively small – not higher than 12 degrees. The result of the P-wave am-
plitude inversion approach will be named further as solution A. The full 
moment parameters along with decomposition for double-couple (DC), 
compensated linear vector dipole (CLVD) and isotropic (ISO) components 
are presented in Table 2 and Figs. 3 and 4. The maximum estimation error of 
the moment components calculated with FOCI (Awad and Kwiatek 2005) 
software was 1.08 × 1013 Nm. 

3.2  Waveform inversion 
The moment tensor solution using LUMINEOS seismograms inversion was 
carried out with “kiwi tools” package (Heimann 2011), http://kinherd.org. 
Because the network consists of 4 three-component short period seismome-
ters, it gave an opportunity to work with 12 traces in frequency range 
1-50 Hz. The methodology adopted eikonal source model and multistep in-
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version strategy, as described by Cesca et al. (2010). It allowed to work with 
both amplitude spectra and seismograms (time traces) in time domain at dif-
ferent frequency ranges. The eikonal model can be described by 13 parame-
ters which can be grouped into two groups; the first 8 parameters describe 
a point source while the last 5 are connected with finite rupture (Cesca et al. 
2010). Parameters needed to describe the point source are: strike, dip, rake, 
scalar moment and latitude, longitude, depth, and origin time. These groups 
of parameters explain radiation pattern and locate the event in space and 
time. The remaining 5 are related to the finite rupture and can be obtained 
with knowledge of point source. The rupture propagates with relative rupture 
velocity vr within the rupture surface, with radius R from nucleation point 
characterized by parameters nucleation coordinates nx and ny. The last pa-
rameter is the rise time which defines the time required for the slip occur-
ence at each point. The vr is defined as percentage of the shear velocity 
(Cesca et al. 2010). Since the LUMINEOS network is very sparse we de-
cided, in this paper, to study only point source inversion. It means the result 
of the analysis was a focal mechanism described by strike, dip, rake for both 
nodal planes and scalar moment, centroid latitude, longitude, depth, and ori-
gin time. Enough information to obtain point source mechanism can be 
found in seismograms below the corner frequency (Gibowicz and Kijko 
1994). The analysis was performed using the 1D (Fig. 5) very local velocity 
model for Rudna Mine (Dec et al. 2011).  

The inversion procedure started with hypocentral location given by the 
relocated hypocentre with underground in-mine network (Figs. 1 and 3) and 
average scalar moment obtained by spectral analysis (Table 1). To avoid 
non-uniqueness caused by nonlinearity of the inversion problem, the inver-
sion was run several times with different starting configuration. In this point, 
the varied starting parameters were source depth (in a range between 0.5 and 
1.5 km with a 0.1 km step) Because the event was located outside the 
LUMINEOS network (Figs. 1 and 3), in the first step the fitting of amplitude 
spectra was preferred than seismogram fitting in the time domain. Such ap-
proach has some advantages and could give more reliable results in this case 
(Cesca et al. 2006). 

All 12 displacement traces were used during the inversion. To stabilize 
the solution we decided to focus on P-waves onset. The chosen bandpass 
was 2.0-3.0 Hz, which covered frequency range below the corner frequency 
of the recorded seismic waves. The recorded corner frequencies in 
LUMINEOS network were from 3.7 to 5.1 Hz (Table 1). The first 5 seconds 
of the seismograms were used in analysis. We decided to use this time inter-
val to be sure that a long enough P train was recorded even on the farthest 
station ZUKW. It was especially important in case of stability of spectral in-
version step.  The solutions were obtained  with L2  norm.  After  the spectra 
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Fig. 5. Details of the inversion of the waveform results with velocity model based on 
Dec et al. (2011) (top-right panel). Inversion results contain point source parameters 
estimation and focal mechanism. Fit of P-waves seismograms for the used stations 
include observed (red) and synthetics displacements (blue). The gray shaded area is 
the applied time taper. The point source parameters are: strike: 115, 285; dip: 48, 42; 
rake: 97, 83; moment magnitude: 3.7, seismic moment: 3.59 × 1014 Nm. The inver-
sion used the P-wave trains and three components; u: vertical, n: N-S, e: E-N rec-
orded on 12 traces on 4 stations. The frequency used: 2-3 Hz. 
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Fig. 6. Optimal solution for strike, dip, and rake (black circles) for one of the nodal 
planes obtained with spectral inversion step (left panel) and the result of the boot-
strap test (right panel). The latter provide probability of the solution B. The histo-
grams are shown for one of the nodal planes. 

inversion optimization (Fig. 6) step, the fault parameters: strike, dip, rake for 
2 possible fault configurations, scalar moment, and centroid depth were es-
timated. Since we used just spectra fitting, it was no information about po-
larities of seismograms. Without this, it is impossible to discriminate 
compression and dilatation quadrant.  
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The main task for the second step was to fit the seismograms in time 
domain and, in practice, to include polarities into the analysis. The same fre-
quency and time windowing like in the previous step were used for fitting 
seismograms. Synthetic seismograms were calculated for 2 possible fault 
configurations obtained with the first step and then optimization in L2 norm 
was used. The results of point source inversion are gathered in Table 2 and 
the best DC solution is presented in Fig. 5. 

The solution B had a relatively high misfit measured in L2 norm as the 
difference between the amplitude spectra of the observed and synthetic 
seismograms. It is probably due to the azimuthal coverage and much more 
complicated velocity model with mostly unknown velocity for laterally vari-
able subsurface sedimentary layer. Both of those issues can influence the ob-
tained results. To be more sure that the solution is stable we provide a boot- 
strap test which repeatedly solves the inverse problem using a different sub-
set of LUMINEOS seismic stations (Heimann 2011). We used 256 bootstrap 
samples to provide the probability of the solution B. Results of the test for 
one of the nodal planes are presented in Fig. 6 and the uncertainty of strike, 
dip and slip results are included in Table 2. Let note that the stability is very 
high, but error estimates in the case of strike and rake were two times bigger 
than in solution A; nevertheless, the studied event was the first high-energy 
event recorded with LUMINEOS network. 

3.3  Interpretation of the results 
The focal mechanism of the studied event was a thrust fault of NW-SE ori-
entation similar to the strike of Rudna G�ówna Fault. Both types of solutions 
are similar in terms of nodal plane orientations. The nodal plane strikes dif-
fer within 24 degrees at most, while dip differs only by 5 degrees, and rake 
differs up to 14 degrees, which is within the range of error estimates for so-
lution B and slightly higher than the uncertainty of solution A (Table 2). So-
lution details are listed in Table 2. There was crucial difference in the 
azimuthal coverage of the stations used in both methods of mechanism esti-
mations (Fig. 3). The azimuthal coverage was very good between NE and 
SW in the case of solution A, with only two stations on the opposite azimuth 
angles, while LUMINEOS stations cover about 60 degree angle from N to 
ESE. In the case of P-wave amplitude inversion method there was performed 
Jacknife test of the solution sensibility for the station distribution (Kwiatek 
2013). The obtained result shows very small sensitivity for changes in sta-
tion distribution performed by excluding single station from the station set 
and then repeating such action for all the stations (Fig. 4). 

Full Moment Tensor decompositions show a similar double-couple (DC) 
component: 42% in solution A and 41% in solution B. In the latter one, the 
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dominance of implosive component is observed (about 50%), while solution 
A shows more complex decomposition with the highest value of DC compo-
nent, but smaller than the sum of non-DC components (CLVD – 33% and 
ISO – 25%). The Es/Ep ratio obtained with spectral analysis was about 12, 
which may suggest the shearing mechanism. Lizurek and Wiejacz (2011) 
have shown that in case of Rudna Mine events the high Es/Ep ratio does not 
always indicate pure shearing mechanism, which is also the case of the stud-
ied event. 

Relatively high non-DC components in the solution of focal mechanism 
in the case of mining induced events in comparison with tectonic earth-
quakes is not exceptional (e.g., Gibowicz and Kijko 1994, and literature 
therein). Mechanisms with implosive or explosive component were reported 
for LGCD mines (Wiejacz 1992). Recently the non-DC component of focal 
mechanism solution was also considered as an indicator of the induced seis-
micity (Cesca et al. 2013). On the other hand, in tectonic earthquakes non-
DC components of mechanism solutions are considered a result of anisotro-
py of the rocks. Even in case of pure shear faulting, the non-DC values de-
rived from full moment tensor solution can reach up to 30% (Vavry�uk 
2005, Davi and Vavry�uk 2012). The solution A indicates that the mecha-
nism was complex: a mix of shearing with one-axial tension and explosive 
component in total decomposition of full moment tensor, while in solution B 
the mechanism was rather closing of the excavation chamber with an upward 
movement of the floor, which is a hanging wall of Rudna G�ówna Fault. 
Those significant discrepancies of mechanism solutions needed further ex-
planation, but due to essential differences between the methods used for the 
inversions and obtained quality measures of the results it is impossible to di-
rectly compare the obtained results in terms of misfit and error estimates. To 
solve these issues we provided the forward modelling of waveforms for both 
of those solutions and compared the synthetic waveforms obtained for 4 in-
mine stations with lower gain. Signals of the studied event recorded on those 
stations were characterised by not saturated beginning of the signal (P-wave 
train) and additionally those signals were not used for both of the obtained 
solutions. 

Synthetic signals were obtained within frequency range of 2-3 Hz, which 
corresponds with frequency range used for inversion of waveforms in the so-
lution B and it is a range below the average corner frequency of the observed 
signals. However, it is worth to note that the first P-wave pulses used for so-
lution A were not filtered and characterised by the 4-17 Hz range. A compar-
ison was made with the use of signal correlation coefficient of the synthetic 
signal with the recorded one. The higher correlation coefficient the better the 
synthetic signal fits the recorded one. Results of the modelling are shown in 
Fig. 7. 
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Fig. 7. Forward modeling results for full moment tensor solutions. The observed 
displacement signal filtered in frequency range 2-3 Hz for 4 in-mine stations is rep-
resented by solid line, the solution A and B synthetic displacement waveforms mod-
eled in the same frequency range (2-3 Hz) are represented with thin dashed and thick 
dot-dashed lines, respectively. 
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Table 3  
Results of cross-correlation coefficients of the modelled waveforms  

and observed ones from the in-mine network 

Chanel of Rudna 
Mine network 

Solution A –  
Observed waveform 

correlation 

Solution B –  
Observed waveform 

correlation  

Solution A –  
Solution B  
correlation 

Channel 45 0.72 0.73 0.98 
Channel 46 0.66 0.61 0.92 
Channel 47 0.49 0.64 0.95 
Channel 48 0.45 0.53 0.42 

Average 0.58 0.63 0.81 
 
The values of the correlation coefficients for the modelled waveforms 

are presented in Table 3. Visual comparison shows that the solution A more 
accurately resolves the first onset of the P waves in terms of the polarity and 
amplitude, while the solution B is more accurate in resolving the longer 
P-wave train, especially in terms of the amplitude values. Neither of the syn-
thetic displacement waveforms fits the whole observed P-wave displacement 
waveform perfectly well. The correlation of observed signal and synthetic 
ones are, in average, around 0.6 for both tensors used as source models. In 
case of two channels of solution A correlation coefficient value is lower than 
0.5 while for solution B in every examined channel this values are higher 
than 0.5. Channel 48 waveform was the worst modeled one by both solutions 
even in terms of cross-correlation of both synthetic waveforms it has the 
lowest coefficient value, below 0.5. The azimuth between the event epicentre 
and the station was almost parallel to the strike of the nodal planes, and that 
is why the poor signal correlation may be expected due to the radiation pat-
tern of the waves. Only in case of channel 46, the solution A modelling ob-
tained higher cross-correlation coefficient than the solution B. According to 
the forward modelling approach, the solution B is better in terms of retriev-
ing waveform within range of 2-3 Hz. But both solutions of Moment Tensor 
allowed to model very similar waveforms – their cross-correlation coeffi-
cient of synthetic waveforms is, in average, about 0.8 (Table 3), but in case 
of 3 out of 4 modelled records it is above 0.9, in agreement with the nodal 
plane orientations of both solutions, which do not differ much (up to 24 de-
grees). The main difference in results obtained in forward modelling of 
waveforms with the use of Moment Tensors comes from the different fre-
quency range covered by the data used in Moment Tensor inversion.  

Solution A Moment Tensor was obtained with the use of first P-wave 
pulse (frequency range 4-16 Hz), while the solution B was obtained with 



G. LIZUREK  et al. 
 

194

waveform inversion in 2-3 Hz band. In case of surface recordings used for 
solution B inversion, the high frequency part of the signal is not recorded 
because of the scattering and attenuation through the ray path and the thick 
sediment layers working as a natural filter. 

The aftershock sequences in LGCD are rare; they were observed only in 
case of the two biggest events (Gibowicz et al. 1979, 1989). In those cases, 
the location of the aftershock and their mechanisms were reported as con-
sistent with the main event focal mechanism fault plane orientation. After-
shocks of 19 March event are mainly concentrated within the G-3/4 mining 
panel where the main event occurred. All of them were located on SW wing 
of the Rudna G�ówna Fault (Fig. 3). The aftershocks location was in ceiling 
above the ore bearing strata (Koziarz 2013), but it does not align with the 
Rudna G�ówna Fault, while the main event nodal plane strikes are almost 
parallel to the Rudna G�ówna Fault strike reported as 285 to 295 degrees. 
This fault is dipping towards NE (Koziarz 2013), while the resulting solu-
tions had a dip between 43 and 45 degrees, consistent with the fault dip. 
Moreover, there are only 2 groups of crack orientations observed in 
rockmass within the G-3/4 mining panel, which are of about 290 and about 
25 degrees (Koziarz 2013).  

For 7 biggest aftershocks (E 0 104 J) it was possible to calculate focal 
mechanism with the use of P-wave amplitude inversion. The obtained focal 
mechanisms were mostly non-DC with CLVD component range from 59 to 
87% with reverse fault regime. The aftershocks (Table 4) can be divided into 
three groups: first with nodal plane orientations almost parallel to the main  
 

Table 4  
Aftershock nodal plane orientation and full moment tensor components 

Aftershock Nodal plane 1 
Strike/dip/slip 

Nodal plane 2
Strike/dip/slip

Full moment tensor 
components 

ISO/CLVD/DC 
[%] No. Time 

1 19 Mar 2013,  22:13:17 155/53/86 342/38/96 21/67/12 

2 19 Mar 2013,  22:59:25 122/52/92 298/37/87 23/71/6 

3 19 Mar 2013,  23:05:28 108/59/94 280/31/83 21/64/15 

4 19 Mar 2013,  23:27:39 130/50/89 311/41/91 11/87/2 

5 19 Mar 2013,  23:45:18 134/54/93 309/37/86 21/59/20 

6 20 Mar 2013,  00:14:47 46/48/98 214/43/82 13/75/12 

7 20 Mar 2013,  08:41:08 44/47/97 214/44/83 14/77/9 
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crack orientations (aftershocks Nos. 6 and 7), second with nodal plane simi-
lar to the obtained orientation of the main event (aftershocks Nos. 2-5), and 
third not aligned to any of reported discontinuities (aftershock No. 1). 

The results of aftershock analysis are in good agreement with main event 
mechanism. The nodal plane orientations of aftershocks, as well as their lo-
cations, indicate the reverse faulting regime of the main event and following 
roof collapse, which activated the ceiling weakened zones on SW wing of 
Rudna G�ówna Fault. It is consistent with Rudna G�ówna Fault plane orien-
tation dipping toward NE, while the main event reverse faulting caused 
a relative upward movement of NE wing toward SW. 

4. MACROSEISMIC  DATA 
The macroseismic questionnaire with felt reports, intensity and conse-
quences of the earthquake was placed on the web page of the Institute of 
Geophysics, Polish Academy of Sciences (IGF PAS). Local authorities were 
informed about the survey and were very helpful in distribution of the ques- 
 

Fig. 8. Map of felt intensity of the tremor on 19 March 2013, from Polkowice and its 
vicinity. 
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tionnaire in the local communities. As a result, about 100 questionnaires 
have been filled in, which is not representative for a full macroseismic 
analysis including isoseismal maps. Analysis of such a small number of in-
quiries gave only rough estimation of the scale of intensity of macroseismic 
effect. People reported oscillations, swinging of the lamps, movement of 
small objects and chairs, opening/closing of windows or doors, also minor 
cracks on walls and chimneys. The citizens of Polkowice reported that it was 
the most powerful tremor they experienced in the last couple of years. The 
earthquake was felt mainly in Polkowice town and its surroundings, in 
G�ogów and Lubin towns. The felt reports cover an area up to 20 km from 
the epicenter (Fig. 8). The highest intensity was VI according to EMS-98 
scale (Grünthal 1998) it was reported from a small area close to the epicen-
ter, not farther than 2 km; the next reports of V-VI intensity levels were re-
ported from the area up to 8 km to the south from the epicenter. The macro- 
seismic observations confirm that the event was shallow; the area of the 
highest intensity was small and limited to the closest vicinity of the source 
epicentre location. Unfortunately, the small number of filled questionnaires 
did not allow to perform any analysis of directivity of the intensity according 
to the focal mechanism solutions. 

5. DISCUSSION  AND  CONCLUSIONS 
The seismic event of 19 March 2013, was the third most powerful event re-
corded in LGCD, Ml = 4.2. The felt reports described this event as an excep-
tionally strong and broadly felt in comparison with other induced events 
from LGCD area in the last couple of years. It was a very dangerous event 
with rockburst and high degradation of the mining panel installations. On-
site examinations brought the following conclusions: there were floor cracks 
observed after the event, which were not continued in the roof and the rock-
burst was limited only to the very thin part of the roof (Koziarz 2013). The 
main rockmass of the roof in the panel was stable and solid. The event’s lo-
cation was within the fault zone at the depth of excavation, but the floor de-
formation and stable ceiling suggest that the rupture started below the 
excavation level. Taking into account that the depth determination is not as 
accurate as epicentral location (Rudzi�ski and D�bski 2011) and the radius 
of the rupture was about 200 m, those observations are consistent with in-
strumental data. 

The mechanism of the event was complex, but the rupture initially acted 
as a reverse fault, although the Rudna G�ówna Fault is a normal one; there-
fore, a possible scenario of this event is that the mining works changed the 
stress state in the rockmass near the fault zone. The result was that the fault 
regime was reverse. When the accumulated energy overcame the friction the 
fault plane acting as the weakest part of the medium, the rupture and move-
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ment followed the old fault plane orientation. It is confirmed by the focal 
mechanism solutions, that the nodal plane strikes are almost parallel to the 
Rudna G�ówna Fault strike reported as 285 to 295 degrees. This fault is dip-
ping towards NE (Koziarz 2013), while the resulting solutions had a dip be-
tween 43 and 45 degrees, which is consistent with the fault dip. Moreover, 
there are only 2 groups of crack orientations observed in rockmass within the 
G-3/4 mining panel: about 290 and about 25 degrees (Koziarz 2013).  

The amplitude inversion results of Full Moment Tensor (solution A) dif-
fer from those obtained with the waveform inversion (solution B) most prob-
ably due to the uncertainty of the velocity model, poorer azimuthal coverage 
for the latter method and different frequency ranges of the observed signals 
used for inversion. Comparison of the results with forward modelling de-
scribed in Section 3 shows that the in-mine network and LUMINEOS net-
work records are dominated by different frequency ranges, which correspond 
to the different rupture stages. The high frequency P-wave observations of 
in-mine network used for inversion allowed to retrieve the initial rupture of 
the studied event, which had a complex character, but its orientation was 
parallel to the pre-existing cracks of the Rudna G�ówna Fault zone. The rup-
ture acted on the weak part of the fault zone. The initial rupture was then fol-
lowed by the rockburst, which dominated the surface records with the lower 
frequency signal. This was much better retrieved from the waveform inver-
sion (solution B) in terms of the forward modelling test results. The methods 
used for Moment Tensor solutions are complementary and allow to describe 
the rupture during the event. Both mechanism solution results support the 
hypothesis that this event was induced along a pre-existing fault. Some 
geomechanical works, such as Marcak and Mutke (2013), support the thesis 
that mining stress changes play a significant role in the reverse faulting 
mechanism occurrence. This work was focused on an influence of stress 
changes caused by mining on tectonic stress in Polish coal mines. Similar 
works in LGCD may in future put some new light onto the mechanism of the 
stress pattern change. Currently, there is no proof in the available data for re-
activation of the tectonic processes in this area, which is considered as inac-
tive. 
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