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The seismicity of the Pannonian Basin can be described as 
moderate. The recent seismic activity is caused by the 
Adriatic microplate’s movement, which rotates counter-
clockwise relative to Europe. Based on geophysical studies, 
the current stress field is typically characterized by 
compression. The main active tectonic structures are flower 
structures linked to reactivated faults, shear zones. 

Additional geological structural studies require the most 
accurate earthquake catalogue. Nearly 40% of the 
Hungarian earthquakes are anthropogenic; quarry 
explosions and mine blasts. Hence, the earthquake 
catalogue may contain unidentified explosions that makes 
geological interpretation more difficult. In order to make 
the Hungarian National Seismological Bulletin (HNSB) 
more accurate, it is necessary to identify these 
anthropogenic events. 

Introduction

Fig. 2 shows the test clusters we selected for multiple 
event relocation. Ground truth eference events (i.e. 
events known at least 5 km location accuracy at 95% 
confidence level; Bondár et al. 2004; Bondár and 
McLaughlin 2009a) are necessary to evaluate the 
absolute error of the locations, therefore we selected 
two clusters (C3 and C4) that contain mine explosions 
based on reported mine activities. C2 is a mixture of 
earthquakes and explosions. We also tested the method 
in the case of dense and poor station geometry in order 
to investigate the influence of the station distribution. 

Network geometry around the selected test clusters. The triangles represent the 
seismological stations. The primary azimuthal gap with respect to the cluster 
centroid is marked by a red angle, while the secondary azimuthal gap is marked by 
a blue angle.The network geometry can be described by the secondary azimuthal 
gap (the largest azimuthal gap when leaving one station out from the network). 
Fig. 3 and 5 show that for our test clusters the secondary azimuthal gap (with 
respect to the cluster centroid) varies between 10 and 160 degrees.

.

We relocated the events in the test clusters by the iLoc single-event location 
algorithm that is based on the ISC locator (Bondár and Storchak 2011). The area of 
this study is geologically diverse, and it was previously shown that the RSTT 3D 
global velocity model (Myers et al. 2010) outperforms the 1D velocity models on 
all counts, and it is able to capture the major 3D heterogeneities in the area (Bondár 
et al, 2018). 
In order to improve the quality of the arrival times, we revised all of the relocated 
events, on all available stations and waveforms. We performed waveform cross-
correlation at each station to obtain differential times. We created SV, SH, and P 
correlation matrices at each station, because during the next hierarchical cluster 
analysis the correlation coefficients serve as distance metrics. Fig. 4 shows the 
relocations of explosion clusters using hypoDD (Waldhauser, 2011). The quarry 
that produced the C3 cluster is situated on the border of Hungary and Slovakia. The 
map view of the initial locations shows a strong NW-SE orientation, and the blasts 
are scattered in space (Fig. 4 C3 a). On the final results the orientation is still 
present, but the relative position of the events has dramatically better clustered 
(Fig. 4 C3 b).  The C4 cluster also contains quarry blasts, but in this case the 
geometry of the station network is more favorable. Nevertheless, hypoDD forms 
two subclusters (Fig. 4 C4 b) that can be identified with two distinct quarries.

Our final test cluster in this study is C2 that consists of events that are identified in the HNSB as a mixture of earthquakes 
and explosions. Fig. 5 and 6 shows that due to the very poor station geometry significant location errors can be seen in the 
form of the north-south vertical line. Fig. 6 shows that with such a poor station coverage even hypoDD could not bring 
dramatic improvements.

We performed a second hierarchical cluster analysis now using 
the correlation coefficients as distance metric. Note that during 
the waveform cross-correlation the P, SV, and SH correlation 
matrices were created at each station. 
For the C2 event cluster we selected the closest stations to the 
cluster (KOVH, MORH). These stations recorded the majority of 
the events, some 95 of the 240 events in the cluster. We 
performed the hierarchical clustering with the correlation 
matrices taken as the distance matrix. Fig. 9 shows well 
separated subclusters in the correlation matrices for both KOVH 
and MORH. The correlation matrices were rearranged by the 
nearest neighbor order obtained from the single-linkage cluster 
analysis. Fig. 7 shows the dendrogram with the clearly 
identifiable subclusters. Fig. 8 show that the subclusters are 
geographically close to active quarries in Hungary and Croatia. 
Thus, even though hypoDD did not provide a dramatic location 
improvement, the cluster analysis using the correlation matrices 
allows us to associate these events to three separate quarries in 
the region. 
After refining the clustering, we ran hypoDD for each subcluster 
again (Fig. 10). Based on the correlation matrix now we 
assumed that the blasts originated from closely related sources 
within the subclusters, thus in this time we used the cluster 
centroid as initial coordinates at the beginning of the hypoDD 
calculations instead of network sources. Subcluster 1 and 2 
locations improved compared to the nearby mines. Fig. 11 shows 
the unfavorable station geometry and the distribution of the used 
data around the Subcluster 3. Subcluster 3 is still located along 
the N-S orientation line, but the cluster gets much tighter. 

The hypoDD relocations concentrate the initial locations into smaller clusters, and provide 
improved solutions for events determined even with unfavorable station geometry. 

Combining the differential times from waveform cross-correlation with absolute travel time 
significantly contributes to the accuracy of the final solutions. 

Despite the poor station geometry, the final solution of the C3 cluster is considerably more 
accurate than the original locations as the original NW-SE bias is almost completely 
eliminated. 

Even though the hypoDD analysis did not bring dramatic improvements for cluster C2, the 
cluster analysis using the correlation matrices as distance metrics allowed us to identify and 
associate events with active quarries and correctly reidentify them as explosions. 

Our methodology opens a way for a systematic analysis of event clusters in the Hungarian 
National Seismic Bulletin and helps in the discrimination between earthquakes and 
explosions and thus allows for a more reliable determination of the natural seismicity of the 
Pannonian Basin.

Fig. 1 Study Area. Local and regional stations used in the 
relocations. Red diamonds: HNSN permanent stations; orange filled 
circles: PMMN and permanent stations outside Hungary; yellow 
triangles: temporary stations (AASN and other). 

Fig. 2 Map view of the 2,802 clustered events (HNSB relocated with iLoc using the RSTT velocity model) after the dendrogram 
analysis. The most numerous 14 clusters are indicated with different colors; the selected test clusters are framed and labelled. 
The C3 and C4 clusters consist of anthropogenic events; C2 has both type of events.

Fig. 3 Network geometry around the selected test clusters. The triangles represent the 
seismological stations. The primary azimuthal gap with respect to the cluster centroid is 
marked by a red angle, while the secondary azimuthal gap is marked by a blue angle.

Fig.4 a) Initial hypocenter locations (map view) of 
the C3 and C4 clusters created with the iLoc 
algorithm using RSTT velocity model after 
repicking phase arrivals. b) hypoDD final solutions 
of the C3 and C4 clusters with differential times 
from waveform cross-correlation.

Fig. 5 Station geometry around the C2 event cluster. The triangles 
represent the seismological stations. The primary azimuthal gap 
is marked by a red angle, and the secondary azimuthal gap is 
marked by the blue angle.

Fig. 6 iLoc initial locations (black circles) and hypoDD solutions (red 
dots) of the C2 cluster. Grey squares indicate active mines. 

Fig. 7 Result of the single-linkage hierarchical cluster analysis based on the correlation 
coefficients at KOVH (a) and MORH (b) stations. The colors indicate subclusters within the C2 

Fig. 8 Map view of the secondary hierarchical cluster analysis at KOVH (a) and MORH (b) 
stations. The colors indicate different subclusters. Grey square indicate mining where 
explosive quarrying takes place.

Fig. 9 Well separated subclusters on the P 
correlation matrix of KOVH (left) and MORH 
(right) stations. Events are ordered by their 
nearest neighbor distance from the single-linkage 
cluster analysis.

Fig. 10 hypoDD solutions of the subclusters based on MORH station. Note 
that only the relocated initial hypocenters are shown. 

Fig. 11 Station geometry and the number of available phase data 
around the Subcluster 3. The circles represent the number of S 
arrival times; squares represent the number of P arrival times.
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- The Hungarian National Seismological Network (HNSN, https://www.fdsn.org/networks/detail/HU/, doi:10.14470/
UH028726) operated by the Research Centre for Astronomy and Earth Sciences, Geodetic and Geophysical Institute, 
Kövesligethy Radó Seismological Observatory of the Hungarian Academy of Sciences (KRSZO) 
- AlpArray Seismic Network (AASN, doi:10.12686/alparray/z3_2015, Hetényi et al. 2018; Gráczer et al, 2018) that provides 
data from 1 January 2016
- Paks Microseismic Monitoring Network (PMMN, doi:10.7914/SN/HM) operated by Georisk Ltd., as well as further 
permanent stations in neighboring countries.
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