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ABSTRACT 
With increasing depth of mining in underground mines, the challenges with problems with 

rock bursts related to seismic events also increase. Seismic monitoring systems are installed in 

mines for monitoring of the seismic events and better understanding of the cause for them. 

The data from the monitoring systems are used to study the seismic events and their 

parameters.  

Some of the dynamic parameters of the seismic sources – the focal mechanism and the 

seismic moment tensor can be used to find the type of failure in the seismic source and the 

fault planes.  

This study focuses on the analysis of the focal mechanism and moment tensor of the seismic 

events in and nearby Block 19 in LKAB's mine in Kiruna, Kirunavaara. The aim of the thesis 

is to find the factors that affect the focal mechanism solutions and moment tensor obtained 

from the JMTS software (IMS) and to develop recommendations for future use of this 

software; to obtain solutions for the focal mechanisms and moment tensors and to find some 

relationship between the results and the available structural geological model.  

Initial tests of the JMTS software were performed to identify the parameters which impact the 

focal mechanism solutions. The results from the tests were used to prepare recommendations 

and rules for further processing of the data to obtain the focal mechanisms and moment 

tensors. 

The results for the nodal planes from the focal mechanisms and the double-couple component 

of moment tensors were analyzed and the dominant orientation of the strike was found to be 

consistent and around North-South direction. The decomposition of the obtained moment 

tensors showed a relatively even distribution of shear-related and volume changing 

mechanisms.  
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SAMMANFATTNING 
Med ökande brytningsdjup i underjordsgruvor ökar även utmaningar i form av problem med 

utfall relaterade till seismiska händelser. Seismiska övervakningssystem installeras i gruvor 

för att kartlägga de seismiska händelserna samt för att få en bättre förståelse för händelsernas 

orsaker. Data från övervakningssystemen används för att studera seismiska händelser och dess 

parametrar.  

Dynamiska parametrar från de seismiska källorna – fokala mekanismer och seismiska 

moment tensorer kan användas för att finna den seismiska källans brottmekanism och dess 

sprickplan. 

Denna studie fokuserar på analys av fokala mekanismer och seismiska moment tensorer av 

seismiska händelser i och i närheten av Block 19 i LKAB’s gruva i Kiruna, Kirunavaara. 

Syftet av examensarbetet är att finna faktorer som påverkar lösningarna av fokala mekanismer 

och moment tensorer erhållna från programvaran JMTS (IMS) och utveckla 

rekommendationer för framtida användning av samma programvara; för att erhålla lösningar 

av fokala mekanismer och moment tensorer samt att finna ett samband av resultaten och den 

tillgängliga strukturella geologiska modellen.  

Initiala tester av programvaran JMTS utfördes för identifiering av de parametrar som påverkar 

lösningar av fokala mekanismer. Resultaten från testerna användes för att skapa 

rekommendationer och riktlinjer för framtida processering av data för att erhålla fokala 

mekanismer och moment tensorer.  

Resultaten för sprickplanen från fokala mekanismer och de dubbla-kraftparskomponenterna 

från moment tensorer analyserades och den dominanta orienteringen av strykningen visade sig 

vara konsekvent och omkring Nord-Sydlig riktning. Fördelningen av erhållna moment 

tensorer visade sig vara relativt jämnt fördelad mellan skjuvningsrelaterde- och 

volymförändrade mekanismer.  
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1. INTRODUCTION 

1.1. Background 
In the earth’s crust there is a constant tectonic activity going on. One of the expressions of this 

activity are the natural earthquakes. Human activity can also cause earthquakes, or seismic 

activity. One example of this is the seismic activity in mines. By installing seismic sensors, 

this activity can be monitored and recorded as seismograms. The information from the 

seismograms can be used for studying the parameters of the earthquake sources, including the 

focal mechanism and the seismic moment tensor. 

LKAB (Luossavaara Kiirunavaara Aktiebolag) is a mining company owned by the Swedish 

government. LKAB is an iron ore mining company and has mining operations in Kiruna, 

Malmberget and Svappavaara. In LKAB’s underground mine in Kiruna, a large number of 

seismic events occur every day. These seismic events are recorded by geophones which are 

installed in the mine and connected in a seismic system. The supplier of the system was ISSI 

(Integrated Seismic Systems International), today IMS (Institute of Mine Seismology). From 

the recordings of the seismic waves, the seismograms, a number of different parameters are 

calculated routinely, such as time and location of the seismic events, magnitude, seismic 

energy, etc. Until now there is no routine calculation of the focal mechanisms at the mine in 

Kiruna. 

Around 1950s, the LKAB in Kiruna started production underground. Since the production has 

gone deeper more challenges have been faced with problems associated to rock bursts. Since 

2007 several rockbursts have been registered in different blocks, including Block 19 where 

the majority was caused by seismic activity. During the period January 2010 to April 2010, 

three major fallouts took place in Block 19 with the magnitudes from 1.5 to 1.8 on the local 

magnitude scale, resulting in production stop for this block.  

Knowledge of the dominating orientations of the fault planes in Block 19 is important in 

consideration of safety and productivity for further mining in Block 19. The focal mechanism 

of the seismic events in this block and their relationship with the structural geology are the 

main topic of this thesis.  

1.2. General description of LKAB’s mine in Kiruna 
The Kiruna mine, also known as Kiirunavaara mine is the worlds second largest underground 

mine. The ore is extracted by the mining method sub-level caving. The deepest main haulage 

level today, which is still under construction, is at a depth of 1365 metres, measured from the 

initial mountain top of Kiirunavaara. 

The production also takes place at different locations in the mine with varying depths. In the 

northern end of the orebody the extraction takes place at depth between 600 – 800 metres. For 

other parts in the mine, mining depths of 850 – 963 metres have been reached (LKAB, 2012). 

The ore body is divided into ten mining areas, “Blocks”, named after the Y coordinate of their 

centers. Today, Blocks 9 to 45 are in production. Each block has its own infrastructure of 

ventilation shafts, ore passes and access drift from a ramp which is shared by the neighboring 

blocks, see Figure 1.1. 
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The mine uses its own local coordinate system where Z is the depth starting with 0 at the 

former top of the mountain and increasing downwards. X runs almost perpendicular to the ore 

body increasing towards east and Y runs almost parallel to the strike of the ore body. In the 

seismic system these coordinates correspond to Y=South, X=East and Z=Up. 

1.3. Geology 
The ore which is extracted from Kiirunavaara consists of almost 100 % magnetite. The tabular 

orebody strikes in almost north-south direction and dips 60° to the east. The orebody is about 

4 km long (Figure 1.1), has an average width of 80 meters and reaches to a depth of at least 

1.5 km according to LKAB (2012). 

a)  b)  

Figure 1.1: a) The Kiirunavaara ore body and b) the infrastructure of the mine (Dahnér, 2008). 

 

The ore in Block 19 is not a homogenous slice. It is split into smaller areas with varying size 

(Figure 1.2). These areas are separated by zones of different rock types consisting mostly of 

rhyolite and dykes (Boskovic et al., 2010). 

 

Figure 1.2: Block 19 at level 907 with varying geology, modified from Boskovic et al. (2010). 

1.4. Seismic monitoring system 
There were 135 geophones installed in Kirunavaara mine at the end of 2009 to register the 

seismic activity. The system sensitivity is around magnitude 1.3 – 1.5 depending of the 

location in the block. The achieved location accuracy is around 20 m in every coordinate 

direction and there are three different types of geophones installed: 
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 30 Hz, triaxial 

 14 Hz, uni- and triaxials 

 4.5 Hz, uni- and triaxials 

A view of the position of the installed geophones in and around Block 19 is given on Figure 

1.3. 

 

 

Figure 1.3: Vertical view of geophone positions installed in and nearby Block 19 (Boskovic et al., 

2010). 

1.5. Aim and objective of the thesis 
JMTS software (delivered with the ISSI system) is used for processing of the seismic data at 

the mine. In the software there are options to obtain the focal mechanism and seismic moment 

tensor from the recorded seismograms in the mine. These options in the software have not 

been used previously in the processing of seismic data. The first objective of the thesis is to 

gain experience with these options in the software and prepare recommendations for their use 

in the future. 

The second aim of this thesis is to try to identify the seismically active geological structures in 

Block 19 in the Kiirunavaara mine using the focal mechanisms and moment tensors data by 

comparing the obtained data with the interpreted structures in Block 19. The interpreted 

structures are based on the groups of clusters of seismic events which are obtained and 

interpreted with the MS-RAP (Mine Seismicity Risk Analysis Program) software. With this 

software the seismic events are clustered spatially automatically but the grouping of clusters is 

done manually. 

1.6. Outline of the thesis 
This thesis consists of a theoretical background of the parameters of the seismic sources, a 

description of the collected data, description and evaluation of the tests with the JMTS 

software, the results for the focal mechanisms and seismic moment tensors and their analysis, 

analysis of the correlation between the focal planes from the focal mechanisms and moment 

tensors and the orientation of the interpreted geological structures, followed by a discussion 

and conclusions.  
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Theoretical background. A theoretical background includes the basic knowledge about the 

source parameters of the seismic sources and the methodologies for their calculation.  

Description of collected data. The collecting of data was performed from the beginning of 

June 2012 to the end of August 2012. All seismic data in this study is obtained from the 

seismic system in the Kiirunavaara mine – Block 19 and the areas nearby for the period from 

January to April 2010. The magnitude of the seismic events is in the range from -2.0 to 1.8. 

Tests. The tests of calculation of the focal mechanisms with different sets of data was 

performed at the beginning. The aim of the tests with the JMTS software was to make 

conclusions about the effect of different factors (hypocentre location, number of the sensors 

used, magnitude, etc.) on the focal mechanisms. 

Focal mechanism and seismic moment tensor calculations. Collected arrival time of the 

seismic waves for each seismic event was given in the JMTS software. The first step of 

processing the seismic waves in JMTS was to perform manual picking of the first polarity and 

arrival time for each P- and S-wave. The manual picking of first polarities and arrival times of 

the seismic waves, all other processing as calculations of seismic parameters, suggested 

mechanisms, etc. was performed by the JMTS software. 

Analysis. The analysis of the results consists of three parts: focal mechanism, moment tensor, 

comparison between focal mechanism and seismic moment tensor. The analysis of the results 

obtained for the focal mechansims and moment tensors was first made separately, then a 

comparison between them was performed. The focal mechanisms and moment tensors were 

then compared with the structural geology data. 

Conclusions, Discussion and recommendations. The conclusions for this study are stated 

and are followed by discussion and recommendations for further studies.  
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2. THEORETICAL BACKGROUND 

2.1. Seismic events 
A seismic event can be described as a sudden release of energy, where the energy radiates as 

seismic waves from the seismic source. Seismic events in mines include earthquakes, rock 

bursts, pillar bursts, tensile cracks, etc. For an earthquake the seismic source can be described 

as a sudden release of energy during movement on a fault, as described, for example in 

Havskov and Ottemöller (2010). The strain energy released during the earthquake is 

accumulated by a slow relative movement of the two sides of the fault. The accumulation of 

the energy continues until the rock strength along the fault is reached. Similar description of 

an earthquake where a slip along a fault occurs can be used for some of the seismic events in 

mines.  

2.2. Seismic waves 
There are different types of seismic waves. They can be divided into body waves and surface 

waves. There are two types of body seismic waves, P- and S-waves. They travel with different 

velocity and cause different types of particle motion. The P-wave, where ‘P’ stands for 

‘primary’ is the fastest of the seismic waves and this is the wave that arrives first. The particle 

motion of the P-wave occurs along the direction of propagation. The S-wave, where ‘S’ 

stands for ‘secondary’ is the seismic wave that arrives second, and the particle motion is 

perpendicular to the direction of propagation. The particle motion in both the P- and S-wave 

is illustrated in Figure 2.1. 

 

 

 
Figure 2.1: Motion of P- and S-wave relative to the propagation direction. The black arrow shows the 

wave propagation direction and the blue arrows show the particle motion, modified from Shearer 

(2009). 
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The velocities of the P- and S-waves depend on the elastic moduli as follows: 

P-wave velocity, α    
    

 
    (2.1) 

S-wave velocity, β    
 

 
    (2.2) 

where λ is Lamé’s first parameter, µ is the shear modulus and ρ is the density of the elastic 

medium. 

The arrivals of seismic waves can be identified on the seismogram as shown on (Figure 2.2).  

 

Figure 2.2: Example of a seismogram with P- and S-wave arrivals. 

2.2.1. Ray travelling 

When a seismic event occurs, the seismic energy is radiated from the source. The seismic 

wavefronts from such source are the surfaces on which the propagating waves are oscillating 

in phase. These surfaces are generally curved. The “seismic rays” by definition are 

perpendicular to the wavefront and are oriented in the radial direction from the source. 

When a seismic wave travels inside the earth, the ray will be curved as it travels through 

media with different elastic parameters (Figure 2.3). The law which defines the bending of the 

rays is known as Snell’s law and can be written as 

 
  

  
 

      

      
     (2.3) 

Where 1 is the angle of incidence for the incoming seismic wave in the first medium, 2 is 

the angle of the transmitted (refracted) seismic wave in the second medium and v1 and v2 are 

the velocities respectively in the first and the second medium (Figure 2.3). The same law can 

be used in the cases of reflected and refracted (transmitted) waves. 
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Figure 2.3: Illustrative sketch of a seismic ray bending as it passes from one elastic medium to 

another. 

In mines where seismic events occur at relatively short distances from the seismic stations, an 

assumption can be made that seismic rays travel in a straight line from the source to the 

station, i.e. homogeneous conditions exist in the rock mass. This is a first rough 

approximation of the rock mass conditions. 

2.3. Sensors 

2.3.1. Principle of seismic instruments 

A seismic sensor is a device which measures ground motion. The ground motion can be 

recorded as displacement, velocity or acceleration. The general principle of most seismic 

sensors is that a mass moves relative to a reference (the ground) when subjected to ground 

acceleration to measure the ground motion (e.g. Havskov and Ottemöller 2010). Some 

common types of modern sensors which are used are: 

 Passive short-period (SP) sensors with an electromagnetic coil 

 Active broadband (BB) sensors 

 Accelerometers 

 

The principle of a seismometer operation is shown in Figure 2.4, where a magnetic mass is 

attached to a spring. When the mass is moving, inside the coil, the coil generates an output of 

voltage proportional to the velocity of the moving mass. 
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Figure 2.4: A principle of a seismometer, from Havskov and Ottemöller (2010). 

 

The signal output from the sensor is in analog form. This signal is converted into a digital 

format using ADC (analog-to-digital-converter) and is recorded by a recording system (Figure 

2.5). When the output signal from the sensor is sent to the Analog Signal Preparation (ASP), a 

correction for the impedance of the recording system is made. In the next stage, the signal is 

sent either directly to an ADC or is filtered and then further digitised. As mentioned in Asch 

(2009) some recorders have high-pass filters, which remove potential DC-offsets and long-

term drifts from the signal. In the ADC, the signal is converted from analog signal to digital 

time series and saved as continuous data or separate events. 

 

Figure 2.5: A simplified sketch of a sesimic recording system. 

 

The continuous analog signal is converted into a discrete digital signal with a sampling 

frequency. The minimum sampling frequency must be at least twice the highest frequency 

contained in the analog signal, which is described in Olshausen (2000) as the Nyquist 

sampling theorem. 

In case where the sampling frequency is lower than twice the highest frequency of the signal, 

the waveform frequency content will change during sampling which is known as aliasing. To 

avoid the aliasing before the signal arrives to the ADC, it is processed with a filter which 

removes all frequencies above the Nyquist frequency (Smith, 2003). 
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2.3.2. Correction for instrument response 

A seismogram is obtained as a convolution of an input signal with the impulse response of the 

instrument which records the signal, with is mentioned in Havskov and Ottemöller (2010).  

To remove the effect of the instrument the recorded seismogram needs to be deconvolved. 

The dynamic parameters of the seismic sources as focal mechanism and moment tensor can 

be calculated only after the correction for the instrument response. 

2.4. Earthquake Source Parameters 

2.4.1. Hypocentre and Epicentre 

The basic parameters of an earthquake are the origin time and the hypocentre location. The 

origin time (T) is the time when the rupture starts. It can be defined either in local time or in 

UTM (universal time). The hypocentre is the point within the earth where the rupture causing 

the earthquake starts. The epicentre is the point directly above the hypocentre at the surface of 

the Earth. The hypocentre is defined by three coordinates (x, y, z) and the epicentre with two 

coordinates (x, y). Figure 2.6 shows an illustration of the hypocentre and the epicentre.  

 

Figure 2.6: An epicentre located directly above a hypocentre. 

  

The sensor position relative to the hypocentre can be described by two parameters, azimuth 

and take-off angle. The azimuth is the angle between reference direction (usually north) and 

the direction from the hypocentre to the sensor measured in a horizontal plane. The take-off 

angle is the direction from the hypocenter to the sensor measured in a vertical plane. 

Localization of earthquakes 

There are several methods which can be used for locating earthquakes. All methods use the 

arrival times of P- and S-waves as initial data.  

To locate an earthquake the parameters of the origin time T and the hypocentre (x, y, z), as 

mentioned in Shearer (2009) can be used to define a vector: 

                             (2.4) 

The observed arrival times of the seismic waves, ti at individual seismic stations, can be 

inverted to obtain these four parameters of the source. To invert the travel times for the vector 

w, a reference velocity model need to be assumed. Then for each w, the distances to the 

seismic stations can be calculated. Then the predicted arrival times can be computed as  
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            (2.5) 

where F is the operator (function) that provides the estimated arrival times for each station for 

w. The difference between the observated time and the predicted time ri is,  

         
              (2.6) 

called a residual for the station.  

The travel time from a seismic station (xi, yi, zi) to a certain point (x, y, z) for a homogeneous 

medium is given by 

    
       

        
        

 

 
   (2.7) 

where the v is the velocity of the seismic wave. Usually the best approach for minimize the 

variation of all residuals is the least squares method. This method defines the minimum of the 

sum 

          
    

       (2.8) 

where n is the number of seismic stations (or observations).  

Many different algorithms can be used for finding the location of the hypocentre. Some 

methods use iterative process until a satisfactory result is obtained. Other methods use relative 

event locations (assuming a master event in a region with compact distribution of earthquakes 

and calculating the difference in the travel times between the earthquakes and the chosen 

master event), mentioned in Shearer (2009) or double-difference earthquake location of 

arrival times for pairs of closely located events (uses absolute travel-time measurements 

combined with P- and S-wave differential travel-time measurements or only P- and S-wave 

differential travel-times), developed by Waldhauser and Ellsworth (2000). 

Iterative location 

A standard method for locating an event uses the model 

             (2.9) 

where    is a guess of the best location,   is a new location which is a small distance away 

from the previous guess and    is an adjustment of the location. Using the first term in the 

Taylor series, by expansion of      around    the predicted times from    to   can be 

approximated: 

  
       

      
   

 

   
       (2.10) 

where 
   

 

   
   

is the partial derivative of P-wave arrival time with respect to the model parameter   .  
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The residuals    (   are given by 

             
        (2.11) 

 =      
        

   
 

   
      (2.12) 

           
   

 

   
       (2.13) 

To minimize the residuals we want to find    so 

          
   

 

   
       (2.14) 

which also can be written as 

           ,    (2.15) 

where   is a matrix representing the partial derivates. Standard least squares techniques can 

now be used to obtain the best solution for equation 2.15, to obtain    (Shearer, 2009).  

The theoretical model here uses only P-waves, but the minimization can be done to include 

both P- and S-waves. 

2.4.2. Magnitude 

Magnitude scale 

In 1935 Charles Richter introduced a magnitude scale to measure the earthquake strength, 

known as the local magnitude ML. The magnitude scale is defined as  

                         (2.16) 

where    is the maximum amplitude, measured in micrometers, obtained on a seismogram 

and recorded by a Wood-Andersson seismograph at a distance of 100 km from the starting 

point of the rupture process, i.e. the hypocentre;           is the so-called calibration 

function or the correction if the earthquake is recorded at distance different from 100 km. 

Here A is the maximum amplitude measured at distance  . Similar magnitude scale has been 

used to measure the magnitude of the mine tremors, for example, in Poland (Gibowicz, 1963) 

and in South Africa (Spottiswoode and McGarr, 1975). 

In Kiruna mine a different local magnitude scale is used. The magnitude calculation is based 

on both the seismic moment and the seismic energy: 

                                    (2.17) 

where    is the seismic moment in Nm,   is the seismic energy of the seismic waves in J and 

the constants are empirically calculated. The coefficients in (2.17) are used in the IMS 

software by default.  

Magnitude and qualitative description of the effects 

For mines in Canada and Australia, a relation between the Richter scale and how the mine 

event was felt has been developed, see Table 2.1. 

 



12 

 

Table 2.1: A qualitative relation between the Richter magnitude for a mine event and how the mine 

event is felt, after Hudyma (2008).  

Richter magnitude Qualitative description 

-3.0 

 Small bangs or bumps felt nearby. Typically only heard relatively close to 

the source of the event. 

 This level of seismic noise is normal following development blasts in 

stressed ground. 

 Event may be audible but vibration likely too small to be felt. 

 Not detectable by a microseismic monitoring system. 

-2.0 

 Significant ground shaking. 

 Felt as good thumps or rumbles. May be felt more remote from the source 

of the event (i.e. more than 100 m away). 

 May be detectable by a microseismic monitoring system. 

-1.0 

 Often felt by many workers throughout the mine. 

 Major ground shaking. 

 Similar vibration to a distant underground secondary blast. 

 Should be detectable by a microseismic monitoring system. 

0.0 

 Vibration felt and heard throughout the mine. 

 Bump commonly felt on surface (hundreds of metres away), but may not 

be audible on surface. 

 Vibration felt on surface similar to those generated by a development 

round. 

1.0 

 Felt and heard very clearly on the surface. 

 Vibrations felt on the surface similar to a major production blast. 

 Can be detected by regional seismological sensors located hundreds of 

kilometres away. 

2.0  Vibration felt on the surface is greater than large production blasts. 

3.0 
 The largest mining-induced seismic events recorded in Australia 

registered about Richter 3 to Richter 4. 

 

2.4.3. Seismic moment 

The seismic moment, M0 also known as the scalar seismic moment is another measure of an 

earthquake size and is defined as 

            (2.18) 

where µ is the shear modulus at the source of the event, D is the average shear displacement 

and A is the area of the fault slip. A seismic moment can be obtained, for example, by using 

moment tensor inversion or spectral analysis (Havskov and Ottemöller, 2010).  

The seismic moment is a useful and the most reliable parameter for measuring the strength of 

a seismic event.  

The seismic moment for seismic events can be determined from the spectra of a P- or S-wave 

using the equation: 

    
         

      

        
    (2.19) 
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where    is the density of the source material,    the velocity of the wave at the source (either 

the velocity of P- or S-wave), R is the distance between the receiver and the source,    the 

low frequency level of the displacement spectrum,    is a radiation pattern coefficient for a 

specific seismic wave,    is the free-surface amplification, and    is the correction for the site 

(Gibowicz and Kijko, 1994).  

An example of the source displacement spectrum is shown on Figure 2.7. 

 

Figure 2.7: Example of P-wave displacement spectra for earthquakes with two different magnitudes. 

The solid lines correspond to the real spectra, the dashed lines are the model spectra, and the dotted 

lines are the low-frequency level of the spectra (modified from Prieto, 2007). 

2.4.4. Seismic energy 

The seismic energy represents the total elastic energy which is radiated by an earthquake. For 

mines, the seismic energy is commonly used for measuring the strength of a seismic event. 

The radiated seismic energy, E can be determined for a P- or S-wave by the equation  

              
  

  

  
    (2.20) 

where    is the density of the source material,    is the velocity of the wave at the source 

(either the velocity of P- or S-wave), R is the distance between the receiver and the source,    

is the sum of the squared ground velocity and    is a radiation pattern coefficient for the 

specific seismic wave. By calculating the S- and P-wave energy, the ratio between them can 

be used (ES/EP) to provide information about the type of focal mechanism generating the 

seismic events (Gibowicz and Kijko, 1994).  

Previous studies found that the energy ratio of ES/EP for a seismic event is a good indicator of 

the seismic source mechanism. The events with a high ES/EP ratio (ES/EP > 10) are often 
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associated with shearing. Events with low ES/EP ratio (ES/EP < 3) are mostly associated with 

stress fracturing or volumetric fracturing. When the ES/EP ratio is close to one it is associated 

with tensile seismic source mechanisms (e.g. Hudyma and Potvin (2008) with references to 

Gibowicz et al. (1992), Boatwright and Fletcher (1984), Hudyma (2004) and Urbancic et al. 

(1992)).  

2.5. Source representation 
An earthquake can be described as a slip on a fault, where displacement takes place on a plane 

inside an elastic medium.  

2.5.1. Geometry of a fault plane 

The fault geometry of a shear-failure seismic event can be described by three parameters: 

strike, dip (orientation of the fault) and rake (direction of the slip) (Figure 2.8). The strike of 

the fault plane (ϕf) is defined by the intersection of the fault with the earth surface and is 

measured clockwise from north with an angle of 0° to 360° in a horizontal plane (the Earth 

surface). The dip () gives the orientation of the fault plane with respect to the surface. It 

varies from 0° to 90°. The direction of motion is represented by the slip angle () counter-

clockwise measuring in the fault plane from x1-axis (Stein and Wysession, 2003). 

 

Figure 2.8: Geometry of a fault plane when studying earthquakes. The Cartesian coordinate system is 

defined by the axes x1, x2 and x3. The normal vector, slip vector, dip angle, slip angle and strike angle 

is defined following Stein and Wysession (2003). 

 

The fault can be characterized also by the normal vector    and the slip vector   . The slip 

vector indicates the direction in which the hanging wall moves relative to the foot wall. The 

normal vector    representing the vector perpendicular to the slip vector    and the null vector 

  . The null vector    is normal to both    and    vectors (Stein and Wysession, 2003).  

There are several basic fault geometries dependig on the slip angle (see Figure 2.13). One 

type of basic fault geometries describes strike-slip motion and the other type dip-slip motion. 

For example, when a slip of the hanging wall occurs parallel to the x1 – axis it’s called strike-

slip fault and when a slip occurs parallel to the x3 – axis it’s known as a dip-slip fault.  
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Figure 2.9: Basic types of faulting with strike-slips (the upper row) and dip-slips (the lower row), from 

Stein and Wysession (2003). 

 

When the slip angle is 0° i.e. equal to the x1 – axis, the hanging wall moves to the right and 

the motion is called left-lateral strike-slip fault. If the hanging wall moves instead in the 

opposite direction, i.e. λ=180° the motion then is known as right-lateral strike-slip fault. For a 

movement of the hanging wall with λ=90° the movement is known as reverse dip-slip fault 

and in the opposite direction (λ=270°) the movement is known as normal dip-slip fault (Stein 

and Wysession, 2003). 

2.5.2. Focal mechanism 

The mechanism of the seismic source describes the inelastic deformation in the source region 

that generates the seismic waves. For example, the focal mechanism of a shear-failure seismic 

event can be described as the orientation of the fault plane that slipped and is also known as a 

fault-plane solution. The focal mechanism can be obtained using seismic source theory and 

the source radiation pattern. 

Radiation pattern 

The radiation pattern is created by a set of forces with their corresponding geometry, as when 

a fault plane is in motion where a force couple is acting along the fault plane and another 

force couple is acting along the auxiliary (perpendicular) plane.   

The radiation pattern for P- and S-waves can be obtained using the theory of seismic sources. 

For example, the radiation pattern for a slip on a fault (shear source) is equivalent to the 

pattern created by a set of force couples (double couple), the equivalent body forces.  

The amplitude and polarity of P- and S-waves vary depending on the position of the receiver 

relative to the source. In spherical coordinate system this position is defined by two angles   

and   (Figure 2.10). In the Cartesian coordinate system on this figure the fault plane lies in x1 

– x2 plane and is normal to x3 axis. The slip vector is in the fault plane, parallel to x1 axis. The 

angle   is measured from the x3 – axis - the normal vector to the fault plane, and   is the 

angle measured from x1-axis in the x1 – x2 plane as shown in Figure 2.10.  
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Figure 2.10: Cartesian and spherical coordinate systems and definition of the angles for body wave 

radiation pattern for a double couple source, from Stein and Wysession (2003). 

 

According to the seismic source theory the displacement due to compressional waves far from 

the source will have a radial component 

    
 

      
     

 

 
          .  (2.21)

  

Here the first term ~ 1/r represents the amplitude which decays as 1/r. The second term 

      
 


  (seismic moment rate) represents the pulse radiated away from the source with the 

P-wave velocity α, and arriving at distance r at time t – r/α. This term is called also source 

time function. The final term           is the P-wave radiation pattern with the angles 

described above.  

For shear waves the displacement has two components, uθ and uϕ where  

   
 

      
     

 

 
             (2.22) 

   
 

      
     

 

 
               (2.23) 

where the term       
 

 
  representing the source time function has S-wave velocity 

propagating with speed  . 

M(t) which is known as the source time function or the seismic moment rate function is the 

time derivative of the seismic moment, M0. In general the seismic moment is a function of 

time 

M(t) = D(t)S(t)    (2.24) 

where  is the rigidity, D(t) is the slip on the fault, and S(t) is the fault area.  

 



17 

 

The static scalar seismic moment  

            (2.25) 

represents the average seismic moment, where   is the average slip on the fault with area S. 

The scalar moment is the best measure of earthquake size (Stein and Wysession, 2003). 

An illustration of the radiation patterns for P- and S-waves is shown in Figure 2.11.  

 

Figure 2.11: Example of radiation patterns of amplitude (upper part) and direction (lower part) for P 

and S-waves, modified picture from Stein and Wysession (2003). 

 

Because the radiated seismic waves vary by amplitude and polarity with the angles   and  , 

these parameters can be picked from the recorded seismograms at different locations and used 

to estimate the fault plane geometry. One option is to pick the polarity of the first motions of 

the P- and S-wave on the seismograms. Since the P-wave is the fastest seismic wave, the 

polarity will often be easy to find. For the S-wave instead the polarity is more difficult to find 

due to the later arrival which may be in the coda of P-wave and in the middle of a complicated 

seismic waveform (Stein and Wysession, 2003). 

First polarity of P-wave 

The basic (simplest) method for calculation of the focal mechanism of the seismic source 

relies on the first motion (polarity) of body waves. There are more sophisticated techniques 

which use the waveforms of body waves. All techniques use the fact that the pattern of the 

radiated energy depends on the fault geometry (focal mechanism) and first polarity of the 

body waves and their amplitudes vary depending on the location of the seismic station 

(sensor) relative to the seismic source (Stein and Wysession, 2003).  
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A focal mechanism consists of two perpendicular nodal planes which divide the sphere into 

four quadrants (Figure 2.12). For the nodal planes, one of them is the fault plane and the other 

is the auxiliary plane. The four quadrants are two compressional and two dilatational ones, 

with two of them on each side of the slip fault. 

When a slip on a fault occurs, the seismic waves are emitted and can be registered on 

seismograms. On the seismograms the polarity of the P-wave will be ‘Up’ or ‘positive’ for 

stations (sensors) in the quadrant for which the material moves towards the station 

(compression); the polarity will be ‘Down’ or ‘negative’ if the motion is ‘away from’ the 

station (dilatation) (Stein and Wysession, 2003).  

 

Figure 2.12: Two nodal planes (fault plane and auxiliary plane) define the regions of compressional 

and dilatational first polarity of a P-wave, from Stein and Wysession (2003). 

 

The quadrants for the focal mechanism can be found by plotting the initial motion (polarity) 

of P-waves on a focal sphere. If a sufficient number of initial motions of P-waves have been 

plotted on the sphere, a search for the best appropriate solution of the focal mechanism can be 

performed (Shearer, 2009).  

The geometry of the two perpendicular planes can be obtained and visualized as beachball 

diagrams, which show the two nodal planes and the type of the focal mechanism. The 

beachball diagrams (Figure 2.13) represent a stereographic projection of the lower- or upper 

hemisphere of a small sphere around the seismic source. 
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Figure 2.13: Basic types of focal mechanisms: Beachball diagrams (left) with corresponding fault 

geometries and slip movements (right), from Shearer (2009). 

 

Examples of plotted polarities and the beach-ball diagrams can be seen in Figure 2.14. 

 

Figure 2.14: Focal mechanisms with P-wave polarity plots where the compressional quadrants are 

grey and dilatational ones are white. A cross symbol on the beachball diagram corresponds to 

compression (‘+’ polarity) and a circle corresponds to dilatation (‘-‘ polarity). 
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If nodal planes can be found using the polarities the fault geometry will be known. The 

problem is that the first motion alone can not resolve which plane is the fault plane and which 

one is the auxilliary plane because of the natural symmetry of the first motion about the fault 

plane (Stein and Wysession, 2003). 

2.5.3. Stress orientations 

The focal mechanism can be used to obtain also information about the stress orientations in 

the area of the seismic source. There are three stress axes obtained from the focal mechanism, 

the P-, T- and B-axis (Figure 2.15), where each axis is orthogonal to the others. The P – axis, 

where P stands for ‘pressure’ is oriented in the middle of the dilatational quadrant, the T – 

axis, where T stands for ‘tension’ is oriented in the middle of the compressional quadrant. The 

B – axis is known as the null axis and is orthogonal to the slip vectors and the normal vector. 

 

Figure 2.15: Beachball diagram with defined P-, T- and B-axes. 

2.5.4. Focal mechanism in IMS software 

The procedure for the focal mechanism inversion in this software follows the idea in 

Hardebeck and Shearer (2002) where the main important information is summarized here. 

Pre-processing of the data 

- Source location 

- Station locations 

- P-wave polarities 

- Seismic velocity model 

- Computed ray azimuths 

- Computed takeoff angles 

Calculation 

- Grid search to find all the acceptable solutions with number of misfit polarities ≤ 

maximum acceptable 

- Solutions which do not fulfill the criteria are re-calculated with new input parameters 
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Re-calculation 

- Chose another seismic velocity model from set of possible models 

- Compute new ray azimuths and takeoff angles 

- Find all acceptable solutions 

- Re-calculation is performed until number of misfit polarities ≤ maximum acceptable 

Compile results 

- Compile the set of all acceptable solutions 

- Remove outliers 

- Compile a solution as an average of all acceptable (possible) solutions 

2.5.5. Seismic moment tensor 

The seismic moment tensor of an earthquake represents a general description of the seismic 

source that can be a combination of force couples with different orientation.  

For a fault model a distribution of forces can be made which produces exactly the same 

displacement as a slip on an internal fault. The forces are known as equivalent body forces for 

the fault model (Shearer, 2009).  

A representation by forces needs to conserve momentum inside the elastic medium and can be 

made by two types of equivalent body forces: force couples and double couples (Figure 2.16). 

The force couples consist of two forces which point in opposite directions with a distance d in 

between. Double couples consist of two pairs of force couples perpendicular to each other. 

The two force couples together form a balance where the angular momentum is zero. 

 

Figure 2.16: Force couples and double couple, from Shearer (2009). 

 

The representation of the fault geometry is made by components or force couples. In general 

there are nine different force couples. Their combinations can be used for describing different 

seismic sources, see Figure 2.17. 
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Figure 2.17: The nine force couples of the moment tensor. Each couple consists of two opposite forces 

separated by a distance d, so that the net force is alsways zero, after Stein and Wysession (2003). 

The representation of the seismic source with force couples is commonly made in matrix form 

 

    

         

         

         

     (2.26) 

Some typical moment tensors and their visual representation as beach-ball diagrams are given 

in Figure 2.18. 
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Figure 2.18: Moment tensors and their representation as beach-ball diagrams. The first row 

represents volume change as explosion (left) and implosion (right). Second, third and fourth rows 

represents double couple solutions. The two last rows represent CLVD’s (Stein and Wysession, 2003). 

Decomposition of the seismic moment tensor 

The seismic moment tensor can be decomposed into two main components (eq. 2.27), an 

isotropic component which has a trace of non zero and a deviatoric component which has a 

trace of zero. This decomposition is unique and is presented in an example visually in Figure 

2.19. 

                             (2.27) 



24 

 

 

Figure 2.19: Example of decomposition of a moment tensor into isotropic- and deviatoric components. 

 

The isotropic component of the moment tensor consists of only triple vector dipoles, i.e. Mxx, 

Myy and Mzz. All triple vector dipoles are of the same size, orthogonal to each other and have 

the same polarity in each of their direction, i.e. the trace is non zero and described in Stein and 

Wysession (2003). This type of equivalent body force system represents an explosion or an 

implosion, i.e. a volume change.  

An example of a moment tensor with a triple vector dipole is represented in a matrix form as 

    

    
    
    

     (2.28) 

On Figure 2.18 the examples on top row are of explosion (left) and implosion (right). 

The deviatoric component of the moment tensor can be divided into two components, a 

double couple component and a CLVD (compensated linear vector dipole) component where 

both components have a trace of zero (Figure 2.20). This decomposition is not unique. The 

double couple component consists of double couples which together have a trace of zero. The 

CLVD component consists of sets of three force dipoles that are compensated, with one 

dipole two times the magnitude of the others, see the examples in Figure 2.18. 

 

                (2.29) 

 

The CLVD can be decomposed further into double couples. As described in Havskov and 

Ottemöller (2010) a common decomposition of the moment tensor is to have only two double 

couples, i.e. one major and one minor double couple 

    
    
    
    

  =  
    
     
   

   
   
     
    

  (2.30) 

The CLVD part of the moment tensor consists of double couples where one of the pairs is 

twice as big in strength as the other one, i.e. 

    
    
      
    

 = 
    
   
     

   
   
      
     

  (2.31) 
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Figure 2.20: Example of decomposition of the deviatoric part of a moment tensor into double couple- 

and CLVD components. 

2.5.6. Moment tensor inversion in IMS software 

The procedure for the moment tensor inversion in this software follows the idea in Mendecki 

(1993). Detailed information about the procedure has been obtained by a personal 

communication between the co-supervisors of the thesis Savka Dineva (LTU) and Christina 

Dahner (LKAB) with Ernest Loiter (IMS) and Dmitriy Malovichko (IMS). 

The main important information about the software is summarized here. 

Input parameters for the inversion 

- waveforms (the whole seismograms containing the noise before P-wave, and the P- 

and S-wave) 

- P- and S-arrival times 

- type and coordinates of the sensors, their natural frequency, sensitivity, spectral 

response and orientation 

- parameters of the medium (velocity of P- and S-waves and density) 

- source coordinates and origin time 

Pre-processing of the data 

- Estimation of the dominant period of every trace (as the period of the maximum in the 

amplitude spectrum for single trace or the period corresponding to the maximum of all 

three maximum amplitudes) 

- Estimation of the signal-to-noise ratio for P- and S-waves 

- Estimation of the polarization of P-wave (direction of P-wave) 

- Transformation of the waveforms into P-SV-SH coordinate system (in case of three-

component sensors) 

- Estimation of the polarity of P- and S-wave 

- Calculation of the normalized spectra for P- and S-waves 

- Fitting of normalized spectra with Brune model for P- and S-wave 

- Calculation of the normalized noise spectrum 

Calculation of the components of the moment tensor from a system of linear equations 

      ,     (2.32) 
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where A contains information about the directional angles between every station and the 

hypocentre, M is the vector with all seismic moment tensor components, and B contains 

information about the spectra of P- and S-wave on different components and the polarities of 

P- and S-wave on a set of uni-axial or three-axial sensors. Similar approach is used also in 

Trifu et al. (2000), Trifu and Shumila (2002) and Jordi et al. (2009). 

2.5.7. Types of focal mechanism and moment tensor for mine – induced tremors 

The tremors in mines, can have different source mechanisms. Hasegawa et al. (1989) 

described six types of possible mechanisms of induced seismic events shown on Figure 2.21. 

These six mechanisms are: 

 Cavity collapse 

 Pillar burst 

 Tensional fault 

 Normal fault 

 Thrust fault 

 Shallow thrust fault 

A cavity collapse (Type ‘a’) can be represented as seismic event where the rock in the ceiling 

of the mine is pushed out due to the local stress conditions and falling downwards by gravity 

(rockfall). For a cavity collapse the radiation pattern of the seismic waves will be outwards 

(upwards) for the far-field seismic body waves. The pillar burst (Type ‘b’) is a result of 

combination of convergent forces related to stope face advancement (elastic) and time-

dependent after-effects (inelastic process). When a pillar burst occurs, the radiation pattern of 

the seismic waves will be inwards for the far-field seismic body waves (implosion). A 

tensional fault (Type ‘c’) can be created in the cap rock for a wide excavation where the roof 

subsidence is greatest. In solid rock material, the most common type of fracturing and faulting 

are edge dislocations and comminuted faults, which occur where near the stope face due to a 

combination of blasting and volume closure. The source mechanism is in general normal fault 

type (Type ‘d’). Thrust faults can occur in regions where the principal stress is horizontal and 

the induced stress is large enough to initiate a slip in intact medium close to the floor or a 

faulting along a pre-weakened fault at greater depth (Type ‘e’). Both normal and thrust faults 

are represented by near-vertical dip-slip fault. Shallow thrust faults (Type ‘f’), which is with 

almost along a horizontal fault plane can be created between layers which are almost 

horizontaly oriented and close to the ceiling of the mine because of flexure related to sagging 

in the mine roof (Hasegawa et al., 1989). 
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The corresponding 3-D P- and S-wave radiation patterns for all types of seismic events in 

mines was calculated in Šílený and Milev (2008) and is also presented on Figure 2.21. 

 

Figure 2.21: Six different source mechanisms of mine-induced tremors by Hasegawa et al. (1989) with 

3-dimensions display of the radiation patterns of the P-wave for a corresponding moment tensor (the 

red lobes correspond to compression and the blue lobes correspond to dilatation), from Šílený and 

Milev (2008). 

 

The mining events are also described in Gibowicz (1990) and are categorized into two types 

of events, one category with events directly connected with mining operations and the other 

category with events not directly connected to mining operations. Types of events proposed as 

directly connected with mining operations are: 

 Strain burst 

 Pillar burst 

 Face burst 

Type of events proposed as not directly connected to mining operations, i.e. events associated 

with movement on major geological discontinuities are: 

 Fault slip 

 Shear rupture 

The focal mechanisms in mines are also described and categorized into different seismic 

sources in Hudyma (2007). Figure 2.22 shows some typical seismic sources which can occur 

in mines: events related to crushing of pillars, collapse of open stope, events related to stress 

concentration in areas with contrast rock mass properties (e.g. dykes), and slip on geological 

features (e.g. faults). 
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Figure 2.22: Typical seismic sources in mines, after Hudyma 2007. 
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3. FOCAL MECHANISM 

3.1. Seismic acquisition system 
The entire seismic system for Kirunavaara mine is delivered by ISSI. The absolute majority of 

the sensors were installed in 2008-2009. The system consisted of 135 sensors at the time 

when the analysed seismic events occurred. The system consists of a mix of uniaxial and 

triaxial sensors. All sensors are connected to a single acquisition system. The JMTS software 

developed by ISS International, today IMS, is used for processing the seismic events and for 

the analysis of focal mechanisms for this study. After processing the seismic events a 

visualization of the focal mechanisms relative to the mine maps (in a local coordinate system) 

was performed in the JDI software, also developed by ISS International.  

In the Kirunavaara mine seismic system there are three main types of sensors/geophones that 

record seismic waves, see §1.4. The 4.5 Hz geophones are oriented in a vertical direction but 

the 14 and 30 Hz sensors are installed in inclined drillholes as well. Triaxial geophones are 

oriented with one component along the drill hole inclination and the other two components 

perpendicular to the first one.  

3.2. Seismograms 
The initial waveform from a sesimic event is automatically corrected for the sensor type by 

the software before it is used. The instrument corrections for the geophones are made to 

remove the instrument effects on the waveform.  

Depending on the sensors – uniaxial or triaxial, there are two types of seismograms available 

for determination of the arrival time for the P- and S-waves: one-component (Figure 3.1) or 

three-component seismograms (Figure 3.2). Triaxial seismograms could be rotated before the 

determination of the arrival times of the seismic waves is made (Figure 3.3). The rotation of 

seismograms is made in such a way that one of the components (radial) is in the same 

direction as the incoming (first) P-wave, and two other components are perpendicular to the 

direction of the P-wave. The motions along the two other axes in a seismogram are 

predominantly shear (S-wave). 

 

Figure 3.1: Example of uniaxial seismogram. 
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Figure 3.2: Example of triaxial seismogram.  

(Each component on the seismogram is in different color). 

 

 

Figure 3.3: The same seismogram as in Figure 3.2, now rotated and displaying the radial component 

(red color) and the two perpendicular components (SH- blue and respectively SV- green color).  

 

The arrival time of P- and S-waves in a seismogram can be determined both automatically and 

manually. The automatic determination of P-wave arrivals is based on a Wiener filter with an 

supplementation of other algorithms. For automatic determination of the arrival time of S-
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waves, a polarization filter and a characteristic function are also used. In overal these 

algorithms do not produce results that are good enough to be used for calculation of the 

location of the seismic event and therefore they are not used by LKAB. The processing used 

by LKAB today is made manually by IMS. The prime purpose for this processing is to get an 

acceptable location and estimate the magnitude of the seismic event. The IMS manual 

processing is not good enough to be used for the focal mechanism and seismic moment 

tensors inversion.  

3.3. Coordinate system 
The Kirunavaara mine has a local coordinate system South-East-Up (SEU). In the original 

system the Y-axis runs more or less along the orebody in approximately North – South 

direction, increasing towards South. The X axis runs more or less perpendicular to the 

orebody in approximately East – West direction, increasing towards east. The Z-axis is the 

vertical component increasing downwards. When the mine maps were to be inserted into a 

CAD system this coordinate system proved very difficult to rotate into a mathematically 

correct coordinate system. Therefore the Y- and X-axes shifted place and the Z-axis was 

changed into positive upwards. This coordiate system was also carried into the seismic 

system. In the seismic system, the X-axis corresponds to ‘South’, the Y-axis corresponds to 

‘East’ and the Z-axis corresponds to ‘Up’, i.e. SEU. 

Using the software JMTS, the processed focal mechanisms are visualized in a standard 

seismological manner, i.e. projected on the lower hemisphere in a standard coordinate system 

(Figure 3.4). If necessary it is also possible to change the projection on the lower hemisphere 

to projection on the upper hemisphere and vice versa. 

Internally all mechanisms are represented in South-West-Down (SWD) when they are 

computed, but they are represented also in the mine's coordinate system (for example in the 

Kiirunavaara mine, SEU) whenever convenient. It may be that JMTS shows a SWD oriented 

3x3 matrix in some cases, but it is certainly possible to translate to another conventional 

system if needed. The transfer of 3x3 symmetric tensors between two coordinate systems is 

possible by finding a matrix that converts between the two systems, for example changing a 

point in SWD to SEU can be performed by multiplication with the matrix 

    
   
    
    

     (3.1)

  

A symmetric 3 x 3 moment tensor matrix M can be converted from SWD to SEU coordinate 

system by the transformation: 

 

                    (3.2) 

 

where Ct is the transpose of C (equal for this case) and C
-1

 is the inverse matrix. 
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Figure 3.4: Screen plot of processed focal mechanism in JMTS with results of the best fault planes 

described. The letters N and E show the directions North, and respectively East. The black rectangular 

area (the upper right corner) show the parameters for the best appropriate fault plane solution 

obtained in JMTS when processing a sesimic event. 

  

In JMTS the data for the parameters strike, dip, rake (black rectangular area in Figure 3.4) for 

the best appropriate fault plane solutions (focal mechanism) are presented in the same way as 

these parameters described in §2.5.1. 

When data for the best appropriate fault plane solutions (see Figure 3.4) of the focal 

mechanism are exported from the software JMTS to the software JDI, the data are converted 

from a standard seismological manner (see §2.5.1) to the local coordinate system for Kiruna 

mine (SEU) (Figure 3.5). 

 

Figure 3.5: Coordinate systems (small text) of the focal mechanism used in the specific software (large 

letters). The arrow shows that data for the best appropriate fault plane solution was exported from the 

JMTS-software to JDI-software. 

3.4. Data 
The seismic events provided for this work occurred between the 15-th of January 2010 and 

the 1-st of April 2010 with an addition of one large event which occurred on the 23 rd of April 

JMTS 
Standard 

seismological manner

JDI 
South-East-Up 
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2010 which was also included in this study. In total 169 seismic events were processed for the 

location and focal mechanisms in this study. Only the events with the best focal mechanism 

were processed further to obtain the seismic moment tensor (31 events). The seismic events 

are collected from- and nearby Block 19 in the Kiirunavaara mine where the events have a 

magnitude in the range from -2.0 to 1.8. 

3.5. Procedure 
The initially selected events were processed following the procedure: 

1. The events outside of Block 19 were removed.  

2. Tests of the software concerning sensors, ISSI manual polarity picking of the P- and 

S-arrival times and localization were performed in the beginning of the study. 

3. Guidelines for further collection of data were set up. 

4. The seismic events within the area of Block 19 were re-processed to obtain the focal 

mechanisms taking into account the restrictions defined from the tests, starting with 

the event with the largest magnitude and going down to the smaller events. 

5. The obtained fault plane solutions were assigned qualities according to the defined 

quality system (§3.6).  

Since the seismic events in the database were processed at an earlier stage, the existing 

parameters such as location and magnitude for each event were already available. These 

parameters were used to remove the seismic events outside Block 19 (Step 1) and to process 

the seismic events starting from the largest one (Step 4). New locations of the hypocentres 

were calculated after changing the arrival times with the new manual picks. 

3.6. Quality system 
The focal mechanism or fault plane solution obtained by JMTS software is a set of possible 

solutions (nodal planes). A classification system for the quality of the focal mechanism 

solutions consisting of four groups was set up based on the number and the consistency of the 

possible solutions for the nodal planes for each event. Four quality groups were defined with 

Quality 1 as the best and Quality 4 as the worst. See Table 3.1 for examples. 

Guidelines/rules were created to assess the quality of each fault plane solution. These 

guidelines are presented below: 

 Quality 1 – The possible solutions (nodal planes) are very close to each other (< 10 - 

15). 

 Quality 2 – The possible solutions (nodal planes) are of similar type and they are 

consistent but the difference between them is larger than the difference for Quality 1 

(~ 20 - 30). 

 Quality 3 – The possible soultions (nodal planes) are grouped in a few consistent types 

each one of them within ~ 20 - 30. 

 Quality 4 – The possible nodal planes do not form separate well defined solutions but 

cover a large part of the focal sphere. 
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Table 3.1: Classification system of fault plane solutions. 

  

Quality 1: Very good solution Quality 2: Good solution 

  

Quality 3: Usable solution Quality 4: Bad solution 

 

3.7. Tests 
Some methodological work was done in the beginning to define the limitations and sensitivity 

of the software JMTS to different factors. Results of the tests are presented in this chapter as 

figures, tables and diagrams. The detailed results from these tests are presented in Appendix 

A (number of the seismic event, origin time, magnitude, number of sensors used, quality of 

focal mechanism, distance to the sensors, number of fault plane solutions). Tests of seismic 

events in Appendix A were performed only with triaxial sensors. Analysis of the test results 

were made and followed up with conclusions which defined the guidelines for the re-

processing of the collected data at the next step. 

The parameters from the test of focal mechanisms (magnitude, number of sensors, quality, 

number of nodal plane solution) as presented in Appendix A shall not be mixed up with the 

same occuring parameters in other appendices (Appendix B resp. Appendix C). This, due to 

the fact that these parameters (in Appendix A) can have been obtained with other inputs such 

as arrival time etc. and can therefore differ from the other results (in Appendix B resp. 

Appendix C).  
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3.7.1. Test on the combination of different sensor types 

The focal mechanism solutions were calculated first using data from uniaxial sensors, triaxial 

sensors and a combination of triaxial- and uniaxial sensors. All available triaxial- and uniaxial 

data which was manually evaluated as usable was used for this comparison. Data estimated as 

not usable, e.g. data generated by noise was excluded from this test. 

A comparison of the focal mechanisms using different types of data was performed to see the 

impact on the solutions. The comparison of the solutions was based on the number of possible 

nodal planes for each focal mechanism (NFS) together with the number of sensors used (NS), 

presented in Table 3.2 and the distribution of the nodal planes. It was assumed that the 

number of the possible nodal planes (the solutions) can be used as a proxy for the relative 

quality of the focal mechanisms, the more solutions the poorer quality. The quality of the 

focal mechanisms was also assessed using the classification system proposed here (§3.6). 

The comparison of the solutions for four seismic events is shown in Table 3.2. During the test 

with only uniaxial data it was seen that the number of possible nodal planes (90720) 

respectively the quality (4) was constant regardless of the number of sensors used. Each of the 

four seismic events was tested with the maximum number of available uniaxial sensors. The 

figures of the uniaxial data in the table do not represent all sensor data since the figures from 

the maximum number of used sensors was not saved during the data collection.   
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Table 3.2: Comparisons of the number of nodal plane solutions obtained from uniaxial sensor data 

(left column), triaxial sensor data (middle column) and combined uniaxial and triaxial sensor data 

(right column). NS is the number of sensors used and NFS is the number of the possible fault plane 

solutions. The ID of the seismic events on the top contains information about the date (year-month-

day) and origin time of the event (hour:minutes:seconds). 

NR 20 – 2010-01-26 11:46:38 

Uniaxial data Triaxial data 
Combined data 

(tri- + uniaxial) 

NS NFS NS NFS NS NFS 

12 90720 10 274 10+12 297 

   
NR 35 – 2010-01-31 21:29:16 

Uniaxial data Triaxial data 
Combined data 

(tri- + uniaxial) 

NS NFS NS NFS NS NFS 

16 90720 10 105 10+16 85 

   

NR 42 – 2010-02-08 01:28:22 

Uniaxial data Triaxial data 
Combined data 

(tri- + uniaxial) 

NS NFS NS NFS NS NFS 

20 90720 18 23 18+20 21 

   

NR 51 – 2010-02-11 01:33:37 

Uniaxial data Triaxial data 
Combined data 

(tri- + uniaxial) 

NS NFS NS NFS NS NFS 

22 90720 5 8772 5+22 9521 
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This test showed that using only uniaxial sensors resulted in a very poor quality of the 

solution with a very high number of possible nodal planes with a large spreed regardless of 

the amount of sensors used. This indicates that only uniaxial sensors can not provide a reliable 

solution. Using only triaxial sensors, resulted in a solution with much better quality, with 

smaller number of possible nodal planes which were also better confined. Adding uniaxial 

sensor data to the previously obtained focal mechanism with pure triaxial sensor data in some 

cases provided slightly improved results, but in some cases slightly worse. In overall the 

solutions based on combined triaxial- and uniaxial sensor data did not provide a significant 

improvement compared to the solutions based on pure triaxial sensor data.  

3.7.2. Test with combined use of uniaxial and triaxial sensors 

Tests were performed in order to establish the behavior of JMTS software when uniaxial data 

were added to obtain a new fault plane solution which initially was based on triaxial data.  

First, a seismic event was processed with only triaxial data and the fault plane solutions were 

obtained, see the left column in Table 3.3. Then, a number of uniaxial data (see the example 

on Figure 3.6) was added for the same seismic event. A new nodal plane solution was then 

created by JMTS software which was different and had a lower number of nodal plane 

solutions compared with the first solution (see the middle column and compare with the left 

column). One of the used uniaxial data for the nodal plane solution (in the middle column) 

were then rejected and a re-processing of the seismic event was made and resulted in an 

increase in number of nodal plane solutions (not in table). Then, the earlier rejected uniaxial 

data was re-accepted to the solution without change in the data. This nodal plane solution 

(right column) provided a similar nodal plane solution as the first one (compare the left- with 

the right column), but differed very much to the solution (middle column) containing exactly 

the same data (compare the middle- with the right column).  

Table 3.3: Fault plane solutions obtained using different sensor type data when processing seismic 

events in a specific order. 

Triaxial data 

 

Triaxial + uniaxial data 

(First processing with 

uniaxial data) 

Triaxial + uniaxial data 

(Re-processing with the  

same uniaxial data) 

NS NFS NS NFS NS NFS 

10 588 10+5 53 10+5 434 
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Figure 3.6: The seismogram for the accepted uniaxial data (the vertical line shows the manually 

picked P-arrival). 

 

A repetition of rejecting and re-accepting the same uniaxial data was made, thereafter the 

solution became the same as shown in the right column in Table 3.3. Tests for several seismic 

events was made, where all events had variation in their results when combining triaxial- and 

uniaxial data. 

This test showed a variation in the obtained solutions for the same seismic event when re-

processing the same uniaxial data and triaxial data. These results indicates some instability in 

the algorithm for calculating the focal mechanism with combined triaxial- and uniaxial data. 

When using uniaxial data together with triaxial data some uncertainty in the results should be 

considered. By rejecting and re-processing the uniaxial data for obtaining a solution for the 

focal mechanism which includes triaxial data, the re-processed solution will most probably be 

reliable. Why the results vary is not studied, but it is recommended to do further studies of 

these variations. The effect of the improved spatial coverage by adding uniaxial data was not 

studied. 

After this test a decision was made to use only triaxial sensor data for further studies of focal 

mechanisms and moment tensors since a combination with uniaxial sensor data was 

considered no beneficial and less reliable (see §3.7.1) and did not provide any significant 

improvements of the fault plane solutions.  

3.7.3. Test of the the effect of the number of sensors on the fault plane solution and 

minimum number of sensors 

A test of the effect of the number of sensors on the fault plane solutions and the minimum 

number of triaxial sensors needed for obtaining a reliable (usable) fault plane solution was 

performed. The test included 20 seismic events with magnitudes (obtained from JMTS) 0.6 – 

1.8. The aim of the procedure was to construct a focal mechanism with as many available 

useful triaxial seismograms as possible, then to remove one seismogram (sensor) at the time 

and let the software find the new focal mechanism for the remaining data (number of 

seismograms). The data was deleted starting from the sensors at the largest distance from the 

hypocentre of the seismic event. The four first tests were made by going down to three 

sensors to gain knowledge about the results with lowest possible number of sensors. Then the 
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minimum number of sensors during the test was set to four due to the high number of nodal 

plane solutions if the number of sensors was only three. 

Detailed results from the test are presented in Appendix A. 

The results from this test allowed to make the following observations and conclusions:  

 The number of possible nodal planes for the focal mechanism of each seismic event 

deacreases with the increase of the number of sensors (seismograms) used to obtain it 

(see Figure 3.7). There is only one exception – NR 20 where the number of solutions 

initially decreased with the increased number of sensors but then started to increase.  

 The quality of the solutions remained the same or improved with the increase of the 

number of sensors (seismograms) used.  

 In some cases a good quality solution (‘2’) was obtained for 5 sensors (NR 54 and NR 

110) but in some cases a good quality solution was obtained only with 17 sensors (NR 

42).  

 Obviously the number of the sensors is not the only factors affecting the quality of the 

solution. Most probably the spatial distribution of the sensors is also important.  

 

Figure 3.7: Number of possible nodal planes as a function of the number of sensors used to calculate 

the focal mechanism – example for one seismic event (NR 42 in Appendix A). 

 

This test found that to obtain a usable good quality solution, the minimum number of sensors 

need to be at least five. A decision was made to use at least 4 sensors for further collection of 

data with the aim to test further if it would be possible to construct usable good quality 

solution in some cases with only four sensors. 

The other conclusion of this test is that all available and usable triaxial sensor data should be 

used for the focal mechanism calculation. 
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3.7.4. Test of the effect of the hypocentre location on the focal mechanism 

A small test of hypocentre location and its affect on the focal mechanism solution was 

performed on one seismic event. The test was made by comparing the locations and fault 

plane solutions for the same seismic event using different number of sensors. Both triaxial- 

and uniaxial data was used in this test. The first hypocentre location and fault plane solution 

was obtained by processing the sesmic event with 18 sensors (Figure 3.8), the second was 

obtained by processing the event with 17 sensors (Figure 3.9) where one uniaxial sensor had 

been rejected from the previous solution. 

Figure 3.8: Focal mechanism obtained with data from 18 sensors. Red sensor on the focal sphere 

visualizes a rejected and not used sensor data for the solution, green sensor visualizes used sensor 

data for the solution with manual polarity picking and blue sensor visualizes used sensor data with 

automatically evaluated polarities. 

 

 

Figure 3.9: Focal mechanism obtained with data from 17 sensors. 
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First this test showed that even for a small difference of the number of sensors – one out of 18 

sensors there was a very large difference in the hypocentre location (138 m). The difference 

was especially large in z-direction (78 m). 

Second, the focal mechanism changed dramatically when the number of sensors changed just 

by one. The solution changed from comparatively good (‘2’) to totally useless (‘bad’ - ‘4’).   

Third, because of the change in the hypocentre location the magnitude also change by 0.1 

magnitude units. 

The results from this small test showed that there is a problem that needs to be studied 

systematically further. It is recommended to explore the effect of the hypocentre location on 

the focal mechanism in future studies.  

3.7.5. Test of the automatic polarity 

The reliability of the automatic picking function of polarity for P- and S-waves in JMTS was 

investigated by manual verification on triaxial- and uniaxial seismograms for 10 seismic 

events, each event consisting of a varying number of seismograms. The investigation was 

made for seismograms where a clear P- and/or S-wave existed. In this case, the arrival time 

was manually picked. An example of three-component seismogram with automatic- and 

manual pick of the polarity for P-wave area are shown on Figure 3.10. 

  

 

Figure 3.10: Example of picked first arrival for a ‘-’ polarity of a P-wave (straight vertical line) with 

the automatic chosen polarity (encircled down to the left in red) and the manually chosen polarity 

(down to the right in green). The automatic chosen polarity, “Auto (1)” correspond to ‘+’ polarity. 

The red line in the seismogram corresponds to the radial (pressure) component and the green and 

blue lines correspond to the vertical (SV) respectively horizontal (SH) components in the rotated 

coordinate system. 
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The results for all 10 seismic events are presented in Table 3.4.  

Table 3.4: Test of the reliability of automatic P– and S– wave polarities for 10 seismic events with 

clear polarities. 

Number of P-wave polarities Number of S-wave polarities 

Correct [No] Wrong [No] Wrong [%] Correct [No] Wrong [No] Wrong [%] 

222 4 2 182 7 4 

 

The obtained data from the test of the automatic picking of polarity for P-waves is visualized 

also in a pie-diagram (see Figure 3.11) where the distribution of picks was 98 % correct and 

respectively 2 % wrong. 

 

 

Figure 3.11: Statistics of automatic first polarity compared with manual polarity for the first P-wave 

arrival. 

 

The obtained results for the automatic picking of polarity for S-waves was also visualized in a 

diagram (Figure 3.12) where the distribution of picks was 96 % correct and respectively 4 % 

wrong. 

98% 

2% 

Statistics of automatic first polarity compared 

with manual one (P-waves) 

Correct 

Wrong 
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Figure 3.12: Statistics of automatic first polarity compared with manual polarity for the first S-wave 

arrival.  

  

This test shows that the probability to obtain a correct polarity when using the automatic 

picking function of polarity for P- and S-waves are high if the polarity is clear. This is in case 

that the arrival time is picked manually and is the same for the manually and automatically 

picked polarity. 

For more reliable results it was decided to use only manual picking for polarity in the further 

processing of data in this study.  

3.8. Guidelines for determination of focal mechanisms 
After the tests have been performed and conclusions made, guidelines have been set for 

further processing of the data: 

 Usage of only triaxial sensor data 

 Processing of events with at least four triaxial sensor data 

 Usage of as many triaxial sensor data as possible 

 Manual picking for each arrival time and first polarity of P-wave 

 Usage of only P-waves  

 Usage of only clear P-wave picks 

The last two guidelines to exclude S-waves and use only P-waves for further processing of 

data is based on the fact that the P-waves are often less complex and it is easier to pick the 

arrival time and polarity compared to S-waves and the result for the focal mechanism will be 

more reliable.  

3.9. Results for focal mechanisms 

3.9.1. Results of focal mechanism 

All available data (seismograms) for each seismic event located in- or nearby the area of 

Block 19 was processed. The arrival time and polarity for P-waves were picked manually on 

the triaxial seismograms and the arrival time and polarity of the S-waves were manually 

96% 

4% 

Statistics of automatic first polarity compared 

with manual one (S-waves) 

Correct 

Wrong 
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neutralized on each seismogram, e.g. only the arrival time of the P-wave was used for 

calculation of the hypocentre location for the focal mechanisms.  

Results for hypocentre locations and focal mechanisms were obtained for 169 seismic events. 

All results for the focal mechanisms in this study are presented in Appendix B as a table (with 

the number of the seismic event, origin time, location, number of the fault plane solution, 

number of sensors used, magnitude, quality of the focal mechanism and visually as beach-ball 

diagrams) in Appendix C (with the number of the seismic event, origin time, location, number 

of sensors used, magnitude, quality of the focal mechanism, strike-, dip- and rake of fault 

planes, azimuth and plunge of P-, T- and B-axis). Some examples of the results for the focal 

mechanisms are presented below. 

3.10. Analysis of results 

3.10.1. Quality 

A small amount of the processed seismic events was classified as usable (reliable). In Table 

3.5 the number of focal mechanism solutions for each class are presented. As seen there are 

totally 39 seismic events with usable solutions, i.e. qualities 1 to 3 and the solutions for the 

rest 130 events were classified as bad solutions, i.e. quality 4.  

Table 3.5: Number of focal mechanism for each quality class of the fault plane solutions. 

Quality 1 Quality 2 Quality 3 Quality 4 

4 12 23 130 

 

The percentage for each class of the seismic events is presented in Figure 3.13. Only 23 % of 

the focal mechanism solutions for the seismic events were classified as usable solutions. The 

quality ‘1’ solutions were only 2% of all the solutions, quality ‘2’ were 8 % of all the 

solutions and quality ‘3’ were 13 % of all the solutions. 

 

Figure 3.13: Distribution of quality of the focal mechanism solutions of all 169 obtained focal 

mechanisms in Block 19 (see Appendix B). 
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3.10.2. Triaxial sensors 

The number of sensors used for seismic events was in the range of 4 - 18 in this study of the 

focal mechanisms. The range of used sensors for the events with different quality of the fault 

plane solutions is presented in Figure 3.14.  

 

Figure 3.14: Number of sensors used to obtain fault plane solution with different quality. 

 

In overall the number of possible nodal plane solutions for a processed seismic event have a 

trend to decrease as more triaxial sensors are being used as seen in Figure 3.15 respectively 

Figure 3.16. The decreasing trend is more clearly seen in Figure 3.17 where the mean value of 

the number of possible nodal planes for all seismic events is presented and less clearly seen in 

Figure 3.18 where the mean value for only the events with quality 1-3 is presented.  

Fault plane solutions with better quality are achieved sometimes with less sensors. For 

example the seismic events with number 128 in Appendix B has a better quality with less 

sensors compared to event number 131. The solution for event 128 is obtained from data from 

6 sensors and it is with quality ‘2’ while the solution for event 131 is obtained from 9 sensors 

and it is with quality ‘4’. 
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Figure 3.15: Number of possible nodal planes for each fault plane solution versus the number of used 

triaxial sensors for each seismic event in Appendix B. 

 

 

Figure 3.16: Number of possible nodal planes for each fault plane solution versus the number of used 

triaxial sensors, only for solutions of quality 1-3 in Appendix B. 
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Figure 3.17: Mean value of the number of possible nodal planes for each fault plane solution 

calculated for a certain number of used sensors. The diagram is based on all obtained fault plane 

solutions in Appendix B. 

  

 

Figure 3.18: Mean value of the number of possible nodal planes for each fault planes solutions 

calculated for a specific number of used sensors. The diagram is based on only fault plane solutions 

with qualities 1-3 in Appendix B.  

3.10.3. Magnitude 

The magnitude range of the seismic events in this study varies from -2.0 to 1.8. Comparing 

these minimum and maximum magnitudes with Table 2.1, the smallest magnitude can be felt 

in a distance more than 100 meters away from the source. This size of magnitude could be 

detected by a microseismic monitoring system. The largest seismic event instead is felt very 

clearly and the seismic event can be detected outside of the mine by the regional seismic 

sensors.  

Each quality class was compared with the magnitude of the seismic event to define if there is 

any connection between the quality of the fault plane solution and the magnitude. The aim 
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was to define if the focal mechanisms for the larger seismic event had a better quality and 

what was the smallest event for which would be possible to get comparatively good solution. 

The number of the possible nodal planes for each fault plane solution was compared with the 

magnitude as shown in Figure 3.19. The results showed that for each magnitude there was a 

variety of possible numbers of nodal planes. In overall a trend can be seen that a decrease of 

the maximum number of possible nodal planes takes place with the increase in the magnitude. 

 

Figure 3.19: Distribution of number of possible nodal planes for each fault plane solution versus the 

magnitude for all seismic events (except seismic event NR 31). 

 

The studied events were divided into two groups with magnitudes in the ranges of -2.0 to -0.1 

and 0.0 to 1.8. A study of frequency of the events with number of fault plane solutions within 

certain intervals was made. The intervals and frequencies can be seen in Table 3.6. 
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Table 3.6: Frequency of studied seismic events with number of possible nodal planes for each fault 

plane solutions within certain range for two magnitude intervals. 

Number of  

possible nodal planes 
Mag. -2.0 to -0.1 Mag. 0.0 to 1.8 

Interval Frequency Frequency 

500 32 4 

1000 18 2 

1500 15 5 

2000 13 3 

3000 21 6 

4000 10 3 

5000 7 1 

10000 20 4 

20000 4 0 

More 0 1 

 

In the group with smaller magnitudes (Figure 3.20 – blue columns) the frequency of seismic 

events is highest in the interval from 0 to 500 with a decreasing trend in respect to increasing 

number of possible nodal planes with some exceptations.  

 

Figure 3.20: Frequency of the seismic events within a certain interval of number of possible nodal 

planes for each focal mechanism for two magnitude intervals – -2.0 to -0.1 and 0.0 to 1.8. 
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For the group with larger magnitudes (Figure 3.20 – red columns) there is no trend of increase 

or decrease. There are only a few events with number of possible nodal plane solutions larger 

than 4000. 

The quality classes for focal mechanisms are presented in Figure 3.21 plotted with its smallest 

magnitude. Quality ‘1’ was obtained for a minimum magnitude of -1.3 and both quality ‘2’ 

respectively quality ‘3’ was obtained for a minimum magnitude of -1.6. 

 

Figure 3.21: The minimum magnitude (vertical axis) for each quality of all the processed focal 

mechanisms (horizontal axis). 

3.10.4. Strike orientations 

Each solution for the focal mechanism consists of two nodal planes. The model of the seismic 

source does not allow to identify which one of the two nodal planes is the actual fault plane 

and which one is the auxilliary plane. That is why a statistics is made for both nodal planes. 

The strike orientations of both nodal planes for all seismic events in Block 19 are analysed 

using a rose diagram, Figure 3.22. There are two different trends with increased number of 

cases. The first one with more cases is with azimuth ~165±15 (or 345±15), close to 

North-South direction. The second minor trend is with azimuth ~ 45±22 (or 225±22).   
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Figure 3.22: Rose diagram for the strike orientations of the nodal planes for all focal mechanisms in 

Block 19. The scale along the radius shows the number of cases. 

 

The rose diagrams only for the strike orientations of the nodal planes of the focal mechanism 

with good quality shows slightly different trends (Figure 3.23). There is a large number of 

cases within a wide range of strike orientations between 140º-180º (or 320º-360º). There is a 

smaller amount of cases from a second sharp maximum around 45º (or 225º). 
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Figure 3.23: Rose diagram for strike orientations of the nodal planes for focal mechanisms in Block 

19 with good quality of the solutions. The scale along the radius shows the number of cases. 

3.10.5. Volume – focal mechanism 

The volume within the Kirunavaara mine with studied seismic events and determined focal 

mechanisms can be defined by the range of each one of the coordinates of the hypocentres: 

                                                  (3.1) 

                                                  (3.2) 

                                                      (3.3) 

Two of the seismic events: NR 31 and NR 113 were excluded from the volume calculations, 

due to localizations far away from Block 19. The total volume was calculated to be ~2 km
2
. 

3.11. Focal mechanism in 3D-view 
The focal mechanisms in this study were vizualised in 3D view by using JDI software 

developed by ISSI. All the determined focal mechanisms are represented as beach-ball 

diagrams and visualized in  

Figure 3.24 (plan) and Figure 3.25 (section facing east). The size of the spheres is 

proportional to the magnitude of the seismic events.  
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Figure 3.24: 3D view of all determined focal mechanism for the period 2010-01-15 – 2010-04-23 

within Block 19 of the Kiirunavaara mine (beach-ball diagrams are displayed from a top view). 
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Figure 3.25: 3D view of all determined focal mechanism for the period 2010-01-15 – 2010-04-23 

within Block 19 of the Kiirunavaara mine  

(beach-ball diagrams are displayed in a east direction view). 

 

Figure 3.26 shows 3D view of all determined focal mechanism of the largest events. Here, the 

size of the spheres is again proportional to the magnitude of the largest seismic events, but the 

smaller events are instead decreased to one small size. The seismic events with largest 

magnitude are vizualised in this manner for a more clear view. The major part of the events 

with focal mechanisms are inside Block 19 while a few events are not. Initially, all seismic 

events were within Block 19 but some locations changed after the re-processing of the seismic 

events. 
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Figure 3.26: 3D view of all determined focal mechanisms in Block 19 for the period 2010-01-15 – 

2010-04-23. The beach ball diagrams are proportional to the magnitude of the largest seismic events, 

but the smaller events are instead decreased to one small size. 
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4. SEISMIC MOMENT TENSOR 

4.1. Software 
The software (JMTS) which was used for determination of focal mechanisms was also used 

for determination of the seismic moment tensors. The visualization of the seismic events was 

made in the JDI software. 

4.2. Data 
The seismic events which were processed to obtain the seismic moment tensors were defined 

based on the results for the focal mechanisms. The aim was to obtain the moment tensors for 

the seismic events that had the best quality focal mechanisms. 

The results for the focal mechanisms contained a large amount of bad solutions i.e. quality 4 

(130 events) which made them unreliable for comparison. We assumed also that the data 

available for these events probably will not allow a high-quality results for the moment tensor 

either. Therefore only the data from the seismic events with higher quality of the focal 

mechanism - qualities 1-3 (39 events) were used to obtain the seismic moment tensors. For 

some of these seismic events, the software was unable to complete a moment tensor solution 

due to the lack of information, i.e. too few picked polarities of S-waves. In this study in total 

31 seismic events were processed sucessfully to obtain seismic moment tensor solutions. 

4.3. Guidelines for determination of moment tensor 
The guidelines for determination of moment tensors are based also on the tests on the focal 

mechanisms with some additions. These guidelines are presented below: 

 Usage of same seismic data as for the focal mechanism 

 Usage of only triaxial sensor data 

 Manual picking for each arrival time and first polarity of P- and S-waves 

 Usage of same P-polarity picked for the corresponding focal mechanism 

 Usage of same arrival time for P-waves as for the corresponding focal mechanism  

 Usage of both P- and S-waves data 

 Usage of only clear P- and S-wave picks 

The arrival times and polarity of the P-waves were the same as for obtaining the focal 

mechanisms. Manual picking of arrival time and polarity of P- and S-waves were performed. 

S-waves were included in this study, but only if clear S-wave polarities and arrival times were 

found. A manual assessment of each first S-wave was performed in this case. The S-wave 

arrivals and/or polarities which were not clear were neutralized (excluded from the 

processing).  

4.4. Results 
The result from the moment tensor inversion is a set of nine components. This result can be 

used to obtain different types of decompositions and the parameters of the double-couple 

solution. The results can be visualized on a steregographic net similar to the focal mechanism. 

The results for all moment tensor solutions copied from the screen after they were obtained 

are presented in Appendix D (full moment tensor solution, the standard deviations, best 

double couple, decomposition of the full moment tensor, decomposition of deviatoric part and 

volume change, together with the visualizations of the full seismic moment tenor and the 

decompositions). Example of the screen plots is shown on Figure 4.1. The results for the fault 

planes of the double-couple solution and the principal axes are presented in a table format in 

Appendix E (number of seismic event, origin time, location, number of sensors used, 
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magnitude, strike-, dip-, and rake of double couple solution, azimuth and plunge of P-, B-, and 

T-axis). Results for moment tensor solutions were obtained for 31 seismic events. 

4.5. Coordinate system 
In Figure 4.1 a screen plot of a processed moment tensor in the JMTS software can be seen 

which visualizes the moment tensor and its decomposition into isotropic- and deviatoric 

components (blue rectangular area) and the deviatoric decomposition (green rectangular area) 

in a standard seismological manner (see §2.5.1). Also the parameters strike, dip, rake (black 

ractangular area) for the best appropriate fault plane solutions are presented in the same way. 

The principal axes are also presented (yellow rectangular area), where the azimuth is 

measured clockwise from North and plunge is measured from a horizontal plane downwards. 

The moment tensor components (red rectangular area) are defined in the coordinate system 

SWD.  

 

Figure 4.1: Screen plot of a processed moment tensor in JMTS with its decomposition, the deviatoric 

component decomposition and all obtained parameters. The blue rectangular area shows the moment 

tensor and its decomposition, the green rectangular area shows the decomposition of the deviatoric 

component, the red rectangular area shows the moment tensor components, the black rectangular 

area shows the parameters of the best appropriate fault plane solution and the yellow rectangular 

area shows the parameters of the principal axes. 
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When the data from the obtained moment tensor in the JMTS software are exported to the JDI 

software, the data are converted from either a standard seismological manner or SWD to the 

local coordinate system for Kirunavaara mine (SEU), see Figure 4.2. 

 

Figure 4.2: Coordinate systems (small text) of the moment tensor used in the specific software (large 

letters). The arrow shows that data for the best appropriate fault plane solution was exported from the 

JMTS software to JDI software. 

4.6. Analysis of the results 

4.6.1. Standard deviation of the solutions 

The results for the moment tensor contained in some cases also a standard deviation. Out of 

31 cases only 4 had standard deviations (NRs 24, 25, 34, 45 – see Appendix D). The sample 

was small, but some simple statistics was made on this data. The range of the standard 

deviation for all events was very wide – between 18 and 600%. This range varied from event 

to event (see Table 4.1). It varied also from component to component. The components with 

the smallest standard deviation were found to be with indices 23, 32 and 33. The components 

with the largest standard deviation were found to be with indeces 12 and 21. 

Table 4.1: Standard deviation as a percentage of the moment tensor component for all components of 

the moment tensor for four events. The minimum and maximum of the standard deviation for each 

component and each event are also presented. 

Component index NR 24 NR 25 NR 34 NR 45 Min Max 

11 85 49 95 343 49 343 

12 594 303 243 140 140 594 

13 163 70 100 18 18 163 

21 594 303 243 140 140 594 

22 49 75 44 187 44 187 

23 64 86 53 47 47 86 

31 163 70 100 18 18 163 

32 64 86 53 47 47 86 

33 44 31 48 77 31 77 

Min 44 31 44 18 - - 

Max 594 303 243 343 - - 

 

4.6.2. Decomposition 

A decomposition of the seismic moment tensor was made by the JMTS software into 

isotropic, deviatoric, double-couple and CLVD components. The moment tensor is 

decomposed first into isotropic and deviatoric components. After this the deviatoric 

JMTS 
Standard seismological 

manner/SWD

JDI 
South-East-Up 
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component is decomposed into double-couple and CLVD, see eqs. 2.27 to 2.31, §2.5.5 and 

Figure 4.1. 

A visual image on a stereographic net was obtained for each one of these components as well 

as the percentage of the contribution to the full moment tensor. The statistics on the relative 

contribution of different components showed that out of 31 obtained moment tensors 17 had 

predominantly deviatoric component (> 50%) (Figure 4.3 – top row). The decomposition of 

the deviatoric component showed mixed double-couple and CLVD components (Figure 4.3 – 

bottom row). For these 17 moment tensors with predominant deviatoric components 12 had 

predominat double-couple component and the rest 5 – predominant CLVD component. Out of 

14 moment tensors with predominant isotropic component, 12 represented implosion and the 

remaining 2 – explosion. 

 

Figure 4.3: Histograms of the percentage of different types of components of the 31 moment tensors 

determined in this study. 

4.6.3. Strike orientations 

A rose diagram similar to Figure 3.22 and Figure 3.23 was made for the strike orientations of 

the nodal planes of the double-couple component of the obtained moment tensor solutions. 

The aim was to compare the orientations obtained from the focal mechanism with those 

obtained from the moment tensors. The rose diagram (Figure 4.4) showed a maximum in the 

nodal plane orientations at about 350-10 (or 170-190), where 0 refers to coordinate 

system SEU. A smaller maximum is observed about 30-50 (or 210-230). 
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Figure 4.4: Rose diagram for strike orientations of the nodal planes of the double-couple component 

of the moment tensor solutions for Block 19. The scale along the radius shows the number of cases. 

4.6.4. Volume – moment tensors 

The seismic events collected as moment tensors were gathered in the Kirunavaara mine within 

a range of coordinates: 

                                               (4.1) 

                                                (4.2) 

                                                   (4.3) 

The total volume covered by their hypocentres is ~0.3 km
2
. 

4.7. Moment tensor in 3D-view 
The moment tensor solutions in this study were visualized in 3D view by using the JDI 

software. All processed moment tensors are represented as beach-ball diagrams in Figure 4.5 

where the size of the spheres is proportional to the magnitude of the seismic event.  



61 

 

 

Figure 4.5: 3D view of all processed moment tensors in block 19 

 for the period 2010-01-15 – 2010-04-23.  
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5. ANALYSIS OF THE RESULTS 

5.1. Dominant orientation of the structures in Block 19 
Interpretations of seismically active geological structures at the production area Block 19 at 

level 964 metres are made based on analysis of the seismic clusters in MS-RAP by LKAB. 

There are two different interpretation of the structures – an old and a new one. The old 

interpretations show strikes mostly in East-West direction and the new interpretations show 

strikes mostly in North West-South East direction.  

5.2. Focal mechanism 

5.2.1. Comparison with seismically active structures 

Location specific analysis of seismic events 

The locations of the seismic events were plotted onto a mine map ( 

Figure 5.1) together with the interpretated geological structures at level 964 m in Block 19. 

Only the seismic events classified as usable solutions with new locations (re-located before 

the focal mechanism calculation) that differed from the previous ones in the LKAB database 

by no more than 35 meters were plotted. The focal mechanisms for the events with larger 

difference between the locations were not used. The mechanisms with locations far away 

from the orebody were not used either. Of the 39 seismic events which were classified as 

usable solutions, only six events were left for this comparison. 

The locations of the seismic events are calculated with some errors. These errors need to be 

taken into account when trying to find a relationship between the focal mechanisms and the 

orientation of the interpreted geological structures.  

From Jdi software Location error for each processed seismic event was available. The 

location error represents the average travel time misfit which is the difference between 

expected arrival times of P- and S-waves and the picks of arrival times. There are also other 

parameters which affects the location error, one example is the velocity model used in the 

mine. Location accuracy could therefore be small due to a small difference in the average 

travel time, but in reality the location accuracy could be large due to a incorrect velocity 

model. The location error for the six seismic events presented in Table 5.1 is therefore not a 

direct measure of the location accuracy, but it can be considered as an indication of the 

accuracy. The errors for these seismic events vary between 8 and 44 metres. A radius with the 

location error was plotted around each location. The strike orientation of the structures which 

are within this circle was compared with the strikes of the nodal planes.  
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Figure 5.1: Mine map from production area 964 m (top view) with locations of the seismic events 

(white rhombs). Old interpretation of structures (orange lines), new interpretation of structures (green 

lines) are plotted together with the strike orientations (red- and blue lines) and dips (red- and blue 

numbers) obtained from the best nodal plane solution of the analysed focal mechanisms. Red lines are 

oriented ~perpendicular to the orebody and blue lines are oriented ~parallel to the orebody. The 

circles around the hypocentres of the seismic events correspond to the accuracy of their location. The 

number of the event (NR) corresponding to the number in Appendix B is shown on the right side of 

each seismic event location. 

 

There are also geological structures which are located close (within ~10 m) to the circle of the 

location error, these structures were also taken into account for the analysis of the seismically 

active structures. 

  

N 

NR 32 

NR 3 

NR 42 

NR 151 

NR 75 

NR 148 100 m 

O1 

O2 

O3 

O4 

N1 N2 

N3 
N4 

N5 
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Table 5.1: Focal mechanisms plotted in Figure 5.1 with all possible nodal planes (top row), the best 

possible strike and dip from the nodal plane solution (rows 2-3 resp. 6-7), other possible and 

estimated average strike orientations for every focal mechanism with the possible strike variations 

(rows 4-5 resp. 8-9) and the location error in meters (bottom row). Orange rows (2-5) are presented 

in a Standard seismological manner (SSM) and blue rows (6-9) are presented in SEU coordinate 

system. 

 NR 3 NR 32 NR 42 NR 75 NR 148 NR 151 

Focal mechanism 

(SSM) 

      
Strike1 (SSM)/ 

Dip1 

202 ± 10/ 

78 

278 ± 5/ 

1 

62 ± 5/ 

76 

184 ± 15/ 

89 

316 ± 20/ 

15 

357 ± 20/ 

76 

Strike2 (SSM)/ 

Dip2 

87 ± 10/ 

26 

188 ± 20/ 

90 

183 ± 10/ 

27 

92 ± 45/ 

17 

159 ± 20/ 

76 

124 ± 70/ 

22 

Strike3 (SSM) 160 ± 10 - - - 30 ± 5 - 

Strike4 (SSM) - - - - 110 ± 10 - 

Strike1 (SEU)/ 

Dip1 

158 ± 10/ 

78 

82 ± 5/ 

1 

298 ± 5/ 

76 

176 ± 15/ 

89 

44 ± 20/ 

15 

3 ± 20/ 

76 

Strike2 (SEU)/ 

Dip2 

273 ± 10/ 

26 

172 ± 20/ 

90 

177 ± 10/ 

27 

268 ± 45/ 

17 

201 ± 20/ 

76 

236 ± 70/ 

22 

Strike3 (SEU) 200 ± 10 - - - 330 ± 5 - 

Strike4 (SEU) - - - - 250 ± 10 - 

Location error [m] 25 18 44 20 8 17 

 

The focal mechanisms also have some errors or even different possible solutions which also 

had to be taken into account. Variations in consistency of the strikes from the possible nodal 

plane solutions differs between each event. The total variation of strikes for the possible nodal 

plane solutions of the six seismic events was estimated to 30° for the smallest variation 

respectively 140° for the largest. The focal mechanism and the strikes of the possible nodal 

plane solutions together with the strikes of the geological structures within the location error 

of each seismic event (Figure 5.1) are presented in Table 5.2. 



65 

 

Table 5.2: Focal mechanisms with possible nodal plane solutions, for main strike orientations of 

possible nodal plane solutions and strikes of the nearby geological structures for each focal 

mechanism. Purpule lines with corresponding text show each of the main strike orientation of the 

possible nodal planes. Arrows with corresponding text shows the strike orientation of the nearby 

geological structures. 

NR 3 NR 32 NR 42 

   

NR 75 NR 148 NR 151 

   

The uncertainty of the location of the seismic events (the circle around the epicentre) provides 

all different possible locations where the actual seismic events may occur. Comparing the 

nearby geological structures with the uncertainties in the location of the seismic events, 

provides a few possible orientations for each event. Some events have only one geological 

structure to be compared with (NR 148) and other events, for example seismic event NR 42 

have five possible geological structures to be compared with.  

Dominating strike orientations of geological structures at production level 964 meters 

The consistency of the nodal plane strike orientations for the six seismic events was compared 

with the interpretations of structures from MS-RAP. The two strike orientations obtained from 

the best fault plane solution from each focal mechanism were taken into account in the 

analysis, also other possible main strike orientations which occurred for some events were 

also taken into account.    
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The possible strike orientations and their variations for each seismic event were estimated and 

are presented in Table 5.1. First the strike orientations and their corresponding variations were 

estimated using the diagrams of the focal mechanisms with different possible nodal plane 

solutions from JMTS, see the diagrams in Table 5.1. Each strike orientation was then 

converted into coordinate system SEU from coordinate system SSM with the aim to have the 

interpretations of the geological structures and the nodal plane solutions in the same 

coordinate systems (Figure 5.1). 

In Table 5.2 the strike orientations of the seismic events are visualized together with the 

strikes of the nearby geological structures. The strikes for the seismic events and the 

geological structures were compiled in Table 5.3.   

Table 5.3: Comparison between the strike orientation (SEU) of possible nodal planes from seismic 

events compared with a possible strike of a nearby geological structures. Orange respectively green 

squares show the old respectively new interpretations of the geologcial structures (the first two 

columns). (The strikes of the geological structures in parentheses show  the opposite direction.) The 

columns with white squares show the strikes from the seismic events with the best nodal plane 

solutions obtained from the software Jdi. Bolded strike orientations of seismic events mark the 

solutions that have similarity with the corresponding strike of geological structure (within 30). 

 

The compilation of strikes from possible nodal plane solution of seismic events and strikes 

from the nearby geological structures show some similarity in strike orientations. For five 

seismic events a similarity between possible nodal planes and their corresponding nearby 

geological structures was identified, see Table 5.3. For three of the events, NR 3, NR 32 and 

NR 42 there was one strike orientation of a geological structure identified as similar to one 

strike orientation of possible nodal plane solution. For two of the events, NR 75 and NR 151  

there were two strike orientations of nearby geological structures identified as similar to two 

strike orientations of their corresponding possible nodal plane solutions.  

Unfortunately, the comparison in dip angles between the nodal planes and the nearby 

geological structures was made only for one event (see Table 5.4). The reason for this was 

that only one seismic event (NR 75) had its strike in more or less the same direction as the 

Geological structures Seismic event 

  NR 3 NR 32 NR 42 NR 75 NR 148 NR 151 

Strike 

O1 97 (277)       

O2 95 (275)   
298 ± 5 

177 ± 10 
   

O3 260 (80)  
82 ± 5 

172 ± 20 

298 ± 5 

177 ± 10 

176 ± 10 

268 ± 45 
  

O4 80 (260) 

158 ± 10 

273 ± 10 

200 ± 10 
    

3 ± 20 

236 ± 60 

N1 148 (328)       

N2 143( 323)   
298 ± 5 

177 ± 10 
   

N3 319 (139)   
298 ± 5 

177 ± 10 
 

44 ± 20 

201 ± 20 

330 ± 5 

250 ± 10 

 

N4 117 (297)  
82 ± 5 

172 ± 20 

298 ± 5 

177 ± 10 

176 ± 10 

268 ± 45 
 

3 ± 20 

236 ± 60 

N5 148 (328)       
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corresponding nearby geological structure and therefore made it possible for a comparison, 

i.e. 268 degrees for the seismic event NR 75 and 260 degrees for the geological structure. The 

other nodal planes and geological structures had similar strike orientations but pointing in 

opposite directions (~180 degrees in between) which provided dip angles in opposite 

directions since the dip angle is measured by the right hand rule, e.g. seismic event NR 42 

(298 degrees) compared with the geological structure N4 (117 degrees) in Table 5.3.  

Table 5.4: Dip angles for the nodal plane and nearby geological structure with similar strike.   

Geological structures NR 75 

O3 87 17 

 

5.2.2. Seismically active structures 

Comparing the orientation of the seismically active structures with the possible nodal planes 

of the focal mechanisms for each one of the six seismic events in Figure 5.1, shows that for 

one case the nodal planes have some similarity not only with one but a few different 

structures and for some events the nodal planes can not be related to any of the structures. 

Taking into account the location error for the seismic events the structures to which 

potentially the largest number of seismic events can be related are N4 with four different 

possible seismic events and O3 with 3 different possible seismic events. There are a few 

structures to which no seismic events can be potentially related: O1, N1 and N5. 

The comparison of the strikes from Table 5.2 for the possible nodal plane solutions with their 

nearby geological structures, showed that three geological structures have similar strike 

orientations to some of the strikes of the nodal planes. These three geological structures are 

O3, O4 and N4. As seen the orientation of O3 is similar to the possible nodal planes from 

seismic event NR 32 respectively NR 75, the orientation of O4 is similar to the nodal planes 

of event NR 3 respectively NR 151 and N4 is similar to NR 42, NR 75 respectively NR 151.  

The dip angle of one of the possible nodal planes of seismic event NR 42 show similarity with 

the dip angle of structure N4. 

Any conclusions about which of the two types of interpreted structures that are most 

appropriate for the processed seismic events is difficult to establish due to the small amount of 

quality data.  

5.3. Moment tensor 

5.3.1. Comparison with seismically active structures 

Location specific analysis of seismic events 

Moment tensors were plotted onto a mine map (Figure 5.2) with interpretated geological 

structures. The seismic events with difference in the locations from the earlier processing 

greater than 35 meters were excluded. Also moment tensors with locations too far away from 

the orebody were excluded. Only two events with moment tensors remained from 31 moment 

tensors in total for this comparison. 
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Figure 5.2: Mine map from production area 964 m (top view) with locations of the seismic events 

(white rhombs). Old interpretation of structures (orange lines) and new interpretation of structures 

(green lines) are plotted together with the strike orientations (red- and blue lines) and dips (red- and 

blue numbers) obtained from the best nodal plane solution of the analysed moment tensors. Red lines 

are oriented ~perpendicular to the orebody and blue lines are oriented ~parallel to the orebody. The 

circles around the hypocentres of the seismic events correspond to the accuracy of their location. The 

number of the event (NR) (corresponding to the number in Appendix D) is shown on the right side of 

each seismic event location. 

 

As described for the focal mechanisms (§5.1.1) the locations of the seismic events are 

calculated with some errors. The location errors for the two events was also available from Jdi 

software. Errors of the location for seismic event NR 3 was 25 metres and for event NR 148 

the error was 18 metres, see Table 5.5. 

 

 

 

 

 

O1 

O2 

O3 

O4 

N1 N2 

N3 N4 

N5 
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Table 5.5: Double couple solutions of moment tensors plotted in Figure 5.2 with the best possible 

solution of strikes and dips. 

 NR 3 NR 148 

Moment tensor (SSM) 

  

Strike1 (SEU)/Dip1 21/65 104/31 

Strike2 (SEU)/Dip2 266/48 230/70 

Location error [m] 25 18 

 

A radius with the location error was plotted around each location in Figure 5.2. The strike 

orientation of the structures which are within this circle was compared with the strikes of the 

nodal planes. Geological structures which are located close (within ~10 m) to the circle of the 

location error were taken into account in the comparison. 

Dominating strike orientations of geological structures at production level 964 meters 

In Table 5.6 strikes from the best nodal plane solution of the two seismic events are presented 

together with the strikes from their nearby geological structures. The strike orientations for 

the two seismic events were compared with the interpretated geological structures. The two 

strike orientations from each event obtained from the best possible solution of the moment 

tensor were taken into account in the analysis. 

Table 5.6: Double couple solutions of moment tensors with possible nodal plane solutions and strikes 

of the nearby interpreted geological structures for each double couple solution of the moment tensor. 

Arrows with corresponding text shows the strike orientation of the nearby geological structures. 

NR 3 NR 148 

 
  

 

For both seismic events there were nearby located geological structures. For seismic event NR 

3 only one geological structure was close enough for comparison. One strike orientation from 

O4

  

N3 
O4

  

N3 
O1 

O1 
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the nodal plane solution of the seismic event NR 3 and the strike orientation of the only 

nearby geological structure O4 showed similarity. The difference between these strike 

orientations is 6 degrees as presented in Table 5.7. The nodal plane strike orientations of the 

seismic event NR 148 were compared with two nearby located geological structures O1 and 

N3. A similarity for the strikes of one of the nodal planes and the geological structure O1 

could be seen. The difference between these strike orientations is 7 degrees (see Table 5.7).  

The two seismic events NR 3 and NR 148 had one of their possible nodal planes striking in 

relatively same direction as one of the nearby structures. Therefore, as the difference between 

these strike orientations is small (6 respectively 7 degrees) it can be assumed that these 

seismic events occurred somewhere on the corresponding nearby geological structures, i.e. 

NR 3 on O4, respectively NR 148 on O1.   

Table 5.7: Strikes (SEU) of the best nodal plane solution from seismic events compared with a 

possible strike of a nearby geological structure. Parentheses marks the oppostie direction of the strike. 

Bolded strike orientations of seismic events marks similarity with corresponding geological structure. 

 

The comparison of the dip angle for those nodal planes with similar strike orientations to a 

nearby geological structure (Table 5.8) showed no similarity. The dip angle of the possible 

nodal plane for the seismic event NR 3 is 48 degrees and its corresponding geological 

structure has a dip 79 degrees. For seismic event NR 148 the dip angle of the possible nodal 

plane is 31 degrees and its corresponding geological structure has a dip of 86 degrees. The 

difference between the dip angles is 31 and 55 degrees. 

Table 5.8: Dip angles obtained for the possible nodal planes of the moment tensor solutions with 

similar strike orientations to that of the nearby geological structures.   

Geological structures Seismic event 

  NR 3 NR 148 

 Dip 

O1 86  31 

O4 79 48  

 

5.3.2. Seismically active structures 

Taking into account the uncertainty in the locations for the two seismic events it can be seen 

that both events can be related to at least one geological structure. For both of the seismic 

events the strike orientation of one possible nodal plane is similar to the strike orientation of a 

Geological structures NR 3 NR 148 

 Strike 

O1 97 (277) 
 

104 

230 

O2 95 (275)   

O3 260 (80)   

O4 80 (260) 
21  

266  

    

N1 148 (328)   

N2 143( 323)   

N3 319 (139) 
 

104 

230 

N4 117 (297)   

N5 148 (328)   
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nearby geological structure. The strike orientation of the nodal planes for seismic event NR 3 

is similar to the strike orientation for geological structure O4 and the strike orientation for the 

nodal planes for event NR 148 is similar to the strike orientation for geological structure O1. 

The corresponding dip angles of the planes show no similarity. 

The two seismic events with moment tensor solutions have predominant deviatoric 

component (see Appendix D) which indicates that these events are related to fault slips and 

shear ruptures. Seismic event NR 3 has a deviatoric component which represent 59.6 % of its 

full moment tensor solution where the double-couple solution represents 33.5 % and CLVD’s 

represents 26.1 % of the moment tensor solution. The full moment tensor solution of seismic 

event NR 148 has a deviatoric component which represents 71.4 % where 65.8 % is the 

double-couple solution and the CLVD’s is 5.7 % of the full moment tensor solution.  

It is difficult to make any conclusion which one of the two types of the interpreted structures 

(old- and new ones) is more consistent with the nodal planes of the processed seismic events 

due to the small amount of quality data.   

5.4. Comparison between the results for focal mechanism and seismic 

moment tensors  

5.4.1. Hypocentre location 

A comparison was made between the hypocentre locations obtained for the same events with 

the moment tensors and the focal mechanisms. Table 5.9 shows the difference event by event 

calculated using the equation 5.1.  

                            
         

         
 
   (5.1) 

There is a difference between the locations as the number of the arrival times used for the 

location depends on the number of sensors used for the moment tensor or the focal 

mechanism determination and for the moment tensor inversion the S-waves were added. The 

difference between the locations was in general small (< 10 m). For two seismic events: NR 

57 (169 metres) and NR 82 (259 metres) large differences in the locations were observed. The 

main factor causing this large variations can be the relative low number of sensors used in 

these cases - five and six, respectively. Another factor is probably the use of arrival times 

from S-waves which were included in the moment tensor inversion. 

The location difference between the focal mechanism and moment tensor for the two seismic 

events NR 3 and NR 148 was compared where the difference were 0 metres for event NR 3 

respectively 6 metres for event NR 148. 
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Table 5.9: Locations obtained with the data for the focal mechaism and moment tensor inversion and 

their difference. The number of the events is the same as in Appendix C (focal mechanism) and 

Appendix E (moment tensor).  

NR Focal mechanism Moment tensor Difference [m] 

 

X1 Y1 Z1 X2 Y2 Z2 
 2 1991 6102 -1266 1991 6102 -1266 0 

3 1991 6104 -1269 1991 6104 -1269 0 

17 2186 5440 -1346 2186 5440 -1345 1 

24 2213 5456 -1358 2215 5457 -1355 4 

25 2186 5444 -1334 2181 5447 -1345 12 

32 1948 6130 -969 1948 6128 -972 4 

34 2180 5433 -1345 2180 5433 -1344 1 

35 2031 6147 -1333 2029 6128 -1340 20 

42 1925 6155 -1056 1949 6162 -1077 33 

45 2188 5447 -1371 2188 5447 -1371 0 

47 2068 6192 -1007 2074 6190 -1007 6 

54 1924 6122 -1014 1924 6122 -1014 0 

57 2170 6140 -1044 2206 6300 -1085 169 

59 1887 6585 -766 1883 6610 -796 39 

60 1914 6126 -972 1900 6116 -985 22 

67 2019 5938 -1331 2017 5942 -1323 9 

70 1971 5977 -1331 1966 5978 -1320 12 

75 1940 6124 -952 1940 6124 -952 0 

82 1970 5961 -1208 1951 6114 -1000 259 

85 2120 6484 -793 2118 6483 -793 2 

89 2020 6384 -982 2036 6389 -945 41 

93 1867 6149 -1020 1867 6149 -1019 1 

102 2216 5286 -1286 2219 5293 -1285 8 

110 1876 6170 -977 1876 6170 -977 0 

126 2073 5431 -1326 2064 5428 -1327 10 

130 2029 6527 -797 2029 6528 -800 3 

137 1951 6566 -751 1951 6565 -750 1 

138 2059 5925 -1272 2064 5916 -1273 10 

139 1851 6129 -969 1826 6117 -990 35 

148 1842 6080 -953 1844 6081 -947 6 

151 1993 6177 -963 1991 6171 -980 18 

5.4.2. Strike orientations 

Some similarity in the strike orientations obtained from focal mechanisms and moment 

tensors was observed. Comparing the predominant strike orientations of the nodal planes on 

Figure 3.22, Figure 3.23 and Figure 4.4 we can see that all dominating strike orientations 

seem to have more or less trend around North-South. Also a correlation in the trend of the 

minor dominating strike orientation can be found ~ 45 – 225.   

 

  



73 

 

6. DISCUSSION AND CONCLUSIONS 
 

One important factor for successful using of any seismic software is the good knowledge of 

the theory related to seismic source parameters and mining seismicity. Knowledge of the 

specific software and the type of data is another important factor.  

There are many factors that affect the quality of focal mechanisms. The tests in this study 

showed that factors as different sensor types, combination of sensor types, number of used 

sensor data and the azimuthal (spatial) coverage by triaxial sensors all affect the focal 

mechanism solution.  

Two measures of the quality of the focal mechanism solutions were used in this study: the 

number of the possible nodal planes for each solution and the consistency of these nodal 

planes which was used to define four qualities (‘1’ being the best and ‘4’ – the worst or not 

usable). Out of the 169 seismic events with processed focal mechanisms 130 (77%) fault 

plane solutions were classified as not usable solutions (quality ‘4’). The analysis of the impact 

of the number sensors used for focal mechanism solution showed a trend in decreasing the 

number of possible nodal planes as more sensors were used. This could be an explanation to 

the high amount of bad quality solutions as many solutions were based on 4 to 9 sensors. 

Another explanation related to the first one could be the magnitudes of the seismic events 

where the majority of the events had magnitudes between -2.0 and 0.0 as the number of the 

sensors that record a specific magnitude in general decreases with decreasing the magnitude. 

The analysis showed a small trend in decreasing the number of possible nodal planes as event 

magnitudes increased. 

The smallest magnitude that was found to have a good quality solution (quality 1-3) for the 

focal mechanism of all seismic events was -1.6. Of the three seismic events with this 

magnitude was one of quality ‘3’ and two of quality ‘2’. One of these focal mechanisms with 

quality ‘2’ was obtained with data from 5 triaxial sensors. 

The results for the strike orientations of nodal plane of the focal mechanisms (good quality 

solutions) and moment tensors showed correlation, and the majority of the nodal planes had 

approximately strike orientation from N-S to around NE-SW. This indicates that there was a 

large number of the nodal planes that followed or nearly followed the strike of the ore body. 

The decomposition of the obtained moment tensors in and nearby Block 19 showed that about 

50 % of the solutions had predominant deviatoric component and the other 50 % represents 

predominant volume change. 

The focal mechanism and moment tensor solutions can be related to the mapped and 

interpreted seismically active geological structures in Block 19. If we take into account the 

location uncertainty each seismic event can be related to at least one of the geological 

structures and as many as five structures in some cases. The possible nodal planes from the 

focal mechanism solutions and the best nodal plane solution from the moment tensor solutions 

showed correlation in strike orientations with some of the structures located within the 

uncertainty area around the seismic event. For one possible nodal plane was also the dip angle 

similar to a corresponding structure.  

These first results can be considered only as an indication that the mining seismicity in 

Kiirunavaara mine can be related to the interpreted geological structures but more studies are 

needed with more data to confirm this. More studies are also needed to evaluate which of the 
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two interpreted geological structures (old- or new interpretation) most likely correspond to the 

shear plane of the seismic events.   
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7. RECOMMENDATIONS 

7.1. Software 
The most important factors that affect the solution for the focal mechanism and the moment 

tensors that need to be taken into account when processing seismic data in JMTS seismic 

software are: the manual picking of arrival times and polarity, accurate location and data from 

different sensor types. It is recommended to bear in mind the current coordinate system when 

using the seismic softwares JMTS and JDI as the coordinate systems varies between each 

software.  

7.1.1. Using JMTS software for the focal mechanism 

Based on the experience gained with the tests and the routine processing of the seismic events 

to obtain the focal mechanism the following recommendations are proposed: 

1. Go through all seismograms and count the number of triaxial seismograms for which 

clear first arrival of P-wave can be seen. If the number of the counted triaxial 

seismograms is less than five, it is not recommended to continue the processing to 

obtain focal mechanism as good consistency in the possible solutions for the nodal 

planes and reliable solution cannot be expected in this case. The number of triaxial 

seismograms with a clear first arrival of P-wave should be at least five. 

The minimum number of triaxial sensors for obtaining a good quality fault plane 

solution for a focal mechanism was found to be five triaxial sensors which could be 

used as a guideline value for the least number of triaxial sensors to be used when 

processing focal mechanisms for the Kiirunavaara mine. To improve the quality in the 

results of the fault plane solutions for focal mechanisms it is recommended to increase 

the number of triaxial sensors in the mine so that every area or block in the mine that 

wants to be seismically monitored is covered with at least 5 sensors. 

 

2. Reject (disable) every uniaxial seismogram, as these data cannot be used to obtain a 

focal mechanism with good consistency in the possible solutions for the nodal planes 

(see §3.7.2). 

 

3. Process all clear triaxial seismograms by first rotate them and then look for the first 

arrival of the P-wave and its polarity on the radial component. The S-wave polarities 

on SV- and SH-component can be added but with some caution. 

 

4. Depending on how good the focal mechanism is (the distribution and number of 

possible nodal planes) assign a quality for the solution and proceed further as follows 

 Very good focal mechanism (class ‘1’): Keep it as it is. 

 Good focal mechanism (class ‘2’ or class ‘3’): Can be used, but can still be 

improved by uniaxial seismograms. 

 Bad focal mechanism (class ‘4’): Can probably be improved by uniaxial 

seismograms or discarded. 

5. If a combination of uniaxial- and triaxial data is used it is recommended to follow the 

procedure: 

 Save/Process the P-wave picks and polarities and display the fault plane 

solution 

 Reject (disable) one (any one) of the uniaxial data from the previous solution 

and resave/reprocess, display the solution 
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 Add the earlier rejected uniaxial seismogram and resave/reprocess, display the 

final solution 

7.2. Further studies 
The tests and the routine work performed in this study can be considered only as a first 

attempt to define some rules how to use the JMTS software to obtain the focal mechanisms 

and the seismic moment tensors. The results showed that there were some factors that can 

affect very strongly the quality of the solutions and their stability and reliability.  

The type of the sensors (4.5 or 14 Hz) was not taken into account during the analysis of focal 

mechanisms and seismic moment tensors, but it is possible that it affects the polarities of the 

P- and S-wave arrivals. This problem needs further study. 

In the future more tests should be done to study the effect of some of the factors which were 

not studied here, e.g. the spatial distribution of the sensors, the type of senors, etc. More tests 

should be done to verify further the combined effect of all possible factors: number of 

available sensors, maximum distance to the sensors, spatial distribution of the sensors, etc. 

The affect of the location of the seismic events was not taken into account during this work. It 

also needs further study. 
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APPENDIX A – Focal mechanism tests 
NR: Number of the seismic event 

ID: Origin time of the seismic event (YYYY-MM-DD HH:MM:SS) 

Each row in the table for a specific event corresponds to a separate test with different number 

of sensors and the corresponding maximum distance. 

NR ID Magnitude 
Number of 

sensors 

Maximum 

distance to 
sensors [m] 

Number of  
fault plane  
solutions 

Quality 
[1-4] 

6 2010-01-19 01:18:07 1.3 6 581 2111 4 

      5 540 3884 4 

      4 525 4029 4 

20 2010-01-26 11:46:38 0.9 10 895 274 3 

      9 893 1527 4 

      8 906 1309 4 

      7 821 29 2 

      6 666 131 2 

      5 647 683 4 

      4 557 1350 4 

      3 532 13991 4 

35 2010-01-31 21:29:16 0.7 10 1236 105 3 

      9 1181 130 3 

      8 1055 249 4 

      7 1065 203 4 

      6 1054 405 4 

      5 1060 978 4 

      4 953 7493 4 

      3 714 9434 4 

42 2010-02-08 01:28:22 0.9 18 1992 23 2 

      17 1924 24 2 

      16 1760 219 4 

      15 1714 183 4 

      14 1559 599 4 

      13 1513 1887 4 

      12 1227 1811 4 

      11 1215 1859 4 

      10 1062 1857 4 

      9 1040 1984 4 

      8 1054 4542 4 

      7 1040 5199 4 

      6 1033 5276 4 

      5 1008 6418 4 

      4 875 8199 4 

51 2010-02-11 01:33:37 0.9 5 490 8772 4 

      4 481 11687 4 
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54 2010-02-11 04:54:37 1.1 5 508 142 2 

      4 469 4908 4 

66 2010-02-15 05:14:15 0.7 4 592 8861 4 

72 2010-02-18 20:09:56 0.6 5 534 812 4 

      4 440 2942 4 

74 2010-02-19 04:19:06 1.8 4 516 2198 4 

87 2010-02-25 03:50:00 0.7 4 429 5101 4 

90 2010-02-26 16:39:26 1.0 6 762 4281 4 

      5 600 4869 4 

      4 506 4163 4 

      3 536 21085 4 

91 2010-02-26 16:55:39 1.0 7 671 80 2 

      6 620 316 3 

      5 607 4301 4 

      4 460 4237 4 

      3 461 11265 4 

95 2010-02-28 09:14:19 0.7 4 721 8764 4 

110 2010-03-07 11:29:57 1.7 5 540 402 2 

      4 520 5990 4 

135 2010-03-14 07:58:35 0.7 6 658 3988 4 

      5 565 4213 4 

      4 498 10654 4 

144 2010-03-18 10:06:20 0.8 8 919 5645 4 

      7 854 6799 4 

      6 709 7850 4 

      5 644 11787 4 

      4 615 12638 4 

159 2010-03-22 14:02:30 1.2 5 521 3468 4 

      4 453 4399 4 

162 2010-03-23 01:19:50 0.7 5 735 1094 4 

      4 531 1393 4 

164 2010-03-24 01:21:41 1.5 5 538 1220 4 

      4 465 5127 4 

166 2010-03-27 01:22:08 1.0 5 967 1471 4 

      4 577 6024 4 
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APPENDIX B – Focal mechanism results  
NR: Number of the seismic event 

ID: Origin time of the seismic event (YYYY-MM-DD HH:MM:SS) 

X, Y, Z: Cartesian coordinates of the seismic event 

NFS: Number of fault plane solutions 

NS: Number of sensors used for the focal mechanism 

M: Magnitude of the seismic event 

CL: Class (quality) of the focal mechanism solution 
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  NR 1 – ID: 2010-01-15  21.20.46 

  

X 2026 

Y 6119 

Z -1308 

NFS 4140 

NS 5 

M -1.1 

CL 4 

NR 2 – ID: 2010-01-16  10.44.30 

  

X 1991 

Y 6102 

Z -1266 

NFS 84 

NS 7 

M -1.2 

CL 2 

NR 3 – ID: 2010-01-16  10.46.10 

  

X 1991 

Y 6104 

Z -1269 

NFS 397 

NS 9 

M -1.3 

CL 3 

NR 4 – ID: 2010-01-16  11.37.13 

  

X 2030 

Y 6118 

Z -1285 

NFS 2569 

NS 7 

M -0.6 

CL 4 
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  NR 5 – ID: 2010-01-16  11.51.13 

  

X 2251 

Y 5826 

Z -781 

NFS 2686 

NS 8 

M -1.2 

CL 4 

NR 6 – ID: 2010-01-19  01.18.07 

  

X 1905 

Y 6225 

Z -1011 

NFS 2111 

NS 6 

M 1.0 

CL 4 

NR 7 – ID: 2010-01-19  01.20.32 

  

X 1915 

Y 6232 

Z -969 

NFS 315 

NS 7 

M -1.4 

CL 2 

NR 8 – ID: 2010-01-19  02.42.37 

  

X 1970 

Y 6207 

Z -1047 

NFS 1745 

NS 5 

M -1.2 

CL 4 
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  NR 9 – ID: 2010-01-19  02.47.54 

  

X 2046 

Y 6252 

Z -1037 

NFS 3736 

NS 5 

M -1.1 

CL 4 

NR 10 – ID: 2010-01-19  02.56.53 

  

X 2009 

Y 6099 

Z -1301 

NFS 10727 

NS 5 

M -0.8 

CL 4 

NR 11 – ID: 2010-01-20  16.06.34 

  

X 2010 

Y 6243 

Z -989 

NFS 1997 

NS 6 

M -0.7 

CL 4 

NR 12 – ID: 2010-01-22  09.31.02 

  

X 1938 

Y 6389 

Z -639 

NFS 2064 

NS 5 

M -1.1 

CL 4 
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  NR 13 – ID: 2010-01-22  10.55.40 

  

X 1984 

Y 6358 

Z -927 

NFS 2718 

NS 8 

M -1.3 

CL 4 

NR 14 – ID: 2010-01-22  13.29.24 

  

X 1914 

Y 6360 

Z -724 

NFS 1367 

NS 5 

M -1.0 

CL 4 

NR 15 – ID: 2010-01-22  18.38.55 

  

X 2029 

Y 6252 

Z -1035 

NFS 1361 

NS 8 

M -1.2 

CL 4 

NR 16 – ID: 2010-01-24  07.17.42 

  

X 2234 

Y 5359 

Z -1383 

NFS 14501 

NS 7 

M -1.0 

CL 4 
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  NR 17 – ID: 2010-01-25  06.42.51 

  

X 2186 

Y 5440 

Z -1346 

NFS 106 

NS 14 

M -1.1 

CL 2 

NR 18 – ID: 2010-01-26  02.06.46 

  

X 2042 

Y 6357 

Z -855 

NFS 1427 

NS 6 

M -0.9 

CL 4 

NR 19 – ID: 2010-01-26  05.24.40 

  

X 2050 

Y 6542 

Z -629 

NFS 2414 

NS 5 

M -0.9 

CL 4 

NR 20 – ID: 2010-01-26  11.46.38 

  

X 2173 

Y 5436 

Z -1366 

NFS 7204 

NS 9 

M -0.3 

CL 4 
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  NR 21 – ID: 2010-01-26  13.41.24 

  

X 1866 

Y 6486 

Z -756 

NFS 2364 

NS 6 

M -0.8 

CL 4 

NR 22 – ID: 2010-01-26  15.12.09 

  

X 2329 

Y 6609 

Z -418 

NFS 9736 

NS 5 

M -1.0 

CL 4 

NR 23 – ID: 2010-01-27  16.47.49 

  

X 1961 

Y 6536 

Z -731 

NFS 1258 

NS 8 

M -1.1 

CL 4 

NR 24 – ID: 2010-01-29  00.33.00 

  

X 2213 

Y 5456 

Z -1358 

NFS 222 

NS 11 

M -0.9 

CL 2 
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  NR 25 – ID: 2010-01-29  00.35.39 

  

X 2186 

Y 5444 

Z -1334 

NFS 323 

NS 13 

M -0.7 

CL 3 

NR 26 – ID: 2010-01-29  07.07.40 

  

X 2031 

Y 6259 

Z -1133 

NFS 6064 

NS 5 

M -1.0 

CL 4 

NR 27 – ID: 2010-01-29  08.37.39 

  

X 1952 

Y 6183 

Z -950 

NFS 5971 

NS 6 

M -0.8 

CL 4 

NR 28 – ID: 2010-01-29  11.03.00 

  

X 1905 

Y 6156 

Z -967 

NFS 1924 

NS 6 

M -1.2 

CL 4 
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  NR 29 – ID: 2010-01-29  18.18.57 

  

X 2020 

Y 6120 

Z -1312 

NFS 9058 

NS 6 

M -1.3 

CL 4 

NR 30 – ID: 2010-01-30  09.26.30 

  

X 2011 

Y 6028 

Z -1277 

NFS 1554 

NS 8 

M -1.4 

CL 4 

NR 31 – ID: 2010-01-30  15.26.12 

  

X 2423 

Y 8132 

Z 1648 

NFS 37765 

NS 5 

M 1.0 

CL 4 

NR 32 – ID: 2010-01-30  18.31.29 

  

X 1948 

Y 6130 

Z -969 

NFS 1505 

NS 6 

M -1.1 

CL 3 
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  NR 33 – ID: 2010-01-31  00.13.53 

  

X 2020 

Y 6207 

Z -1063 

NFS 259 

NS 6 

M -0.8 

CL 4 

NR 34 – ID: 2010-01-31  02.05.31 

  

X 2180 

Y 5433 

Z -1345 

NFS 106 

NS 10 

M -0.9 

CL 2 

NR 35 – ID: 2010-01-31  21.29.16 

  

X 2031 

Y 6147 

Z -1333 

NFS 105 

NS 10 

M 0.2 

CL 3 

NR 36 – ID: 2010-02-01  02.01.40 

  

X 2057 

Y 6194 

Z -1041 

NFS 1501 

NS 6 

M -0.8 

CL 3 
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  NR 37 – ID: 2010-02-04  02.13.29 

  

X 1885 

Y 6239 

Z -1066 

NFS 5482 

NS 5 

M -1.3 

CL 4 

NR 38 – ID: 2010-02-06  00.15.11 

  

X 2035 

Y 6151 

Z -1297 

NFS 11442 

NS 5 

M -0.6 

CL 4 

NR 39 – ID: 2010-02-06  14.16.20 

  

X 1939 

Y 6146 

Z -969 

NFS 4573 

NS 5 

M -0.8 

CL 4 

NR 40 – ID: 2010-02-07  01.19.54 

  

X 1891 

Y 6176 

Z -989 

NFS 1391 

NS 5 

M 0.0 

CL 4 
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  NR 41 – ID: 2010-02-07  09.53.42 

  

X 1946 

Y 6165 

Z -1000 

NFS 590 

NS 5 

M -1.0 

CL 4 

NR 42 – ID: 2010-02-08  01.28.22 

  

X 1925 

Y 6155 

Z -1056 

NFS 23 

NS 18 

M 0.4 

CL 2 

NR 43 – ID: 2010-02-08  23.44.33 

  

X 2091 

Y 6134 

Z -908 

NFS 1057 

NS 5 

M -1.1 

CL 4 

NR 44 – ID: 2010-02-09  02.55.26 

  

X 2153 

Y 6673 

Z -593 

NFS 7092 

NS 6 

M -0.9 

CL 4 
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  NR 45 – ID: 2010-02-09  09.27.45 

  

X 2188 

Y 5447 

Z -1371 

NFS 639 

NS 12 

M -0.6 

CL 2 

NR 46 – ID: 2010-02-09  13.51.11 

  

X 1971 

Y 6227 

Z -1127 

NFS 747 

NS 7 

M -1.2 

CL 4 

NR 47 – ID: 2010-02-09  17.42.10 

  

X 2068 

Y 6192 

Z -1007 

NFS 792 

NS 8 

M -0.6 

CL 3 

NR 48 – ID: 2010-02-09  19.26.24 

  

X 2038 

Y 6517 

Z -608 

NFS 1009 

NS 8 

M -0.9 

CL 4 
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NR 49 – ID: 2010-02-10  19.27.28 

  

X 1935 

Y 6175 

Z -1008 

NFS 7349 

NS 5 

M -0.5 

CL 4 

NR 50 – ID: 2010-02-10  23.47.50 

  

X 2214 

Y 5414 

Z -1303 

NFS 4442 

NS 9 

M -1.5 

CL 4 

NR 51 – ID: 2010-02-11  01.33.37 

  

X 1936 

Y 6105 

Z -1029 

NFS 8772 

NS 5 

M 0.6 

CL 4 

NR 52 – ID: 2010-02-11  01.33.54 

  

X 1936 

Y 6128 

Z -986 

NFS 3858 

NS 6 

M -1.0 

CL 4 
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  NR 53 – ID: 2010-02-11  03.36.33 

  

X 1946 

Y 6132 

Z -1020 

NFS 2030 

NS 5 

M -0.6 

CL 4 

NR 54 – ID: 2010-02-11  04.54.37 

  

X 1924 

Y 6122 

Z -1014 

NFS 303 

NS 5 

M 0.9 

CL 2 

NR 55 – ID: 2010-02-11  13.12.08 

  

X 2191 

Y 6265 

Z -917 

NFS 2240 

NS 7 

M -0.4 

CL 4 

NR 56 – ID: 2010-02-11  23.38.19 

  

X 2029 

Y 6167 

Z -1334 

NFS 5958 

NS 7 

M -1.2 

CL 4 
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  NR 57 – ID: 2010-02-12  14.39.11 

  

X 2170 

Y 6140 

Z -1044 

NFS 826 

NS 6 

M -1.5 

CL 3 

NR 58 – ID: 2010-02-14  01.37.36 

  

X 1952 

Y 6214 

Z -1008 

NFS 3926 

NS 5 

M -1.2 

CL 4 

NR 59 – ID: 2010-02-14  02.00.33 

  

X 1887 

Y 6585 

Z -766 

NFS 1903 

NS 5 

M 0.3 

CL 3 

NR 60 – ID: 2010-02-14  03.29.37 

  

X 1914 

Y 6126 

Z -972 

NFS 292 

NS 5 

M -0.7 

CL 3 
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  NR 61 – ID: 2010-02-14  08.58.03 

  

X 2016 

Y 6302 

Z -996 

NFS 9064 

NS 7 

M -1.0 

CL 4 

NR 62 – ID: 2010-02-14  12.01.42 

  

X 2210 

Y 5423 

Z -1373 

NFS 1304 

NS 9 

M -1.0 

CL 4 

NR 63 – ID: 2010-02-14  22.35.15 

  

X 2032 

Y 6517 

Z -741 

NFS 5008 

NS 6 

M -0.7 

CL 4 

NR 64 – ID: 2010-02-14  23.42.38 

  

X 2015 

Y 6451 

Z -896 

NFS 2306 

NS 7 

M -1.2 

CL 4 
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  NR 65 – ID: 2010-02-15  01.41.02 

  

X 2021 

Y 6259 

Z -992 

NFS 1224 

NS 7 

M -1.1 

CL 4 

NR 66 – ID: 2010-02-15  05.14.15 

  

X 1991 

Y 6261 

Z -1123 

NFS 8835 

NS 4 

M 0.0 

CL 4 

NR 67 – ID: 2010-02-15  19.12.23 

  

X 2019 

Y 5938 

Z -1331 

NFS 37 

NS 7 

M -1.3 

CL 1 

NR 68 – ID: 2010-02-16  01.33.30 

  

X 1943 

Y 6163 

Z -972 

NFS 4998 

NS 5 

M -1.2 

CL 4 
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  NR 69 – ID: 2010-02-16  10.06.44 

  

X 2118 

Y 5777 

Z -809 

NFS 444 

NS 10 

M -0.8 

CL 4 

NR 70 – ID: 2010-02-17  17.24.45 

  

X 1971 

Y 5977 

Z -1331 

NFS 33 

NS 8 

M -1.2 

CL 1 

NR 71 – ID: 2010-02-18  17.47.00 

  

X 1993 

Y 6449 

Z -722 

NFS 301 

NS 7 

M -0.6 

CL 4 

NR 72 – ID: 2010-02-18  20.09.56 

  

X 1979 

Y 6139 

Z -1015 

NFS 812 

NS 5 

M 0.2 

CL 4 
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  NR 73 – ID: 2010-02-19  00.36.48 

  

X 1964 

Y 6130 

Z -1024 

NFS 1969 

NS 5 

M -1.0 

CL 4 

NR 74 – ID: 2010-02-19  04.19.06 

  

X 1964 

Y 6115 

Z -1017 

NFS 1822 

NS 4 

M 1.6 

CL 4 

NR 75 – ID: 2010-02-19  04.19.25 

  

X 1940 

Y 6124 

Z -952 

NFS 439 

NS 7 

M -1.2 

CL 2 

NR 76 – ID: 2010-02-19  04.20.06 

  

X 2048 

Y 6374 

Z -895 

NFS 867 

NS 8 

M -1.5 

CL 4 
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  NR 77 – ID: 2010-02-19  04.21.15 

  

X 1922 

Y 6140 

Z -978 

NFS 3705 

NS 5 

M -0.5 

CL 4 

NR 78 – ID: 2010-02-19  07.15.04 

  

X 1925 

Y 6118 

Z -996 

NFS 2289 

NS 5 

M 0.0 

CL 4 

NR 79 – ID: 2010-02-19  11.17.17 

  

X 1916 

Y 6126 

Z -989 

NFS 1311 

NS 5 

M -0.7 

CL 4 

NR 80 – ID: 2010-02-19  23.02.50 

  

X 2030 

Y 6388 

Z -1004 

NFS 462 

NS 6 

M -1.5 

CL 3 
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  NR 81 – ID: 2010-02-19  23.52.30 

  

X 2047 

Y 6005 

Z -500 

NFS 2789 

NS 6 

M -0.1 

CL 4 

NR 82 – ID: 2010-02-22  22.34.56 

  

X 1970 

Y 5961 

Z -1208 

NFS 612 

NS 5 

M -1.0 

CL 3 

NR 83 – ID: 2010-02-24  02.54.32 

  

X 2021 

Y 6544 

Z -824 

NFS 833 

NS 5 

M -1.6 

CL 2 

NR 84 – ID: 2010-02-24  04.40.05 

  

X 1945 

Y 6068 

Z -1248 

NFS 2918 

NS 7 

M -1.2 

CL 4 
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  NR 85 – ID: 2010-02-24  09.06.22 

  

X 2120 

Y 6484 

Z -793 

NFS 145 

NS 6 

M -1.6 

CL 2 

NR 86 – ID: 2010-02-24  15.38.38 

  

X 2001 

Y 6272 

Z -981 

NFS 289 

NS 7 

M -1.5 

CL 3 

NR 87 – ID: 2010-02-25  03.50.00 

  

X 2003 

Y 6116 

Z -1009 

NFS 5101 

NS 4 

M 0.4 

CL 4 

NR 88 – ID: 2010-02-25  08.49.51 

  

X 1977 

Y 6150 

Z -1033 

NFS 2330 

NS 5 

M -1.1 

CL 4 
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  NR 89 – ID: 2010-02-26  00.15.08 

  

X 2020 

Y 6384 

Z -982 

NFS 292 

NS 10 

M -1.2 

CL 3 

NR 90 – ID: 2010-02-26  16.39.26 

  

X 1189 

Y 6374 

Z -549 

NFS 3079 

NS 7 

M 0.8 

CL 4 

NR 91 – ID: 2010-02-26  16.55.39 

  

X 1239 

Y 6317 

Z -671 

NFS 1152 

NS 8 

M 0.8 

CL 4 

NR 92 – ID: 2010-02-26  23.29.11 

  

X 1907 

Y 6053 

Z -1337 

NFS 1040 

NS 5 

M 0.5 

CL 4 
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  NR 93 – ID: 2010-02-27  01.50.57 

  

X 1867 

Y 6149 

Z -1020 

NFS 432 

NS 7 

M -0.8 

CL 3 

NR 94 – ID: 2010-02-28  09.13.51 

  

X 1860 

Y 5948 

Z -504 

NFS 1802 

NS 5 

M -0.3 

CL 4 

NR 95 – ID: 2010-02-28  09.14.19 

  

X 1928 

Y 5676 

Z -966 

NFS 8796 

NS 4 

M 0.4 

CL 4 

NR 96 – ID: 2010-02-28  23.45.20 

  

X 2019 

Y 5905 

Z -1346 

NFS 5294 

NS 7 

M -1.3 

CL 4 
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  NR 97 – ID: 2010-03-02  23.53.28 

  

X 2104 

Y 6191 

Z -1264 

NFS 3894 

NS 5 

M -0.2 

CL 4 

NR 98 – ID: 2010-03-04  01.40.20 

  

X 1877 

Y 6296 

Z -761 

NFS 6930 

NS 5 

M -1.0 

CL 4 

NR 99 – ID: 2010-03-04  08.31.37 

  

X 1846 

Y 6324 

Z -924 

NFS 9035 

NS 5 

M -1.1 

CL 4 

NR 100 – ID: 2010-03-04  13.17.21 

  

X 2201 

Y 5335 

Z -1307 

NFS 605 

NS 9 

M -0.8 

CL 4 
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  NR 101 – ID: 2010-03-04  14.25.30 

  

X 1907 

Y 6167 

Z -1007 

NFS 251 

NS 7 

M -1.1 

CL 4 

NR 102 – ID: 2010-03-04  14.28.09 

  

X 2216 

Y 5286 

Z -1286 

NFS 32 

NS 9 

M -0.6 

CL 3 

NR 103 – ID: 2010-03-04  17.28.24 

  

X 2109 

Y 6056 

Z -944 

NFS 5025 

NS 7 

M -1.2 

CL 4 

NR 104 – ID: 2010-03-06  01.29.15 

  

X 2040 

Y 6396 

Z -860 

NFS 1087 

NS 7 

M -0.8 

CL 4 
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  NR 105 – ID: 2010-03-07  05.24.48 

  

X 1914 

Y 6329 

Z -1023 

NFS 1647 

NS 7 

M -1.2 

CL 4 

NR 106 – ID: 2010-03-07  06.11.19 

  

X 1842 

Y 6178 

Z -991 

NFS 292 

NS 6 

M -0.9 

CL 4 

NR 107 – ID: 2010-03-07  07.06.58 

  

X 1828 

Y 6169 

Z -996 

NFS 465 

NS 6 

M -1.1 

CL 4 

NR 108 – ID: 2010-03-07  09.47.21 

  

X 1873 

Y 6134 

Z -987 

NFS 5687 

NS 6 

M -1.4 

CL 4 
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  NR 109 – ID: 2010-03-07  09.50.22 

  

X 1910 

Y 6138 

Z -1005 

NFS 2995 

NS 5 

M 0.2 

CL 4 

NR 110 – ID: 2010-03-07  11.29.57 

  

X 1876 

Y 6170 

Z -977 

NFS 420 

NS 5 

M 1.8 

CL 2 

NR 111 – ID: 2010-03-07  11.30.18 

  

X 1825 

Y 6159 

Z -993 

NFS 433 

NS 7 

M -0.6 

CL 4 

NR 112 – ID: 2010-03-07  11.37.25 

  

X 1886 

Y 6183 

Z -980 

NFS 3668 

NS 5 

M -0.4 

CL 4 
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  NR 113 – ID: 2010-03-07  11.42.47 

  

X 2003 

Y 6664 

Z 354 

NFS 1475 

NS 5 

M 0.1 

CL 4 

NR 114 – ID: 2010-03-07  13.02.12 

  

X 1878 

Y 6131 

Z -966 

NFS 2898 

NS 6 

M -1.2 

CL 4 

NR 115 – ID: 2010-03-07  19.48.20 

  

X 1838 

Y 6186 

Z -994 

NFS 1429 

NS 5 

M -1.2 

CL 4 

NR 116 – ID: 2010-03-07  21.42.44 

  

X 1974 

Y 6287 

Z -1176 

NFS 5133 

NS 6 

M -0.8 

CL 4 
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  NR 117 – ID: 2010-03-08  01.37.01 

  

X 2002 

Y 6561 

Z -906 

NFS 239 

NS 6 

M -1.0 

CL 3 

NR 118 – ID: 2010-03-08  03.44.00 

  

X 1919 

Y 6146 

Z -1016 

NFS 3032 

NS 5 

M -0.7 

CL 4 

NR 119 – ID: 2010-03-08  20.23.38 

  

X 1950 

Y 6148 

Z -989 

NFS 644 

NS 5 

M 0.1 

CL 4 

NR 120 – ID: 2010-03-09  17.27.15 

  

X 1830 

Y 6184 

Z -988 

NFS 548 

NS 5 

M -1.3 

CL 4 
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  NR 121 – ID: 2010-03-09  20.33.43 

  

X 1858 

Y 6131 

Z -993 

NFS 1603 

NS 6 

M -0.9 

CL 4 

NR 122 – ID: 2010-03-09  21.55.18 

  

X 1842 

Y 6223 

Z -1033 

NFS 1328 

NS 9 

M -1.2 

CL 4 

NR 123 – ID: 2010-03-10  07.38.12 

  

X 1962 

Y 6220 

Z -980 

NFS 2316 

NS 6 

M 0.0 

CL 4 

NR 124 – ID: 2010-03-10  08.49.55 

  

X 2052 

Y 6196 

Z -944 

NFS 2350 

NS 7 

M -1.3 

CL 4 
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  NR 125 – ID: 2010-03-10  13.05.50 

  

X 2094 

Y 6660 

Z -741 

NFS 2145 

NS 6 

M -1.2 

CL 4 

NR 126 – ID: 2010-03-10  18.37.13 

  

X 2073 

Y 5431 

Z -1326 

NFS 20 

NS 9 

M -1.2 

CL 1 

NR 127 – ID: 2010-03-11  11.16.08 

  

X 1943 

Y 6482 

Z -809 

NFS 4955 

NS 5 

M -0.6 

CL 4 

NR 128 – ID: 2010-03-11  20.22.45 

  

X 2096 

Y 6279 

Z -1040 

NFS 764 

NS 6 

M -1.1 

CL 2 
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  NR 129 – ID: 2010-03-12  01.25.38 

  

X 1878 

Y 6298 

Z -1027 

NFS 1870 

NS 6 

M -1.0 

CL 4 

NR 130 – ID: 2010-03-12  11.26.33 

  

X 2029 

Y 6527 

Z -797 

NFS 93 

NS 7 

M -1.2 

CL 1 

NR 131 – ID: 2010-03-12  18.54.34 

  

X 1901 

Y 6153 

Z -961 

NFS 737 

NS 9 

M -0.7 

CL 4 

NR 132 – ID: 2010-03-13  08.36.57 

  

X 1989 

Y 5976 

Z -1295 

NFS 2225 

NS 7 

M -1.2 

CL 4 
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  NR 133 – ID: 2010-03-13  18.21.48 

  

X 1879 

Y 6102 

Z -985 

NFS 1495 

NS 5 

M 0.3 

CL 4 

NR 134 – ID: 2010-03-13  20.32.59 

  

X 1890 

Y 6180 

Z -1349 

NFS 11972 

NS 6 

M -0.9 

CL 4 

NR 135 – ID: 2010-03-14  07.58.35 

  

X 1951 

Y 6149 

Z -932 

NFS 1583 

NS 6 

M 0.3 

CL 4 

NR 136 – ID: 2010-03-14  08.00.11 

  

X 1929 

Y 6104 

Z -981 

NFS 3952 

NS 5 

M 0.0 

CL 4 
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  NR 137 – ID: 2010-03-14  13.12.22 

  

X 1951 

Y 6566 

Z -751 

NFS 1749 

NS 6 

M -0.4 

CL 3 

NR 138 – ID: 2010-03-14  20.21.02 

  

X 2059 

Y 5925 

Z -1272 

NFS 674 

NS 7 

M -1.6 

CL 3 

NR 139 – ID: 2010-03-16  00.48.48 

  

X 1851 

Y 6129 

Z -969 

NFS 473 

NS 11 

M -0.9 

CL 3 

NR 140 – ID: 2010-03-16  08.04.33 

  

X 2056 

Y 6330 

Z -846 

NFS 617 

NS 8 

M -0.9 

CL 4 
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  NR 141 – ID: 2010-03-17  01.22.50 

  

X 1844 

Y 6430 

Z -746 

NFS 1406 

NS 8 

M -1.0 

CL 4 

NR 142 – ID: 2010-03-17  02.02.17 

  

X 2199 

Y 7109 

Z -1032 

NFS 8549 

NS 5 

M -0.3 

CL 4 

NR 143 – ID: 2010-03-18  00.22.02 

  

X 1829 

Y 6181 

Z -811 

NFS 7421 

NS 5 

M -0.4 

CL 4 

NR 144 – ID: 2010-03-18  10.06.20 

  

X 2037 

Y 6321 

Z -1001 

NFS 2449 

NS 9 

M -0.1 

CL 4 
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  NR 145 – ID: 2010-03-19  01.19.45 

  

X 1868 

Y 6156 

Z -957 

NFS 2236 

NS 6 

M -1.7 

CL 4 

NR 146 – ID: 2010-03-19  03.04.03 

  

X 1842 

Y 6144 

Z -1004 

NFS 589 

NS 7 

M -1.3 

CL 4 

NR 147 – ID: 2010-03-19  09.16.30 

  

X 1983 

Y 6257 

Z -997 

NFS 4745 

NS 6 

M -0.5 

CL 4 

NR 148 – ID: 2010-03-19  12.56.16 

  

X 1842 

Y 6080 

Z -953 

NFS 433 

NS 6 

M -0.9 

CL 3 
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  NR 149 – ID: 2010-03-19  18.39.23 

  

X 1991 

Y 6191 

Z -995 

NFS 850 

NS 6 

M -1.3 

CL 3 

NR 150 – ID: 2010-03-19  22.22.07 

  

X 2230 

Y 5594 

Z -1286 

NFS 552 

NS 10 

M -1.2 

CL 4 

NR 151 – ID: 2010-03-20  01.26.14 

  

X 1993 

Y 6177 

Z -963 

NFS 152 

NS 8 

M -0.4 

CL 2 

NR 152 – ID: 2010-03-20  01.32.36 

  

X 1955 

Y 6167 

Z -1010 

NFS 3252 

NS 5 

M -0.5 

CL 4 
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  NR 153 – ID: 2010-03-20  03.06.08 

  

X 1901 

Y 6165 

Z -985 

NFS 6678 

NS 5 

M -0.7 

CL 4 

NR 154 – ID: 2010-03-20  04.15.23 

  

X 1863 

Y 6139 

Z -984 

NFS 2191 

NS 6 

M -1.2 

CL 4 

NR 155 – ID: 2010-03-20  09.39.51 

  

X 2175 

Y 6325 

Z -864 

NFS 845 

NS 8 

M -0.8 

CL 4 

NR 156 – ID: 2010-03-20  18.56.57 

  

X 2087 

Y 6082 

Z -923 

NFS 1246 

NS 6 

M -0.6 

CL 4 
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  NR 157 – ID: 2010-03-22  02.59.40 

  

X 1993 

Y 6137 

Z -968 

NFS 2312 

NS 7 

M -1.4 

CL 4 

NR 158 – ID: 2010-03-22  12.25.16 

  

X 2001 

Y 6175 

Z -913 

NFS 3748 

NS 6 

M -1.8 

CL 4 

NR 159 – ID: 2010-03-22  14.02.30 

  

X 2004 

Y 6168 

Z -994 

NFS 3445 

NS 5 

M 1.0 

CL 4 

NR 160 – ID: 2010-03-22  15.58.56 

  

X 2222 

Y 5369 

Z -1365 

NFS 4888 

NS 10 

M -1.9 

CL 4 
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  NR 161 – ID: 2010-03-22  18.43.56 

  

X 1823 

Y 6104 

Z -723 

NFS 465 

NS 6 

M -1.7 

CL 4 

NR 162 – ID: 2010-03-23  01.19.50 

  

X 2049 

Y 6187 

Z -1085 

NFS 4982 

NS 5 

M 0.5 

CL 4 

NR 163 – ID: 2010-03-24  01.20.11 

  

X 1968 

Y 6167 

Z -980 

NFS 222 

NS 7 

M -2.0 

CL 4 

NR 164 – ID: 2010-03-24  01.21.41 

  

X 1968 

Y 6204 

Z -936 

NFS 2099 

NS 5 

M 1.4 

CL 4 
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  NR 165 – ID: 2010-03-24  01.47.10 

  

X 2002 

Y 6148 

Z -972 

NFS 3011 

NS 5 

M -0.5 

CL 4 

NR 166 – ID: 2010-03-27  01.22.08 

  

X 2003 

Y 6214 

Z -1019 

NFS 2772 

NS 5 

M 0.8 

CL 4 

NR 167 – ID: 2010-03-30  01.39.05 

  

X 2036 

Y 6278 

Z -1001 

NFS 2255 

NS 9 

M -0.6 

CL 4 

NR 168 – ID: 2010-04-01  01.18.12 

  

X 1840 

Y 6083 

Z -962 

NFS 1731 

NS 5 

M -0.5 

CL 4 
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NR 169 – ID: 2010-04-23  08.55.42 

  

X 1881 

Y 6142 

Z -971 

NFS 1461 

NS 6 

M 1.7 

CL 4 



125 

 

APPENDIX C – Focal mechanism parameters 
NR: Number of the seismic event 

ID: Origin time of the seismic event (YYYY-MM-DD HH:MM:SS) 

X, Y, Z: Cartesian coordinates of the seismic event 

NS: Number of sensors used for the focal mechanism 

M: Magnitude of the seismic event 

CL: Class (quality) of the focal mechanism solution 

Str (1): Strike of fault plane 1 

Dip (1): Dip of fault plane 1 

Ra (1): Rake of fault plane 1 

Str (2): Strike of fault plane 2 

Dip (2): Dip of fault plane 2 

Ra (2): Rake of fault plane 2 

AZP: Azimuth of P-axis 

PP: Plunge of P-axis 

AZT: Azimuth of T-axis 

PT: Plunge of T-axis 

AZB: Azimuth of B-axis 

PB: Plunge of B-axis 
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NR ID X Y Z NS M CL 
Str 

(1) 

Dip 

(1) 

Ra 

(1) 

Str 

(2) 

Dip 

(2) 

Ra 

(2) 
AZP PP AZT PT AZB PB 

1 2010-01-15  21:20:46 2026 6119 -1308 5 -1.1 4 201 79 -67 314 26 -155 137 50 272 31 16 23 

2 2010-01-16  10:44:30 1991 6102 -1266 7 -1.2 2 37 26 39 271 74 111 345 26 208 56 85 20 

3 2010-01-16  10:46:10 1991 6104 -1269 9 -1.3 3 158 78 -66 273 26 -153 95 51 229 30 333 23 

4 2010-01-16  11:37:13 2030 6118 -1285 7 -0.6 4 22 34 -109 225 58 -77 168 74 306 12 38 11 

5 2010-01-16  11:51:13 2251 5826 -781 8 -1.2 4 14 19 -70 173 72 -97 72 63 268 27 175 6 

6 2010-01-19  01:18:07 1905 6225 -1011 6 1.0 4 170 12 -93 353 78 -89 264 57 83 33 173 1 

7 2010-01-19  01:20:32 1915 6232 -969 7 -1.4 2 185 2 132 323 88 88 55 43 231 47 323 2 

8 2010-01-19  02:42:37 1970 6207 -1047 5 -1.2 4 126 20 50 348 75 103 67 28 275 58 164 13 

9 2010-01-19  02:47:54 2046 6252 -1037 5 -1.1 4 219 16 145 343 81 76 84 34 237 52 345 13 

10 2010-01-19  02:56:53 2009 6099 -1301 5 -0.8 4 63 84 -91 253 6 -80 332 51 154 39 63 1 

11 2010-01-20  16:06:34 2010 6243 -989 6 -0.7 4 79 10 10 340 88 100 60 42 260 46 160 10 

12 2010-01-22  09:31:02 1938 6389 -639 5 -1.1 4 123 69 -113 354 31 -44 1 59 231 21 132 22 

13 2010-01-22  10:55:40 1984 6358 -927 8 -1.3 4 52 59 78 254 33 109 151 13 291 73 58 10 

14 2010-01-22  13:29:24 1914 6360 -724 5 -1.0 4 10 88 71 273 19 173 117 40 261 44 11 19 

15 2010-01-22  18:38:55 2029 6252 -1035 8 -1.2 4 135 12 62 343 80 95 68 35 260 55 162 5 

16 2010-01-24  07:17:42 2234 5359 -1383 7 -1.0 4 180 87 92 319 4 49 268 42 92 48 360 2 

17 2010-01-25  06:42:51 2186 5440 -1346 14 -1.1 2 47 49 143 163 63 47 282 8 22 52 186 37 

18 2010-01-26  02:06:46 2042 6357 -855 6 -0.9 4 175 19 102 342 71 86 75 26 245 64 343 4 

19 2010-01-26  05:24:40 2050 6542 -629 5 -0.9 4 201 12 -60 350 79 -96 252 55 85 34 351 6 

20 2010-01-26  11:46:38 2173 5436 -1366 9 -0.3 4 200 87 98 311 8 21 283 42 118 47 19 8 

21 2010-01-26  13:41:24 1866 6486 -756 6 -0.8 4 109 52 102 270 40 75 190 6 69 79 281 10 

22 2010-01-26  15:12:09 2329 6609 -418 5 -1.0 4 99 12 -123 313 80 -84 231 54 37 35 132 6 

23 2010-01-27  16:47:49 1961 6536 -731 8 -1.1 4 132 75 99 282 18 62 215 29 54 60 309 8 

24 2010-01-29  00:33:00 2213 5456 -1358 11 -0.9 2 41 48 158 146 74 44 268 16 13 42 162 44 

25 2010-01-29  00:35:39 2186 5444 -1334 13 -0.7 3 49 18 158 160 83 73 265 36 52 49 162 17 

26 2010-01-29  07:07:40 2031 6259 -1133 5 -1.0 4 41 8 -47 178 84 -96 82 51 274 39 179 6 

27 2010-01-29  08:37:39 1952 6183 -950 6 -0.8 4 81 33 -115 291 60 -75 235 71 9 14 103 13 

28 2010-01-29  11:03:00 1905 6156 -967 6 -1.2 4 141 8 -22 253 87 -97 156 47 350 42 254 7 

29 2010-01-29  18:18:57 2020 6120 -1312 6 -1.3 4 61 88 -94 300 5 -31 327 47 155 42 61 4 

30 2010-01-30  09:26:30 2011 6028 -1277 8 -1.4 4 215 15 -4 310 89 -105 205 44 54 42 310 15 

31 2010-01-30  15:26:12 2423 8132 1648 5 1.0 4 175 14 -90 355 76 -90 265 59 85 31 355 0 

32 2010-01-30  18:31:29 1948 6130 -969 6 -1.1 3 82 1 -1 172 90 -91 82 45 263 45 172 1 
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33 2010-01-31  00:13:53 2020 6207 -1063 6 -0.8 4 112 69 -96 310 22 -74 12 65 207 24 115 6 

34 2010-01-31  02:05:31 2180 5433 -1345 10 -0.9 2 59 76 149 158 61 17 111 10 15 32 216 56 

35 2010-01-31  21:29:16 2031 6147 -1333 10 0.2 3 198 84 134 295 44 9 255 26 145 36 12 43 

36 2010-02-01  02:01:40 2057 6194 -1041 6 -0.8 3 165 84 94 312 7 57 251 39 79 51 344 4 

37 2010-02-04  02:13:29 1885 6239 -1066 5 -1.3 4 130 90 -73 221 17 -178 56 43 204 42 310 17 

38 2010-02-06  00:15:11 2035 6151 -1297 5 -0.6 4 66 83 89 254 7 98 157 38 335 52 67 1 

39 2010-02-06  14:16:20 1939 6146 -969 5 -0.8 4 96 78 -81 238 15 -127 17 56 178 32 274 9 

40 2010-02-07  01:19:54 1891 6176 -989 5 0.0 4 161 7 72 359 83 92 87 38 272 52 179 2 

41 2010-02-07  09:53:42 1946 6165 -1000 5 -1.0 4 3 23 -76 168 68 -96 68 66 262 23 170 5 

42 2010-02-08  01:28:22 1925 6155 -1056 18 0.4 2 177 27 -33 298 76 -113 180 54 46 27 304 22 

43 2010-02-08  23:44:33 2091 6134 -908 5 -1.1 4 223 18 162 330 85 73 75 37 222 48 331 17 

44 2010-02-09  02:55:26 2153 6673 -593 6 -0.9 4 39 5 155 154 88 86 248 43 60 47 154 4 

45 2010-02-09  09:27:45 2188 5447 -1371 12 -0.6 2 124 78 -93 320 12 -74 30 57 217 33 125 3 

46 2010-02-09  13:51:11 1971 6227 -1127 7 -1.2 4 194 19 -43 326 77 -104 219 56 67 31 329 13 

47 2010-02-09  17:42:10 2068 6192 -1007 8 -0.6 3 123 78 -72 246 22 -145 55 54 198 30 299 18 

48 2010-02-09  19:26:24 2038 6517 -608 8 -0.9 4 200 18 -66 354 74 -98 254 61 90 28 357 7 

49 2010-02-10  19:27:28 1935 6175 -1008 5 -0.5 4 119 21 99 290 69 87 22 24 194 66 291 3 

50 2010-02-10  23:47:50 2214 5414 -1303 9 -1.5 4 200 84 121 300 31 12 265 32 139 43 16 30 

51 2010-02-11  01:33:37 1936 6105 -1029 5 0.6 4 157 14 -4 251 89 -104 147 44 354 43 251 14 

52 2010-02-11  01:33:54 1936 6128 -986 6 -1.0 4 57 63 108 202 32 59 134 16 1 67 229 16 

53 2010-02-11  03:36:33 1946 6132 -1020 5 -0.6 4 105 13 31 345 83 101 65 37 267 50 163 11 

54 2010-02-11  04:54:37 1924 6122 -1014 5 0.9 2 4 67 65 234 33 135 112 18 237 60 14 23 

55 2010-02-11  13:12:08 2191 6265 -917 7 -0.4 4 40 55 90 220 35 90 130 10 310 80 220 0 

56 2010-02-11  23:38:19 2029 6167 -1334 7 -1.2 4 77 5 51 297 86 93 24 41 210 49 116 3 

57 2010-02-12  14:39:11 2170 6140 -1044 6 -1.5 3 59 78 96 213 14 65 144 32 337 57 238 6 

58 2010-02-14  01:37:36 1952 6214 -1008 5 -1.2 4 136 13 60 347 79 97 71 33 265 56 165 7 

59 2010-02-14  02:00:33 1887 6585 -766 5 0.3 3 237 1 -27 355 90 -91 264 45 85 45 355 1 

60 2010-02-14  03:29:37 1914 6126 -972 5 -0.7 3 246 10 171 344 88 80 84 43 244 46 345 10 

61 2010-02-14  08:58:03 2016 6302 -996 7 -1.0 4 32 60 79 233 32 108 130 14 275 73 38 9 

62 2010-02-14  12:01:42 2210 5423 -1373 9 -1.0 4 46 78 -113 290 26 -28 290 51 154 30 51 23 

63 2010-02-14  22:35:15 2032 6517 -741 6 -0.7 4 99 78 91 275 12 85 189 33 11 57 279 1 

64 2010-02-14  23:42:38 2015 6451 -896 7 -1.2 4 13 32 57 231 64 109 307 17 175 66 42 17 

65 2010-02-15  01:41:02 2021 6259 -992 7 -1.1 4 154 3 65 358 88 91 87 43 269 47 178 1 

66 2010-02-15  05:14:15 1991 6261 -1123 4 0.0 4 187 84 -88 347 7 -110 100 51 275 39 7 2 
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67 2010-02-15  19:12:23 2019 5938 -1331 7 -1.3 1 5 67 -84 169 23 -105 286 67 90 22 183 6 

68 2010-02-16  01:33:30 1943 6163 -972 5 -1.2 4 133 12 57 346 80 97 71 34 265 55 165 7 

69 2010-02-16  10:06:44 2118 5777 -809 10 -0.8 4 53 25 44 282 73 108 357 26 216 58 96 18 

70 2010-02-17  17:24:45 1971 5977 -1331 8 -1.2 1 2 64 -74 148 30 -120 302 67 80 18 175 15 

71 2010-02-18  17:47:00 1993 6449 -722 7 -0.6 4 90 15 -131 311 78 -80 234 56 33 33 129 10 

72 2010-02-18  20:09:56 1979 6139 -1015 5 0.2 4 229 11 158 340 86 80 80 40 239 48 341 10 

73 2010-02-19  00:36:48 1964 6130 -1024 5 -1.0 4 108 13 35 344 83 100 65 37 266 51 163 10 

74 2010-02-19  04:19:06 1964 6115 -1017 4 1.6 4 107 11 35 343 84 99 65 38 263 51 162 9 

75 2010-02-19  04:19:25 1940 6124 -952 7 -1.2 2 176 89 -73 268 17 -178 103 43 249 42 356 17 

76 2010-02-19  04:20:06 2048 6374 -895 8 -1.5 4 11 30 61 223 64 106 301 17 163 67 36 14 

77 2010-02-19  04:21:15 1922 6140 -978 5 -0.5 4 71 60 79 272 32 109 169 14 313 73 76 10 

78 2010-02-19  07:15:04 1925 6118 -996 5 0.0 4 99 13 27 344 84 102 63 38 266 49 162 12 

79 2010-02-19  11:17:17 1916 6126 -989 5 -0.7 4 116 12 54 333 81 97 57 35 252 54 152 7 

80 2010-02-19  23:02:50 2030 6388 -1004 6 -1.5 3 159 22 97 331 68 87 64 23 237 67 333 3 

81 2010-02-19  23:52:30 2047 6005 -500 6 -0.1 4 152 55 -107 359 39 -68 14 74 254 8 162 14 

82 2010-02-22  22:34:56 1970 5961 -1208 5 -1.0 3 216 14 -53 358 79 -98 258 55 95 34 360 8 

83 2010-02-24  02:54:32 2021 6544 -824 5 -1.6 2 149 88 91 303 2 65 238 43 60 47 329 1 

84 2010-02-24  04:40:05 1945 6068 -1248 7 -1.2 4 43 3 18 296 89 93 23 44 208 46 115 3 

85 2010-02-24  09:06:22 2120 6484 -793 6 -1.6 2 159 76 115 276 28 30 229 27 98 52 333 24 

86 2010-02-24  15:38:38 2001 6272 -981 7 -1.5 3 101 20 -111 303 71 -83 224 63 27 26 121 7 

87 2010-02-25  03:50:00 2003 6116 -1009 4 0.4 4 54 71 89 237 19 92 145 26 323 64 54 1 

88 2010-02-25  08:49:51 1977 6150 -1033 5 -1.1 4 62 60 84 255 30 101 157 15 315 74 65 6 

89 2010-02-26  00:15:08 2020 6384 -982 10 -1.2 3 195 30 105 358 61 82 94 16 249 72 2 7 

90 2010-02-26  16:39:26 1189 6374 -549 7 0.8 4 53 85 -103 301 14 -22 309 49 154 39 54 13 

91 2010-02-26  16:55:39 1239 6317 -671 8 0.8 4 201 79 107 323 20 34 277 32 131 53 18 17 

92 2010-02-26  23:29:11 1907 6053 -1337 5 0.5 4 162 21 75 358 70 96 84 25 278 64 177 5 

93 2010-02-27  01:50:57 1867 6149 -1020 7 -0.8 3 24 68 124 144 40 37 90 16 337 54 190 31 

94 2010-02-28  09:13:51 1860 5948 -504 5 -0.3 4 168 34 -53 306 64 -112 178 64 52 16 316 20 

95 2010-02-28  09:14:19 1928 5676 -966 4 0.4 4 154 74 91 331 16 87 244 29 66 61 334 1 

96 2010-02-28  23:45:20 2019 5905 -1346 7 -1.3 4 2 17 2 271 89 107 344 42 197 43 90 17 

97 2010-03-02  23:53:28 2104 6191 -1264 5 -0.2 4 93 84 79 336 12 153 193 38 351 50 94 11 

98 2010-03-04  01:40:20 1877 6296 -761 5 -1.0 4 149 43 86 335 47 94 62 2 300 87 152 3 

99 2010-03-04  08:31:37 1846 6324 -924 5 -1.1 4 13 76 87 204 14 101 105 31 280 59 14 3 

100 2010-03-04  13:17:21 2201 5335 -1307 9 -0.8 4 0 23 -174 265 88 -67 197 43 334 39 84 23 
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101 2010-03-04  14:25:30 1907 6167 -1007 7 -1.1 4 232 35 164 335 81 57 92 28 213 44 341 33 

102 2010-03-04  14:28:09 2216 5286 -1286 9 -0.6 3 150 11 -88 329 79 -90 238 56 59 34 329 0 

103 2010-03-04  17:28:24 2109 6056 -944 7 -1.2 4 122 25 -92 304 65 -89 217 70 34 20 124 1 

104 2010-03-06  01:29:15 2040 6396 -860 7 -0.8 4 209 64 117 340 37 47 280 15 161 61 17 24 

105 2010-03-07  05:24:48 1914 6329 -1023 7 -1.2 4 60 10 25 306 86 99 27 40 226 48 125 9 

106 2010-03-07  06:11:19 1842 6178 -991 6 -0.9 4 11 20 -68 168 72 -97 66 62 264 27 170 7 

107 2010-03-07  07:06:58 1828 6169 -996 6 -1.1 4 179 70 -87 351 20 -98 94 65 267 25 358 3 

108 2010-03-07  09:47:21 1873 6134 -987 6 -1.4 4 103 59 -79 262 32 -108 41 73 185 14 277 10 

109 2010-03-07  09:50:22 1910 6138 -1005 5 0.2 4 102 90 -90 240 0 -131 12 45 191 45 282 0 

110 2010-03-07  11:29:57 1876 6170 -977 5 1.8 2 20 77 77 246 19 135 121 31 273 56 23 13 

111 2010-03-07  11:30:18 1825 6159 -993 7 -0.6 4 230 44 179 321 90 46 85 30 196 31 321 44 

112 2010-03-07  11:37:25 1886 6183 -980 5 -0.4 4 25 12 127 168 80 82 264 35 69 54 169 7 

113 2010-03-07  11:42:47 2003 6664 354 5 0.1 4 164 75 89 348 15 95 255 30 72 60 164 1 

114 2010-03-07  13:02:12 1878 6131 -966 6 -1.2 4 59 89 107 154 17 5 133 41 346 44 239 17 

115 2010-03-07  19:48:20 1838 6186 -994 5 -1.2 4 190 69 -85 356 21 -103 109 65 276 24 8 5 

116 2010-03-07  21:42:44 1974 6287 -1176 6 -0.8 4 201 86 -88 359 5 -113 113 49 289 41 21 2 

117 2010-03-08  01:37:01 2002 6561 -906 6 -1.0 3 177 83 96 320 9 53 262 37 94 52 357 6 

118 2010-03-08  03:44:00 1919 6146 -1016 5 -0.7 4 20 89 90 181 1 71 109 44 290 46 200 0 

119 2010-03-08  20:23:38 1950 6148 -989 5 0.1 4 220 8 142 347 85 84 83 40 251 49 348 6 

120 2010-03-09  17:27:15 1830 6184 -988 5 -1.3 4 57 23 -12 158 85 -112 46 45 268 37 160 22 

121 2010-03-09  20:33:43 1858 6131 -993 6 -0.9 4 168 69 98 326 22 70 251 24 91 65 345 8 

122 2010-03-09  21:55:18 1842 6223 -1033 9 -1.2 4 167 53 95 339 38 84 254 8 101 82 344 4 

123 2010-03-10  07:38:12 1962 6220 -980 6 0.0 4 231 25 154 345 79 68 93 31 230 51 349 22 

124 2010-03-10  08:49:55 2052 6196 -944 7 -1.3 4 26 58 71 240 37 118 130 11 254 70 37 16 

125 2010-03-10  13:05:50 2094 6660 -741 6 -1.2 4 85 27 -165 341 83 -64 278 46 49 33 158 26 

126 2010-03-10  18:37:13 2073 5431 -1326 9 -1.2 1 127 21 75 322 70 96 48 24 241 65 140 5 

127 2010-03-11  11:16:08 1943 6482 -809 5 -0.6 4 68 61 92 244 29 87 156 16 342 74 247 2 

128 2010-03-11  20:22:45 2096 6279 -1040 6 -1.1 2 22 1 -37 148 89 -91 57 46 239 44 148 1 

129 2010-03-12  01:25:38 1878 6298 -1027 6 -1.0 4 22 26 0 292 90 116 358 39 226 40 112 26 

130 2010-03-12  11:26:33 2029 6527 -797 7 -1.2 1 49 14 168 151 87 76 253 41 46 46 151 14 

131 2010-03-12  18:54:34 1901 6153 -961 9 -0.7 4 221 22 131 359 74 76 100 27 249 59 3 14 

132 2010-03-13  08:36:57 1989 5976 -1295 7 -1.2 4 34 70 -80 185 22 -117 320 63 116 25 210 10 

133 2010-03-13  18:21:48 1879 6102 -985 5 -0.3 4 184 86 -88 343 5 -111 96 49 273 41 4 2 

134 2010-03-13  20:32:59 1890 6180 -1349 6 -0.9 4 100 84 -94 313 8 -58 6 51 194 38 101 4 



130 

 

135 2010-03-14  07:58:35 1951 6149 -932 6 0.3 4 42 60 79 242 32 107 140 14 286 73 47 9 

136 2010-03-14  08:00:11 1929 6104 -981 5 0.0 4 63 63 80 264 28 109 160 18 312 70 67 9 

137 2010-03-14  13:12:22 1951 6566 -751 6 -0.4 3 227 4 -36 353 88 -93 260 47 86 43 353 3 

138 2010-03-14  20:21:02 2059 5925 -1272 7 -1.6 3 152 41 124 290 57 64 38 9 149 66 305 22 

139 2010-03-16  00:48:48 1851 6129 -969 11 -0.9 3 16 44 10 279 83 134 337 25 227 36 93 43 

140 2010-03-16  08:04:33 2056 6330 -846 8 -0.9 4 26 55 76 230 37 109 126 9 254 75 34 12 

141 2010-03-17  01:22:50 1844 6430 -746 8 -1.0 4 82 45 88 265 45 92 354 0 259 88 84 2 

142 2010-03-17  02:02:17 2199 7109 -1032 5 -0.3 4 131 59 81 328 32 105 227 14 18 74 135 8 

143 2010-03-18  00:22:02 1829 6181 -811 5 -0.4 4 243 11 162 351 87 79 91 41 250 47 351 11 

144 2010-03-18  10:06:20 2037 6321 -1001 9 -0.1 4 31 70 73 254 26 129 135 23 276 61 37 16 

145 2010-03-19  01:19:45 1868 6156 -957 6 -1.7 4 25 88 93 153 4 39 112 42 298 47 204 3 

146 2010-03-19  03:04:03 1842 6144 -1004 7 -1.3 4 25 22 128 165 73 76 266 27 55 59 169 13 

147 2010-03-19  09:16:30 1983 6257 -997 6 -0.5 4 160 4 80 350 86 91 80 41 261 49 170 1 

148 2010-03-19  12:56:16 1842 6080 -953 6 -0.9 3 44 15 -67 201 76 -96 102 59 296 31 202 6 

149 2010-03-19  18:39:23 1991 6191 -995 6 -1.3 3 213 11 131 351 82 83 88 36 253 53 352 7 

150 2010-03-19  22:22:07 2230 5594 -1286 10 -1.2 4 30 28 172 127 86 62 241 35 11 42 129 28 

151 2010-03-20  01:26:14 1993 6177 -963 8 -0.4 2 3 76 72 236 22 141 107 29 251 56 7 17 

152 2010-03-20  01:32:36 1955 6167 -1010 5 -0.5 4 120 14 45 345 80 100 67 35 267 54 163 10 

153 2010-03-20  03:06:08 1901 6165 -985 5 -0.7 4 76 88 98 184 8 18 159 42 354 47 256 8 

154 2010-03-20  04:15:23 1863 6139 -984 6 -1.2 4 101 23 -33 222 78 -110 108 53 328 30 226 19 

155 2010-03-20  09:39:51 2175 6325 -864 8 -0.8 4 27 32 73 227 59 100 309 14 163 74 41 9 

156 2010-03-20  18:56:57 2087 6082 -923 6 -0.6 4 3 84 116 105 27 13 71 34 299 45 180 26 

157 2010-03-22  02:59:40 1993 6137 -968 7 -1.4 4 52 64 87 240 26 97 145 19 315 71 54 3 

158 2010-03-22  12:25:16 2001 6175 -913 6 -1.8 4 20 62 -103 227 31 -67 262 70 120 16 26 12 

159 2010-03-22  14:02:30 2004 6168 -994 5 1.0 4 56 63 89 238 27 92 147 18 324 72 56 1 

160 2010-03-22  15:58:56 2222 5369 -1365 10 -1.9 4 191 88 91 341 2 60 280 43 103 47 11 1 

161 2010-03-22  18:43:56 1823 6104 -723 6 -1.7 4 163 33 -84 336 57 -94 232 77 68 12 338 3 

162 2010-03-23  01:19:50 2049 6187 -1085 5 0.5 4 68 18 -122 282 75 -80 205 59 4 29 99 10 

163 2010-03-24  01:20:11 1968 6167 -980 7 -2.0 4 250 16 -12 352 87 -106 245 46 96 40 353 16 

164 2010-03-24  01:21:41 1968 6204 -936 5 1.4 4 19 79 99 160 14 51 102 34 300 55 197 9 

165 2010-03-24  01:47:10 2002 6148 -972 5 -0.5 4 199 20 118 350 73 80 88 27 246 61 353 9 

166 2010-03-27  01:22:08 2003 6214 -1019 5 0.8 4 110 5 -156 356 88 -85 271 47 82 43 176 5 

167 2010-03-30  01:39:05 2036 6278 -1001 9 -0.6 4 1 71 80 209 22 117 98 25 255 63 4 9 

168 2010-04-01  01:18:12 1840 6083 -962 5 -0.5 4 16 84 94 164 7 59 102 39 290 51 195 4 
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169 2010-04-23  08:55:42 1881 6142 -971 6 1.7 4 3 88 80 264 11 171 103 42 262 46 3 10 
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APPENDIX D – Moment tensor solutions and decomposition 
(The number and the ID of the events is the same as in Appendices B abd C.) 

NR 2 – ID: 2010-01-16  10:44:30 
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NR 3 – ID: 2010-01-16  10:46:10 
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NR 17 – ID: 2010-01-25  06:42:51 
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NR 24 – ID: 2010-01-29  00:33:00 
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NR 25 – ID: 2010-01-29  00:35:39 
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NR 32 – ID: 2010-01-30  18:31:29 
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NR 34 – ID: 2010-01-31  02:05:31 

 

 

  



139 

 

NR 35 – ID: 2010-01-31  21:29:16 
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NR 42 – ID: 2010-02-08  01:28:22 
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NR 45 – ID: 2010-02-09  09:27:45 

 

 

  



142 

 

NR 47 – ID: 2010-02-09  17:42:10 
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NR 54 – ID: 2010-02-11  04:54:37 
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NR 57 – ID: 2010-02-12  14:39:11 
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NR 59 – ID: 2010-02-14  02:00:33 

 

 

  



146 

 

NR  60– ID: 2010-02-14  03:29:37 
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NR 67 – ID: 2010-02-15  19:12:23 
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NR 70 – ID: 2010-02-17  17:24:45 
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NR 75 – ID: 2010-02-19  04:19:25 
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NR 82 – ID: 2010-02-22  22:34:56 
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NR 85 – ID: 2010-02-24  09:06:22 
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NR 89 – ID: 2010-02-26  00:15:08 
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NR 93 – ID: 2010-02-27  01:50:57 

 

 

  



154 

 

NR 102 – ID: 2010-03-04  14:28:09 
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NR 110 – ID: 2010-03-07  11:29:57 
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NR 126 – ID: 2010-03-10  18:37:13 
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NR 130 – ID: 2010-03-12  11:26:33 
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NR 137 – ID: 2010-03-14  13:12:22 
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NR 138 – ID: 2010-03-14  20:21:02 
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NR 139 – ID: 2010-03-16  00:48:48 
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NR 148 – ID: 2010-03-19  12:56:16 

 

 

  



162 

 

NR 151 – ID: 2010-03-20  01:26:14 
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APPENDIX E – Moment tensor parameters 
NR: Number of the seismic event 

ID: Origin time of the seismic event (YYYY-MM-DD HH:MM:SS) 

X, Y, Z: Cartesian coordinates of the seismic event  

NS: Number of sensors used for the seismic moment tensor 

M: Magnitude of the seismic event 

Str (1): Strike of fault plane 1 

Dip (1): Dip of fault plane 1 

Ra (1): Rake of fault plane 1 

Str (2): Strike of fault plane 2 

Dip (2): Dip of fault plane 2 

Ra (2): Rake of fault plane 2 

AZP: Azimuth of P-axis 

PP: Plunge of P-axis 

AZT: Azimuth of T-axis 

PT: Plunge of T-axis 

AZB: Azimuth of B-axis 

PB: Plunge of B-axis
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NR ID X Y Z NS M 
Str 

(1) 

Dip   

(1) 

Ra 

(1) 

Str 

(2) 

Dip 

(2) 

Ra 

(2) 
AZP PP AZT PT AZB PB 

2 2010-01-16  10:44:30 1991 6102 -1266 7 -1.2 185 53 -59 320 47 -124 156 66 253 3 345 24 

3 2010-01-16  10:46:10 1991 6104 -1269 9 -1.3 21 65 48 266 48 145 140 10 242 51 42 37 

17 2010-01-25  06:42:51 2186 5440 -1345 14 -1.1 41 17 102 209 73 86 301 28 113 62 210 3 

24 2010-01-29  00:33:00 2215 5457 -1355 11 -0.9 4 15 84 190 75 92 279 30 102 60 9 1 

25 2010-01-29  00:35:39 2181 5447 -1345 13 -0.7 39 86 -67 139 23 -169 332 45 109 37 217 22 

32 2010-01-30  18:31:29 1948 6128 -972 6 -1.1 114 23 41 346 75 108 62 28 279 56 161 17 

34 2010-01-31  02:05:31 2180 5433 -1344 10 -0.9 26 86 -88 180 5 -117 298 49 114 41 206 2 

35 2010-01-31  21:29:16 2029 6128 -1340 10 0.2 210 55 -52 336 50 -132 179 59 274 3 5 31 

42 2010-02-08  01:28:22 1949 6162 -1077 18 0.3 45 46 131 175 57 56 288 6 30 61 194 28 

45 2010-02-09  09:27:45 2188 5447 -1371 12 -0.6 117 85 -88 272 6 -115 30 50 205 40 297 2 

47 2010-02-09  17:42:10 2074 6190 -1007 8 -0.6 124 78 -15 217 75 -167 80 19 170 2 265 71 

54 2010-02-11  04:54:37 1924 6122 -1014 5 0.9 14 65 98 176 26 74 98 20 299 69 190 7 

57 2010-02-12  14:39:11 2206 6300 -1085 6 -1.4 158 76 -72 284 23 -142 91 55 233 29 333 18 

59 2010-02-14  02:00:33 1883 6610 -796 5 0.3 47 33 -100 239 57 -83 170 77 325 12 56 6 

60 2010-02-14  03:29:37 1900 6116 -985 5 -0.7 169 30 87 352 60 92 81 15 267 75 171 1 

67 2010-02-15  19:12:23 2017 5942 -1323 7 -1.3 2 60 94 174 30 83 89 15 282 74 180 3 

70 2010-02-17  17:24:45 1966 5978 -1320 8 -1.2 141 15 151 259 83 77 1 37 154 50 261 13 

75 2010-02-19  04:19:25 1940 6124 -952 7 -1.2 8 89 84 272 6 175 104 44 271 45 8 6 

82 2010-02-22  22:34:56 1951 6114 -1000 5 -1.1 10 77 99 154 16 56 92 31 292 57 187 9 

85 2010-02-24  09:06:22 2118 6483 -793 6 -1.6 56 51 46 293 56 130 356 3 261 58 87 32 

89 2010-02-26  00:15:08 2036 6389 -945 10 -1.3 4 53 66 221 43 119 111 5 216 70 20 19 

93 2010-02-27  01:50:57 1867 6149 -1019 7 -0.8 10 78 81 226 15 125 108 32 269 56 12 9 

102 2010-03-04  14:28:09 2219 5293 -1285 9 -0.6 137 67 74 354 28 124 239 21 20 64 143 15 

110 2010-03-07  11:29:57 1876 6170 -977 5 1.8 4 69 90 184 21 90 94 24 274 66 4 0 

126 2010-03-10  18:37:13 2064 5428 -1327 9 -1.2 23 66 60 259 38 139 135 16 252 57 37 28 

130 2010-03-12  11:26:33 2029 6528 -800 7 -1.2 109 19 -6 205 88 -109 97 44 312 40 206 19 

137 2010-03-14  13:12:22 1951 6565 -750 6 -0.4 251 30 -10 350 85 -120 231 42 105 33 353 30 

138 2010-03-14  20:21:02 2064 5916 -1273 7 -1.6 21 78 99 166 15 56 104 32 302 57 199 8 

139 2010-03-16  00:48:48 1826 6117 -990 11 -0.9 229 38 173 324 86 52 84 31 201 38 327 37 

148 2010-03-19  12:56:16 1844 6081 -947 6 -1.0 104 31 -41 230 70 -114 108 58 338 22 239 23 

151 2010-03-20  01:26:14 1991 6171 -980 8 -0.4 186 26 97 358 64 86 91 19 260 71 359 3 

 


