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The results of the statistical analysis of seismic activity recorded in the “Zabrze-Bielszowice” coal mine
in Poland are presented in this article. The monitoring was conducted by a small network consisting of
four triaxial geophones deployed in vertical holes in the roof. For over 1000 seismic events recorded
during the two month’s experiment, the location of sources was realized. The seismic sources were
mostly located ahead of the active face of the longwall. Since the first day of the monitoring, cluster
analysis was sequentially performed for increasing number of sources. At the end of the experiment, 31
clusters were identified. They consisted of different numbers of events and were separated in space.
About 40% of the events were not included in the clusters. For each large cluster, hazard analysis was
separately performed. The hazard function evaluated for the largest cluster was compared with
hypocenters of high energy tremors (E>1000]) recorded by the geophones in that area. For some cases,
recorded tremors occurred after an abrupt decrease of hazard function, but only one of them was
located in the vicinity of the appropriate cluster. We concluded that for the analyzed cluster, a
correlation between evaluated hazard function and time occurrences of the high energy tremors
existed. Except for one case, there is no space correlation between analyzed clusters and high energy

tremors.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

For many years, worldwide community interested in mining
safety research has attempted to develop technology that would
provide warnings about impending tremors, rockbursts, coal
bumps and gas outbursts [1]. Many different methods and
techniques have been tried with different degrees of success [1].
A significant obstacle to applying tremors and other phenomena
warning techniques is the lack of detailed knowledge concerning
the stress distribution in the rock mass, their mechanical proper-
ties and structure. Progressing underground excavation is the
direct reason of the lack of equilibrium of stresses in the vicinity of
the wall. For the long wall excavating system, the most intense
accumulation of stresses is present in the vicinity of the wall,
ahead of its face [2,3]. The schematic picture of that distribution is
shown in Fig. 1. Unexpected, dangerous tremors may occur near
places where intensive, unbalanced stresses exist. The micro-
seismic activity in the vicinity of excavations is not necessarily
related to the process of opening of new cracks. As seismic
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moment tensor analysis shows [4] some events are associated
with slips across pre-existing faults or fractures and others are
results of coseismic stope closure.

Seismic monitoring in underground mines is the established
technique used for investigation of rock mass instability. In the
last two decades, microseismic monitoring systems were used in
coal mines to gain better understanding of rock mechanics and
tremor hazard involved in longwall mining (e.g. [5,6]). Seismic
activity takes place ahead of the long wall face as well as behind
it; however, the first activity dominates [7]. It is the straightfor-
ward effect of the stress increase and rock deformations, for
example slip across pre-existing fault or slip associated with fresh
fracture. On the other hand, the seismic activity behind the
mechanical support is rare and connected with rock mass
distressing and roof falling.

Numerous variants of observation setups determine the
inspected mine area and the energy band of the events recorded
during monitoring. Commonly used, low frequency seismometers
may cover the whole mining area. Unfortunately, they record only
strong vibrations generated by the highest energy tremors. Such
tremors are relatively rare. Most of seismic events have low
energy and can only be detected near their sources. In that case,
high frequency accelerometers have to be used. Because the
number of low energy seismic events is relatively large, it gives an
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Fig. 1. Schematic distribution of vertical stresses in the vicinity of the longwall.
The most intensive stresses are concentrated over the coal seam (marked black).
The face of the longwall and the coal cutter-loader (marked as a saw disc) are
placed at the beginning of coordinate system. On the left the falling rocks form a
rubble.

opportunity to perform probabilistic seismic hazard analysis
(PSHA) [8]. Such analysis usually follows the process of active
source zones locations or clusters identification [9,10].

The main objective of the field work and the analysis presented
in this article was to examine the relation between hazard
functions evaluated using the events only from one separated
cluster and the strong tremors in cluster area. An important topic
of the analysis is the correct segmentation of the hypocenters into
the clusters assumed to be correlated in time and space. Such a
cluster could be regarded as a manifestation of the same dynamic
process developing in limited time and space in the mine. Another
problem we investigate is the time and space correspondence of
the tremors with the parameters of hazard assessment functions
evaluated using microseismic events.

The “Zabrze-Bielszowice” coal mine and particularly described
coal bed 507 are characterized by high seismic activity and
considerable rockburst hazard. The exploitation was conducted on
four overlaying panels. The data set analyzed in this article was
measured in the bottom panel where the tectonic structure and
confining stress distribution were most complicated.

2. Method of analysis

Microseismic activity in the vicinity of the longwall panel was
recorded using triaxial geophones. For location of the seismic
sources, the P wave onsets and P wave polarization were used [11].
Such method is commonly used in the interpretation of micro-
seismic activity in Polish coal and copper mines. It enables source
location when the distances between the source and the
geophones are so small that the P and S phases are not well
separated.

The first approximation of the source location is obtained in
ray tracing analysis made for each geophone. The direction of the
ray at the particular triaxial geophone is defined by principal
eigenvector of the covariance matrix at P wave onset. The source is
assumed to be at the point for which the average distance from
the rays is minimal. It may be the ray crossing point for some
cases. Such first approximation of source location can be used as a
starting point for iterative procedure of minimization of the misfit
function, which refines the source location. The misfit function
expresses the difference between measured and modeled times
for the points in the vicinity of the first approximation [12]. The
equation that describes the misfit function is non-linear, so
besides the global minimum, may consists of many local minima.
To find the global minimum, we use the simple Monte Carlo
method. The examined points are placed inside the sphere with

the centre in the starting point. The point, which minimizes the
misfit function, is the global minimum (i.e. sought hypocenter).
The location procedure mentioned above is described and
discussed by Mendecki and Sciocatti [13].

Located sources of microseismic events usually form a wide-
spread “cloud”. The analysis of the distribution of sources inside
the microseismic cloud can provide the information about the
system of fractures in the inspected area. Mapping of the fracture
distribution and monitoring of its development can help in
accessing the current tremors hazard in particular mining area.

There are several methods proposed to identify tectonic
structures inside the seismic zone. All these techniques can
increase the resolution of the final picture in the sense that the
sources directly indicate the location and orientation of the main,
active discontinuities in the rock mass. One of the proposed
techniques is the “collapsing method” [14]. In that method, the
hypocenters are moved towards the centre of mass of the events
inside the certain confidence interval. At that interval, they use an
error ellipsoid of the original location truncated at a confidence
level equal to four standard deviations of the location uncertainty.
It corresponds to approximately 99.8% confidence. The located
event can reside anywhere within the error ellipsoid so the
shifting does not change significantly the RMS misfit to the arrival
time data. The method tends to collapse the hypocenters to the
simplest structures i.e. points. The original collapsing method has
later been developed [15] to collapse the hypocenters not only to
the points but also to lines and planes. Such simple structures can
represent major tectonic structures connected with the generated
acoustic emission. The collapsing method increases the resolution
of the seismic cloud by enlarging the density of the sources in
some regions (around some points, lines and planes) and
decreasing in others. The total number of the events in the cloud
remains the same after the collapsing procedure.

The collapsing method is a time consuming algorithm. It works
well when the analysis is made off-line. Such analysis can be
applied if reconstruction of the static picture of the tectonic
structures is more important than the investigation of their
dynamic development. Such off-line analysis is sometimes done
during hydraulic tests on geothermal or oil fields when we are
interested in extent of the geothermal or oil reservoirs. For the
case of seismic activity recorded in underground mines, the
methods of increasing the resolution of a seismic “cloud” have to
allow the continuous increase of “the cloud” and its gradual
displacement connected with progressing exploitation. In this
case, another method, called clustering, is a better option.

There are many different clustering algorithms. The particular
choice depends on the structure of the data and expected benefits
from the classification. An overview of the most popular
algorithms can be found in [16]. The result of clustering is a set
of recognized clusters—each compound of the elements fulfilling
the requirements of clustering. To identify clusters of seismic
events various sets of parameters can be chosen. For high quality
data with clearly distinguished P and S phases, the set of
parameters has been proposed by Lesniak and Niitsuma [17]. For
each event a simplified envelope of the waveform was used to
evaluate three different parameters: ratio of S/P waves, binary
sequence of the simplified envelope [17] and the simplified
envelope amplitudes. The effectiveness of the clustering based on
these parameters was examined for acoustic emission recorded on
Clinton Oil Field and Kakkonda Geothermal Field [17].

In our case the data were recorded at small distances from
sources, and their waveforms were undisturbed. To evaluate
clusters for these data the source locations and origin times were
used.

In our study, we compared three algorithms during the
interpretation of the data; these include mean minimum distance
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clustering (MMD clustering) [18], hierarchical clustering and
K-means clustering [16]. We used the MMD method to find
the most appropriate number of clusters and to identify the
clusters. The second and third methods were used for validation
of the clustering results. The conclusion that appeared in the
paper of Dubes and Jain [19] is that it is better to apply several
clustering approaches and check for common clusters instead of
searching for a technical measure of validity for an individual
clustering.

We describe, essential for this work, the MMD algorithm,
because it is not as popular as the two others. It consists of two
passes. In the first pass, the mean distance from each hypocenter
to its nearest neighbor is estimated. Based on this distance, those
outlier hypocenters, located far away from other hypocenters, are
removed. In the second pass, the mean distance from the
remaining hypocenters to their nearest neighbors is computed.
Then into one cluster are grouped events located closer than half
new mean distance. The MMD algorithm is non-iterative and can
automatically determine the number of clusters. Experimental
results also show that the partition generated by the method is
more reasonable than that of the K-means algorithm in many
complicated object distributions [18]. The advantage of the
method is small computation complexity and easy classification
of the newly localized hypocenters to existing clusters or the
creation of new clusters.

As a result of the MMD clustering procedure, we obtained
the clusters with a number of individuals that varied from
three to more than two hundred. To validate the results of
cluster analysis for the established number of clusters, we
performed the hierarchical clustering and K-means clustering.
As final clusters, we accepted the intersections of the
particular clusters obtained as a result of the three clustering
algorithms. The differences between each clustering method for
the “Zabrze-Bielszowice” mine are described and presented in
Table 1.

After the clustering procedure, some hypocenters are not
classified to any cluster. We can regard them as outliers and they
can be removed from the cloud. This will increase the resolution
of “the cloud” and divide it into parts. We can analyze each cluster
separately from the other, hoping that they are related to regions
with increased tremors hazard.

For each recognized cluster, the hazard assessment was
realized. The analysis was done using the hazard functions
created using onset times of the events t, (or intervals between
onsets of consecutive events u,=tn,.1—t,) or alternatively
events energy d, (evaluated as RMS of the event’s seismogram).
For microseismic activity, the variables d,, and u, can be modeled
as a random processes with Weibull probability distribution
[20-22]:

1 —exp(—av’) for v=0

F(V)Z{O for v<O &

Table 1
The result of clustering procedure.

where a>0 and y>0 are the parameters of the distribution. The
variable v for energy is equal

V= logdi0 (2)

and for time intervals

u
v=—-1
Up

(3)

Parameters dp and ug are, respectively, the smallest energy and
smallest time interval from the recorded data set. Parameters a
and y of the Weibull distribution are estimated in a moving time
window. We can perform hazard analysis for clusters with
sufficient number of events.

For the energy of the events, the hazard function is defined as a
coefficient iy (expected value E(v) of random process v with
Weibull distribution, estimated for energy of the events in moving
window):

Y@y = Latir <1>
Y Y

where " is a gamma function and v is given by formula (2). That
coefficient is proportional to the size of the events in the
particular moment of time.

The hazard function 0 is based on the intervals between onsets
of consecutive events. It is defined as an expected value E(v) of the
process v with Weibull distribution estimated for intervals
between the events in moving window (here v is given by
formula (3)):

0(a,y) = la*]/"*"l"<l>
Y Y

It is proportional to the heterogeneity of the microseismic activity
process.

As a result, we can obtain the hazard function for any moment
of time. Its usefulness can be shown if in some mining area, a
causal relationship among low energy, high frequency events and
high energy tremor can be found. We show that this is not obvious
and seems to be related to the cluster and longwall face relative
positions. For the time intervals where function values exceed the
mean value, we can expect a higher hazard for a strong tremor.

Concluding, our strategy of microseismic activity interpreta-
tion was first to evaluate location of the sources then evaluate the
clusters and finally perform hazard assessment for each cluster
separately.

(4)

(5)

3. Experiment setup and recorded data

The measurements of the seismic activity were conducted in
the “Zabrze-Bielszowice” coal mine located in the Upper Silesia,
the region in southern part of Poland. The excavated coal bed 507
was located at average depth of 900 m under the surface. The

Cluster’s number X X X X X 1 2 5 3 6 4
MMD clustering algorithm Number of events in a cluster 3 4 5 6 7 14 15 24 105 139 219
Number of clusters 6 10 4 1 1 1 1 1 1 1 1
Hierarchical clustering algorithm Number of events in a cluster 3 4 5 7 8 13 16 25 109 145 220
Number of clusters 4 8 1 2 1 1 1 1 1 1 1
K-means clustering algorithm Number of events in a cluster 3 4 5 6 8 9 14 19 120 135 210
Number of clusters 6 6 5 1 2 1 1 1 1 1 1

First row—cluster’s number (x—small cluster not used in further analysis), second row—number of events in each cluster, and third row—number of clusters with the same

number of events.
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thickness of coal seam varies from 3.8 to 4.4 m, the angle of dip is
5°-10° and the general strike is SW. The rocks of proximate roof
form thin, alternate layers of clay and arenaceous shale and rare
sandstone layers. It is overlaid by 60m thick sandstone layer
of 70 MPa strength. It can result in 60-70 m hanging wall [23].
A system of faults with varying throw (up to 8.0m) and NW-SE
trend was located in the openings close to the longwall.

The longwall exploitation system was applied using a cutting
machine. The length of the coal face, where measurements were
conducted was about 300 m. During the undisturbed periods of
exploitations, the average progress of the wall was 2 m/day. The
mechanical support of the shaft was gradually moved with the
progressing wall. Behind the support, progressive roof failure has
formed a rubble.

The seismic monitoring system used in the experiment
consisted of four 28 Hz triaxial geophones located underground.
The sampling rate was 8kHz. The recorded signals were
ultimately collected by the main receiving panel and data analysis
was done on the computer at the mine office. The digital
transmission between concentrators and the computer resulted
in dynamic range of the measurement system equal to 90dB.
Detailed description of the measurement system and users
experiences can be found in the paper of Isakow and Juzwa [24].

The triaxial sensors were deployed in two shafts perpendicular
to the face of the wall. Four vertical boreholes drilled in the roof
allowed putting the sensors more than ten meters above the coal
seam. A plan view of the mining panel and deployed geophones
array are shown in Fig. 2.

Localizing seismic sources with such a small array requires the
precise location and orientation of triaxial geophones. The
coordinates of sensors were taken from precise surveying of
the drilled boreholes. The vertical component of each sensor
coincides with the direction of the borehole. To evaluate the
directions of planar components of the sensors, it was necessary
to make a calibration shooting [24]. As a result of the experiment,
the angle correction for each sensor has been established. The
corrected orientation of the sensors made the precise ray tracing,
indispensable for the source location, possible. The experimental
shootings proved that errors of source location for such calibra-
tion shots were less than 10 m.

We studied two-month data gathered by the discussed
method. After two months, the face of the wall was too close to
sensors 2 and 3 and the recorded signals contained too much
noise, which made the location difficult. So the two sensors were
dismounted and moved to the new locations.

The two-month recording (16.04.2003-23.06.2003) resulted in
over 2000 recorded events. After some pause, the monitoring was
resumed from 15.07.2003 till 13.08.2003 when it was stopped.
The main frequency of the recorded events varied from 50 to
150 Hz while their energies varied from 0.1] to 4.7 x 10*]. Only the
good quality events recorded at least by three geophones were
located. In the first time interval it was 1145 such events. The time
distribution of the located events is presented in Fig. 3a and the
locations of events in Fig. 3b. During this period of the
experiment, a few observational gaps were caused by power
supply breaks.

Fig. 2. Plan view of the mining panel 306 in coal seam 507, where the measurements were carried out. The geophones deployed in the holes drilled in the roof are
numbered as 2, 3, 5 and 6. The layers in the vicinity of the panels are inclined in the SSE direction. The differences in the absolute depth between the pair of geophones (2,5)
and pair (3,6) is about 50 m. The lateral extent of the geophones ranges from 100 m (between geophones 3 and 6) to 250 m (between 3 and 5).
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The errors of events locations are a result of inexact estimation
of the P-wave onset/P-wave polarization in noisy seismograms
and inaccurate velocity model. The noise recorded in the
seismograms is caused by disturbances generated by mining
activity and electrical noise of the monitoring system. Assuming
that the average energy of that noise is constant, the S/N ratio
depends on events’ energy. For small energy events, the location is
less accurate comparing to large energy events.

To evaluate the errors of hypocenters location using the
method described in the article, we used the Monte Carlo
simulation techniques [25]. For established event’s energy, we
have modeled the source locations assuming normal distribution
of the P-wave onset/P-wave polarization errors and normal
variation of the velocity model. The error ellipsoid was estimated
for every location using 1000 modeled locations. Four error
ellipsoids for microearthquakes recorded during the same day are
shown in Fig. 3c. Because most of the sources were located higher
than the geophones, the ellipsoids were elongated vertically.
A detailed examination of their sizes gave the average values of the
semi-axes (Sy, Sy, S;) of the ellipsoids equal to sy =5m, s, = 6.5m,
s,=10.5m. As our analysis showed, the size of the error of the
particular location was mostly influenced by the average distance
from the sensors and the energy of the event (noise level).

As it can be seen in Fig. 3b, the distances of the sources from
the roof of the excavated panel are less than 70 m. Most of them

are located above the excavation panel, and only 5% of the total
amount of the sources is located below the panel level.

4. Clustering and hazard assessment

As a result of the MMD clustering procedure, the population of
the events was grouped into 31 clusters with a minimum number
of three events in a cluster. The clusters are presented in Table 1.
A total number of clustered events are equal to 607 and the
number of non-clustered events is equal to 538.

The MMD clustering procedure does not use any limit distance
used for cluster classification. It also does not put any limit on the
minimum number of events in the cluster. However, the very
small clusters (e.g. consisting of less than 10 small energy events)
seem to have insignificant importance in creating dangerous
tremors. They did not pass the validation procedure, which is also
necessary for clustering. To validate the cluster recognized by the
MMD method, we performed clustering by two other methods.
The results of hierarchical clustering and K-means clustering are
presented in Table 1. We have detected at least 90% of events from
large clusters by the overlap of different algorithms . In most cases
the small clusters created by these three methods consist of
different events. We can conclude that swapping events between
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Fig. 3. (a) The cumulative number of events located since 16.04.2003-23.06.2003, (b) the locations of events recorded in that period are referenced to local mining
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small clusters appear as a result of erroneous behavior of the
clustering algorithms.

In Fig. 4a, the plan and the side views on mining panel and
recognized clusters containing more than 10 events are presented.
The hypocenters classified to small clusters or unclassified are
removed from that figure. We can distinguish six clusters of
different sizes, shapes and locations. As it can be seen in the plan
(XY) view of Fig. 4, the separation of the clusters in space is very
good. Some clusters have an elongated, plane-like shape. Their
orientations are similar to the fault system, pre-existed in the roof
of the panel. It is shown in Fig. 4a. The other clusters have more
irregular shapes, elongated or uniform. Time distribution of the
events belonging to the presented clusters is presented in Fig. 5 as
the sequences numbered from 1 to 6. The sequence 0 presents
unclassified events.

The location of the remaining events (not clustered or
clustered to small clusters) is presented in Fig. 4b. Their
distribution in space is more uniform and homogeneous than
the distribution of the events from the large clusters. The total
energy of that group is four times smaller than the total energy
of the events constituting the large clusters. Because the number
of non-clustered events is, roughly saying, equal to the number of
clustered events, the average energy of the first group is four
times smaller than that of the second group.

An important question that emerges here is related to the
impact of locations errors on clustering results. To inspect this, we
relocated the each hypocenter at random distance and direction,
within its own error ellipsoid. Then we performed clustering
and compared the results with the initial clusters. To compare
the related clusters, we checked the number of the events in each

cluster and inspected if the events changed the cluster after
relocation. We repeated the calculation 100 times to find
how many events changed the recognized clusters. It allowed us
to get statistical insight to the problem. In Figs. 6a and b, the
clusters before and after relocation, projected on XY plane are
presented.

In Table 2, the average number of events that change cluster
after relocation is shown for large clusters. Only few events
change the clusters after relocation. Similarly, only few events
from not clustered group (group O from Fig. 5) after relocation
were classified to one of the large clusters. It can be the evidence
of the small influence of location error on cluster results and
analysis. The last statement is true only for large clusters. For
small clusters, (e.g. less than six events), the relocation results in
more than 50% swap of the events between the clusters. After
relocation, seven new clusters were recognized, five of them with
three events and two with four events.

As it results from the above discussion, only the cluster with
the large number of elements can be used for the evaluation of the
hazard functions ¥ and 60 defined by formulas (4) and (5). These
functions were calculated for the period of three weeks, using the
energies and time intervals of the events of the largest identified
cluster depicted in Fig. 4. Hazard functions are presented in Fig. 7.
The parameters of the function were estimated in a three-day
moving window. During these time periods, the series of strong
tremors was recorded in the overlaying rock mass, more than
70 meters above the roof. They are marked with triangles in the
Fig. 6. The distance from the roof is shown in Table 3.

The enlargement of the energy of the seismic events and the
heterogeneity of the microseismic activity process reveal an
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ellipsoid. Most of the events do not change the cluster after relocation (see text).

Table 2
Modification of the number of events in large clusters after relocation.

Cluster’s number 1 2 5 3 6 4
Number of events in a cluster before relocation 14 15 24 105 139 219
Average number of events that change cluster after relocation (rounded) 0 1 3 3 5 6

increment in the hazard functions y and 0. It can be seen that the
strongest tremor occurred just after the abrupt drop of the hazard
functions.

There is little evidence of strong tremors located inside some
cluster (in time and in space). As it can be seen in Table 3, most of
the strong tremors are located high above the identified clusters.
The locations of the strong tremors in the overlaying beds may be
related to the abutments. The abutments create stress concentra-
tion zones and may affect the pre-existing faults and fractures
above panel 507. The only exception we have found for the
analyzed data set is presented in Fig. 8. The cluster created by the
events recorded during four days (21.07.2003-24.07.2003) is
presented in that figure. The strong tremor (energy E = 4.7 x 10%])
has occurred in the vicinity of the cluster. After it, there was no
seismicity in the cluster for more than eight hours.

5. Discussion

One of the most important reasons for intensive microseismic
activity and tremors in the underground coal mines are the
stresses accumulated in the inhomogeneous and cracked rock
mass. In the “Zabrze-Bielszowice” coal mine, with exploitation on
several mining levels, the stress distribution is particularly
complicated. The influence of the overlaying gobs and rubbles
may result in stress concentration zones at lower levels. If those
zones are located close enough to the current exploration and the
roof is cracked or weakened, there is an increase of seismic
activity and tremor hazard. In the vicinity of panel 507, there is
stress concentration coming from the overlaying panels 506, 502
and 501 shown in Fig. 2. The distribution of high stress zones is
heterogeneous and, to a high degree, influenced by pre-existed
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Table 3
Vertical distribution of large tremors.

Distance from roof (m) Less than 75
Number of the strong tremors 1 2
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Fig. 8. The cluster created by the events recorded during four days (since 21.07.2003-24.07.2003). The strong tremor location is marked as a circle.

faults. We know only the approximate locations of the faults in
that area because they can be observed only in two mine galleries.
The orientation of the two clusters roughly agrees with the main
orientation of those faults. The E-W orientation of the other
clusters may indicate the location of the pre-existed or newly
created faults not observed in the mine galleries in the vicinity of
panel 507.

The total stress distribution is also influenced by stress
distribution around the currently excavated panel 507. The
vertical distribution of the hypocenters of large cluster events in
the vicinity of the panel face is shown in Fig. 9. It can be seen that
events located closer to the face of the longwall are also located

deeper. Such distribution generally agrees with the theoretical
stress distribution shown in Fig. 1. That relationship is less striking
when we compare the theoretical stress distribution with the
distribution of all hypocenters (Fig. 3b) or the distribution of non-
clustered events (Fig. 4b).

Selected and localized by the MMD procedure, microseismic
clusters help to identify the zones with abnormal microseismic
activity, where sources were not randomly distributed in space.
Those potentially dangerous zones are easily identified because
unclassified events have been removed from the analysis. As our
analysis shows, few strong tremors originate close to the roof of
the exploited panel, in the zone where most of the microseismic
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activity takes place. Most of tremors with epicenters located
ahead of the panel face were placed high above the microseismic
clusters as it is shown in Table 3. There was almost no
microseismic activity detected in the vicinity of the tremors
located high above the mining panel. There are two different
explanations for this fact. The first is that there was no such
emission. The second is that the emission took place but was not
registered. It was dumped because of relatively large distance to
the sensors. It is risky to give a definitive answer which
explanation is correct. The authors assume that the second
explanation is more truthful. Two reasons may confirm it. The
first one is the observation that the average energy of the
microearthquakes located close to the roof of the panel is about
three times smaller compared to the average energy located more
than 70 m from the roof. The second is the strong heterogeneity of
the rocks above panel 507. The stratification of rocks enables
easier propagation of waves in the horizontal direction comparing
to the vertical one. Those two reasons result in strong energy
absorption and lack of evidence of small events.

A definitive answer can be obtained after measurement
conducted high above the exploited panels, using sensors in deep
boreholes.

An important question is whether the small seismic events are
precursors of the rock mass instability that may lead to a strong
tremor. If that would be the case, the small events could be used
to predict the time and place of a larger tremor. The correlation
analysis of small and bigger events made in gold mines in
South Africa shows that only in a very few cases, it could be found
that microseismic events preceded larger tremors [26]. As the
analysis shows, source mechanisms of strong and small seismic
events are different in most cases, therefore they could not be
correlated and used for prediction. On the other hand, the large
events are better correlated in time with the other bigger events in
the vicinity [26].

Our analysis made for other coal mines with longwall
excavation system shows that there are more examples when
such a correlation in time can be observed, if the micro-
earthquakes are localized to clusters. For interpretation
made for all events recorded near the panel, the results are
negative. The better results can be achieved for hazard functions
Y and 0 estimated for clusters confined in space and time. We
have experienced numerous examples when the strong tremor or
series of consecutive tremors followed the abrupt drop of the
hazard functions. We can roughly say that such behavior took
place for 75% analyzed tremors. The presented conclusion is
unfortunately limited to the longwall excavation system in coal
mines.

Because there are almost no microseismic events detected in
the gob region, the tremors located there cannot be analyzed in

the way described above. Generally, at the present stage of our
experiences we cannot propose any rigorous and quantitative
method that based on hazard functions y and 0 can predict
tremor induced by mining activity.

6. Conclusions

The analysis presented here can be summarized as follows:

1. Using even a small 3C geophone network (four 3C geophones),
we can locate seismic sources with enough accuracy to study
the microseismic activity in the rock mass in the vicinity of the
longwall panel. Adding new geophones to the array and
introducing very precise models for ray tracing can definitely
increase accuracy of the hypocenter locations.

2. Clustering of the seismic sources separates the “cloud” into the
condensed groups of events and allows indicating the areas
where the seismic activity develops most intensively. The
projection of the clusters on a horizontal plane coincides with
the local faults visible in mine galleries. For most cases (except
the one shown above), the depth of the tremor is different from
the depth of the corresponding clusters.

3. Hazard functions (estimated using events energy or time
intervals) evaluated for particular cluster stay in close inter-
relationship with high energy tremors located above the
mining panel. In many cases the abrupt drop of the hazard
function can be interpreted as a simple indicator of the
incoming tremor. Such a factor has only the qualitative
meaning.

In conclusion, the study demonstrates the potential of the
clustering technique in evaluation of the increment of the seismic
hazard over a limited area. Determination of the exact time and
place of strong tremors is much more difficult and may prove to
be beyond the capabilities of this technology.
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