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Abstract 
Investigation of Source Parameters of Earthquakes in Northern 

Sweden 

María González Caneda 

By studying the frequency domain of seismic signals generated by earth-

quakes, the source parameters can be recovered, i.e., the seismic moment 

( 𝑀0) and the stress drop (Δ𝜎). This method is an advantage especially 

since if the source parameters are calculated from the time domain a full 

waveform inversion is needed, therefore this procedure facilitates the com-

putation. Besides, the moment magnitude (𝑀𝑤) can be calculated from the 

seismic moment and, in turn, the local magnitude (𝑀𝐿) can be obtained by 

using an algorithm that matches different ranges of moment magnitude 

with their corresponding local magnitude. 

 In the present thesis, small to moderate earthquakes in Northern Swe-

den have been used to develop a code that calculates the source parameters 

through the fitting of five different spectral models and, this way, discerns 

which model obtains the best determination of the parameters. These mod-

els have been chosen in a way that we can also extract information about 

the attenuation.  

The different models are; the Brune spectral model, Boatwright spectral 

model, Boatwright spectral model with a fixed fall-off rate, a general form 

of the spectral model with quality factor equal to 1000 and a general form 

of the spectral model with quality factor equal to 600. Among these mod-

els, the Boatwright model with fixed fall-off rate equal to 2, has been found 

to give the best fit to the data used in this thesis. This might be due to the 

regional conditions which are the low attenuation in the crust of northern 

Fennoscandia and the short hypocentral distances of the studied earth-

quakes. The earthquakes studied in the present thesis have shown a range 

of magnitudes from 𝑀𝐿 4.2 to -0.2 with radius of an assumed circular fault 

ranging from 269 m to 66 m. 

Keywords: spectral analysis; earthquake source observations; 𝜔−2 source 

model; moment magnitude; local magnitude; Northern Sweden seismicity. 
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Sammanfattning 
Undersökning av jordbävningskällans egenskaper i norra 

Sverige 

María González Caneda 
 

Genom att studera signalerna från en jordbävning i frekvensdomänen 

kan man bestämma dess källegenskaper, som till exempel det seismiska 

momentet (M0) och spänningsfallet ((Δσ). Metoden innebär att 

källparametrarna kan bestämmas på ett enklare sätt än om de skulle tas 

fram i tidsdomänen genom inversion av vågformerna. Dessutom kan 

momentmagnituden (Mw) beräknas från det Seismiska momentet, och vid 

behov kan även den lokala magnituden (ML) bestämmas via 

regressionssambandet mellan Mw och ML. 

I detta arbete har har mindre jordskalv i norra Sverige använts för att 

utveckla programvara som som beräknar källparametrarna genom att 

anpassa olika spektralmodeller till datat. Fem olika modeller för spektrats 

utseende har använts och anpassningen har utvärderats för att bestämma 

vilken modell som passar bäst. I två av modellerna ingår också en 

bestämmning av jordskorpans dämpning av seismiska signaler.  

De fem modeller som använts är; Brune-modellen, Boatwright-

modellen, Boatwright-modellen med ett fixt frekvensavtagnade, en 

generell spektralmodell med dämpningsfaktor 1000 och en generell 

spektralmodell med dämpningsfaktor 600. Av dessa modeller är det 

Boatwright-modellen med ett fixt frekvensavtagande (n=2) som bäst 

passar datat som använts här. Detta kan bero på regionala omständigheter 

som den låga dämpningen i jordskorpan i norra Fennoskandien och de 

korta avstånd mellan källa och mätstation som ingår här. Jordskalven som 

studeras här har magnitud mellan ML -0.2 och 4.2 med förkastningsradier, 

på de antagna cirkulära förkastningarna, från 66 m till 269 m. 

 

Nyckelord: spektralanalys, jordbävningskällan, omega-2 modellen, 

momentmagnitud, lokal magnitud, seismicitet i norra Sverige. 
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Abbreviations 

SNSN – Svenska Nationella Seismiska Nätet (Swedish National Seismic 

Network) 

SCSN – Southern California Seismic Network 

BSZ – Burträsk Shear Zone 

GIA – Glacial Isostatic Adjustment 

FFT – Fast Fourier Transform 

SNR – Signal to Noise Ratio 

rms – root mean squared 

 

Events:  

 Event A – Event in the Bay of Bothnia on March 19th, 2016, at 21:55 

 Event B – Event in the Bay of Bothnia on March 19th, 2016, at 22:10 

 Event C – Event in the Burträsk area on June 25th, 2016, at 02:05 

 Event D – Event in the Burträsk area on August 19th, 2016, at 22:15 

 

Models:  

 M1 – Brune spectral model  

 M2 – Boatwright spectral model 

 M3 – Boatwright spectral model with a fixed fall-off rate 𝑛 = 2 

 M4 – A general form of the spectral model including attenuation with 

quality factor equals 1000. 

 M5 – A general form of the spectral model including attenuation with 

quality factor equals 600.
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1 Introduction 

In seismology, one of the key problems is how to isolate the different parts 

that form a seismic signal such as source, path, and site effects in order to 

characterize the first of them, the source, which is the process that creates 

the earthquake. In other words, obtaining those parameters which define 

an event, i.e., energy (𝐸𝑠), seismic moment (𝑀0), source dimension and 

stress drop (Δ𝜎). Nevertheless, distinguishing these parameters is even 

harder in the study of small earthquakes given that the higher frequencies 

that define a small source are the most affected by attenuation and near-

surface site effects [Abercrombie, 1995].  

 

  

In this thesis, the source parameters are calculated (assuming point-source 

model) from spectral analysis using four earthquakes with magnitudes 

from 𝑀𝐿 4.2 to -0.2 (values obtained in this study) that occurred in 2016 in 

the Bothnian Bay (northern part of Gulf of Bothnia) and in the Burträsk 

area, northern Sweden. A spectral modelling method has been used to ob-

tain the seismic moment, the stress drop and the radius of an assumed cir-

cular fault from the low-frequency plateau level and the corner frequency, 

using for this purpose, five different models with different characteristics. 

For the first three, the quality factor accounting for the attenuation is ne-

glected. In contrast, the forth model and the fifth model will use a large 

quality factor and a smaller quality factor, respectively, characterizing a 

slightly attenuated media and a more attenuated media. 
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 Once the low-frequency plateau level (also known as DC level) and the 

corner frequency are known, we calculate the moment magnitude from the 

former, the DC level. On the other hand, the radius of the fault is obtained 

by the corner frequency (assuming circular fault) and the stress drop will 

be a combination of the low-frequency plateau level and corner frequency.  

 

 Processing the data of the largest event (event A) in order to determine 

the abovementioned parameters, a code developed in Python has been writ-

ten which can be used to calculate the same parameters also for different 

events, including all the corrections that were thought necessary. This 

method will be of great importance for the characterization of source pa-

rameters economising in computation since it describes the source from the 

spectrum without requiring a full waveform inversion. 
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2 Aims 

For regions with low seismicity as the one studied on this thesis, determi-

nation of the source parameters and the moment magnitude for small 

events is an interesting practice to investigate. In this thesis, we aim to de-

velop a code that calculates the moment magnitude from spectral model-

ling to obtain a more accurate measure of the magnitude of an earthquake. 

To do this, the code has been written using a 𝑀𝐿 4.2 event in Northern 

Sweden (which is a moderate earthquake and, considering the region, 

could be named even a large earthquake), in order to facilitate the devel-

opment of the different methods applied to the data. After that, the code 

was probed on one aftershock of this main event that was used to write the 

code and two small earthquakes in the Burträsk area using a spectral fitting 

method.  

 

 The largest event studied here (which from now on will be referred as 

event A, 𝑀𝐿 4.2) and its aftershock (event B, 𝑀𝐿 0.7) occurred between 

Piteå and Skellefteå, about 45 kilometres off the coast of the Gulf of Both-

nia. The events of 𝑀𝑤 0.6 (event C) and 𝑀𝑤 0.5 (event D) were located 

within the seismic network used (for precise location see Table 1).  

 

The data used has a sampling rate of 200 Hz and it is provided by a 

temporary seismic network located in the Burträsk area. Moreover, we also 

include for this study data from the permanent Swedish National Seismic 

Network (SNSN) which has a sampling rate of 100 Hz and it is located in 

the same area. 
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 It may be a great improvement to obtain the magnitudes from the spec-

tral fitting since the use of poor data, such as moment magnitudes inappro-

priately scaled from local magnitudes, could introduce a significant uncer-

tainty on the results [Edwards et al., 2010]. Thus, the direct determination of 

moment magnitudes for small earthquakes is essential.  

 

 After a set of corrections applied to the data (in this case the S-wave is 

used) in the time domain which include detrending, filtering, tapering and 

instrument response correction, the spectral analysis is made by inverting 

the spectrum with five different models to obtain the low-frequency plat-

eau level and the corner frequency. Brune model, Boatwright models and 

attenuated models using the general spectral form were chosen to fit the 

frequency domain data through which we will be able to determine the 

moment magnitude for each earthquake.  

 

 Since the modernization of the SNSN in 1998, local magnitudes are 

calculated using a seismic moment based scaled derived from the work of 

[Slunga et al., 1984]. In the [Slunga et al., 1984] study, the epicentre and focal 

depth of more than 150 earthquakes in southern Sweden were determined 

together with estimation of seismic moment, corner frequencies, stress 

drops, and peak ground motions. However, we want to explore more dif-

ferent models and how they work for events in the region concluding the 

best fit for our cases. 



5 

3 Theory 

The following text is mainly based on Lay and Wallace [1995] and Shearer 

[1999]. 

3.1 Source theory 

A seismogram can be considered the output of a series of filters that repre-

sent different processes such as propagation, attenuation and recording on 

a frequency-band-limited instrument.  

 

                                                                               (2.1) 

 

where 𝑧(𝑡) is the seismogram, 𝑠(𝑡) is the source function, 𝑔(𝑡) is Earth’s 

filter and 𝑖(𝑡) is the instrument’s filter.  

 

 

The mathematical link between these input and output signals is commonly 

known as a convolution. It is significantly easier to perform a convolution 

in the frequency domain than in the time domain since the convolution 

operator is just multiplication in the frequency domain. For this reason, in 

this study a spectral analysis is carried out to facilitate the manipulation of 

the data. Besides, determining the source parameters in the frequency do-

main avoids, for instance, having to know the details of the Green’s Func-

tion. 
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 Moreover, deconvolving a seismogram from the instrument response, 

the ground displacement will be obtained. It is represented as follows  

 

                                                                                       (2.2) 

 

However, to mathematically model an earthquake as a certain slip on a 

fault, the parametrization using the displacement at point x can be written 

as  

 

                                                    (2.3) 

 

where 𝑢 is the displacement, 𝑓 is the force vector, and 𝐺 is the Green’s 

function. To graphically describe this movement, we use the distribution 

of body forces; this is called the equivalent body forces.  

  

 

As starting point, we consider a single force in the ground generated by an 

external force, but the momentum associated with this single force would 

not be conserved. Likewise, if a force couple is used to describe the equiv-

alent body forces, the angular momentum is not conserved unless a com-

plementary couple exist to balance the forces (see Figure 1). This resulting 

couple is known as the double couple. 
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On the other hand, a moment tensor is the mathematical tool we use to 

describe all forces acting in the system. The moment tensor here is used to 

define the double couple source.  

 

                                                                                (2.4) 

 

 

However, to use the equivalent body force representation to predict dis-

placements caused by an earthquake, the Green’s function is needed.  

  

 Considering the case of a simple spherical wavefront, we simplify the 

mathematical description of the displacement field deriving it from the po-

tential for a P-wave 

 

                                              (2.5) 

 

Figure 1. Schematic diagrams of the double couple representation [Shearer, 1999]. 
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 The equation above shows a first term, known as near-field term, with 

a decay of 
1

𝑟2
 and a second term called far-field term which decays as 

1

𝑟
. 

More complicated expressions arise for point force and double-couple 

sources. 

 

 

For a point source the far-field displacement would be 

 

                                                                    (2.6) 

 

where 
1

4𝜋𝜌𝑐3
 will represent the media which the ray travels through, 

1

𝑟
 the 

geometrical spreading, 𝑅𝑃 is the radiation pattern and �̇� will be the size 

and orientation of the earthquake in terms of the moment released.  

 

The moment rate is  

 

                                                                                             (2.7) 

 

where 𝜇 is the shear modulus, 𝐴 is the area of the rupture and �̇� is the time-

derived displacement or the displacement rate of the fault. 

 

 As we can see from the previous equations, the point source far-field 

displacement depends on the moment rate which, in turn, depends on the 

time derivative of the slip. The area below the displacement’s function in 

the far-field represents the low-frequency plateau level in the spectrum 

which is proportional to the seismic moment (e.g. Figure 2).  



9 

 

3.2 The Haskell source model 

Considering a point source characterized by a ramp function 𝑀(𝑡) (e.g. 

Figure 3), the corresponding �̇�(𝑡) function will be a boxcar. Therefore, for 

earthquakes so small that can be approximated to a point source, this model 

provides a good description of the far field response.  

 

Figure 2. Displacement and velocity for the near-field, far-field and far-field 

spectrum [Shearer, 1999]. 

Figure 3. Ramp model of the displacement history of a particle on a fault in the 

near-field and in the far-field [Lay & Wallace, 1995]. 



10 

     This model was introduced by Haskell [1964] and it can be used to in-

terpret a finite fault as the integration of individual point-sources on the 

fault surface. In order to describe the slip at a point on the fault a boxcar is 

used. Thus, the shape of the far-field displacement pulse will be given by 

the convolution of two boxcar functions, one that represents the point 

source and the second representing the effects of the finite fault with width 

equals to the rupture time. The convolution of the two boxcars result on a 

trapezoid. This model is called the Haskell fault model and it is valid for a 

simple model of a line source.  

3.3 The source spectra  

If we now represent these far-field pulses in the frequency-domain, we see 

that the Fourier transform of a boxcar of a unit height and a unit width is 

given by 

 

    (2.8) 

  

 Using this, we can formulate the product of two boxcars, which repre-

sents the Haskell fault model, in the frequency domain as the product of 

two sinc functions 

 

                                                      (2.9) 
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where the second term is the sinc function with 𝜏𝑟 represents the particle 

dislocation history.  In the third term, we can see the sinc function with 𝜏𝑐 

representing the effects of fault finiteness. 𝜏𝑟 and 𝜏𝑐 are the widths of the 

boxcar functions on the time domain. 

 

 The previous equation leads us to the conclusion that the displacement 

amplitude decreases with increasing frequency as we can also see from the 

graphical representation of this equation.   

 

 

Applying the logarithm, the spectrum of a box car has a plateau at frequen-

cies less than 2 𝜏𝑟⁄  and then decays in proportion to 1 𝜔⁄ . The crossover 

frequency between both behaviours is called corner frequency.  

 

 In addition, if we now use two boxcars, amplitude spectra will have 

three distinct trends: 

 

𝑢(𝜔) =

{
 
 

 
 𝑀0                             𝜔 <

2

𝜏𝑐
𝑀0

𝜔𝜏𝑐 2⁄
                 

2

𝜏𝑐
< 𝜔 <

2

𝜏𝑟
𝑀0

𝜔2(
𝜏𝑟𝜏𝑐
4
)
                      𝜔 >

2

𝜏𝑟

                                                      (2.10) 

  

 Theoretically, the amplitude spectrum content of a finite fault should be 

flat at periods longer than the rupture time of the fault and subsequently it 

should decay with two different trends (e.g. Figure 4). This is called 

the 𝜔−2  source model.  
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 However, a point source will only have one corner and by studying the 

spectra of real earthquakes, we often only identify one corner frequency 

defined by the intersection between the 𝜔0 and the  𝜔−2 asymptotes. Lead-

ing us to think that a point source could be an acceptable approximation 

for most earthquakes. On the other hand, we must be cautious in the inter-

pretation of the spectrum, since attenuation and near-surface effects can 

distort it, for instance, interference of depth phases avoids the flatness of 

the low-frequency spectra.  

 

 

In this thesis, we will obtain the seismic moment from the low-frequency 

plateau level and the corner frequency will provide the measure of the area 

of the studied fault.  

Figure 4. Log-Log of the far-field displacement amplitude spectrum of a Haskell 

fault model showing the three different trends [Shearer, 1999]. 
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3.4 The spectral model 

Brune [1970] uses the following equation to fit the spectrum to calculate 

the source parameters of seismic shear waves  

 

                                                                                        (2.11) 

 

where Ω0 is the long period amplitude, also known as DC level, 𝑓 the fre-

quency and 𝑓𝑐 the corner frequency. 

 

 

Similarly, ten years later, Boatwright [1980] proposed a modified version 

of the spectral shape, producing a shaper corner than the original Brune 

model which Boatwright found better matched his data and it is related 

with short hypocentral distances. 

 

                                                                                  (2.12) 

 

 The general equation [Abercrombie, 1995] that represents the amplitude 

of the far-field displacement spectrum as a function of frequency for both 

P- and S-waves is 

 

                                                                              (2.13) 
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where 𝑡 is the travel time, 𝑄 the quality factor (which accounts for the at-

tenuation), 𝑛 the high-frequency fall off rate (on a log-log plot), and 𝛾 be-

ing a constant. Comparing Brune model and Boatwright model with the 

general form, we see that for Brune model 𝑡 = 0, 𝑛 = 2 and 𝛾 = 1 and for 

Boatwright model 𝑡 = 0, 𝑛 = 2 and 𝛾 = 2. 

 

 Here the phase used is the S-wave since it has higher amplitude than the 

P-wave. Once the selected phase is fitted to the model with its different 

equations, the seismic moment, the stress drop, and the radius can be cal-

culated after applying simple correction for the geometrical spreading. To 

conduct this correction, we multiply by the hypocentral distance in the seis-

mic moment formulae [Abercrombie, 1995] (see a more detailed explanation 

on the methodology section). Note that there has been a change in notation 

to distinguish between the radius of the fault which will be defined by 𝑟, 

and the hypocentral distance which is formulated as 𝑅, meaning that the 

geometrical spreading is described as the  
1

𝑅
  decay.  

 

 

 

The seismic moment will be obtained by 

 

                                                                                        (2.14) 

 

where 𝑀0 is the seismic moment, 𝛽 the shear wave velocity, 𝜌 will be the 

density, 𝑅 is the hypocentral distance accounting for the geometrical 

spreading correction, Ω0 the low-frequency plateaux level or the DC level, 
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𝐹 will be the radiation coefficient (different for S-waves than for P-waves) 

and 𝑆 is the free-surface amplification (specific values used in this thesis 

given in the methodology section).  

 

 The source radius can be related to the corner frequency by [Madariaga, 

1976] for S-waves assuming circular fault 

 

                                                                                                   (2.15) 

 

where 𝛽 is the shear wave velocity near the source and the factor in the 

formulae would be 0.32 for P-waves instead of the factor 0.21 used here 

for the S-waves (the values used for the shear wave velocity in this thesis 

are specified in Table 6). 

 

 

Once the seismic moment is calculated we have what is necessary to obtain 

the moment magnitude and the local magnitude. For the latter, we use a 

linear fitting with different adjustments for different ranges (additional in-

formation about this in Methodology). In this way, we use a more physical 

approximation to the magnitude of an earthquake.  
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3.5 Other source parameters   

3.5.1 Stress Drop 

Stress drop is defined as the average difference between the stress on a 

fault before and after an earthquake. It is considered the most important 

parameter in the dynamics of a fault that can be determined seismically.  

 

 Assuming a circular fault, the stress drop may be calculated from the 

seismic moment and the source radius [Eshelby, 1957] 

 

                                                                                  (2.16) 

 

 Combining the previous equation with the equation 2.15, we have for 

the shear waves 

 

                                                                                           (2.17) 

 

where 𝑟 is the radius of the assumed circular fault and 𝑀0 is the seismic 

moment. 
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3.5.2 Magnitude scales 

To quantify the size of an earthquake the most accurate way is to determine 

its seismic moment, 𝑀0. However, this requires a thorough study of the 

source function. 

 

 For this reason, it is common to obtain the size of an earthquake by 

using the amplitude of a seismic phase in the seismogram. Unfortunately, 

different fault dislocation histories with the same seismic moment can pro-

duce very different amplitude signals.  

 

 

Every magnitude scale assumes that, given a source-receiver geometry, for 

two earthquakes of different size, the larger event will have higher ampli-

tude. The general form of all amplitude-based magnitude scales is given 

by [Wadati & Richter, 1930] 

 

                                                               (2.18) 

 

where 𝐴 is the ground displacement of the phase on which the amplitude 

scale is based, 𝑇 is the period, 𝑓 is a correction for epicentral distance (𝛥) 

and focal depth (ℎ), 𝐶𝑠 is a correction for the siting of a station, and 𝐶𝑟 is a 

source region correction.  
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3.5.2.1 Local Magnitude 

The first seismic magnitude scale was developed by C. Richter in the early 

1930s. Richter created a catalogue containing several hundred events and 

developed an objective size measurement in order to assess its significance. 

Richter used to create the mentioned catalogue always an identical narrow-

band instrument, and thus the maximum-amplitude phase used was always 

of a single dominant period. 

 

                                                         (2.19) 

 

 The local magnitude, 𝑀𝐿 is used, nowadays, but Wood-Anderson tor-

sion instruments are not common, thus this scale has been reformulated 

with different adjust ranges. However, 𝑀𝐿 remains a very important mag-

nitude scale because it was the first widely used "size measure," and all 

other magnitude scales are tied to it.  

3.5.2.2 Moment Magnitude 

Another way of measuring the size of an earthquake is through its released 

energy. To calculate this energy, we must consider the history of a particle 

as it responds to a transient seismic wavefield. Assuming the potential and 

kinetic energy that the particle has, we obtain the sum of the two energies 

integrated over time and then, we calculate the work, or the energy ex-

pended.  

 

 Using as example a monochromatic wave, we see that the mean poten-

tial energy and the mean kinetic energy are equal. If we integrate over a 
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spherical wavefront to correct for geometrical spreading, we obtain an 

equation of the form 

 

                                                                                  (2.20) 

 

where 𝐹 is a function depending on: r which is the distance travelled, 𝜌 

density, and c being the velocity of the wave type. This equation can be 

reformulated in a form similar to the general equation for magnitude scales 

applying the logarithm for each term 

 

                                                           (2.21) 

 

 The last term on the equation above also appears on the general form of 

the amplitude-based magnitude scales (see the beginning of Magnitude 

scales section).  Therefore, it is possible to relate energy to magnitude if 

𝐹(𝑟, 𝜌, 𝑐) is known and in turn, it is possible to relate seismic moment to 

the seismic energy using the relation that Kostrov [1974] showed, as it fol-

lows 

 

                                                                                             (2.22) 

 

or, rearranging terms using the definition of 𝑀0, 

 

                                                                                                 (2.23) 
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 This equation gives a simple way to relate magnitude to seismic mo-

ment through the empirical relation for the surface-wave magnitude (using 

cgs units). In fact, this expression can be used to define a new magnitude 

scale, 𝑀𝑤, called the moment magnitude  

 

                                                                                (2.24) 

 

 Using the international system of units (SI), we have 

 

                                                                            (2.25) 

 

 

The main advantage of the moment magnitude is that it is directly tied to 

the earthquake source processes and it is the only scale that does not satu-

rate since it does not come from a frequency-dependent measurement. 

However, it requires a more thorough analysis of the signals compared to 

the local magnitude. On the other hand, even though local magnitude has 

the benefit that it can be calculated directly by looking at the time domain, 

the amplitude recorded and used to obtain this magnitude could be caused 

by different earthquake sizes in terms of magnitude. 



21 

4 Background 

4.1 Methodology Background 

The technique applied to obtain the source parameters from an amplitude-

spectral fitting used here was developed by James N. Brune, John 

Boatwright and Raúl Madariaga. From different papers such as Tectonic 

stress and the spectra of Seismic Shear [Brune, 1970], Dynamics of an 

Expanding Circular Fault, waves from Earthquakes [Madariaga, 1976] and 

A spectral theory for circular seismic sources; simple estimates of source 

dimension, dynamic stress drop, and radiated seismic energy [Boatwright, 

1980] they established a methodology to obtain the source parameters of an 

earthquake. However, several authors have written about this methodology 

and the SNSN, more specifically, uses a source parameter method based 

on spectral amplitudes by Slunga [1981] and Slunga et al. [1984]. 

  

 The model developed in [Brune, 1970] successfuly explains near- and 

far-field spectra obtaining results that can be used to estimate the stress 

drop and source dimensions by comparing the theoretical spectrum with 

the observed seismic spectrum.  

 

 

In [Abercrombie, 1995] a spectral modelling is used for three-component P- 

and S-waves assuming four models based on the Brune model to study the 

apparent breakdown in scaling between small and large earthquakes. 
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 Abercrombie [1995] observed that there was a shift of about 1.3 Hz in 

the corner frequency and it was depicted for every model used, this was 

interpreted as being source controlled.  Abercrombie [1995] also 

concluded that there is no breakdown in the self similarity of the 

earthquake source below magnitude 3, attributing this to the severe 

attenuation of the high frequency seismic waves in the upper kilometers of 

the Earth’s crust. 

 

 

[Shearer et al., 2006] computed the P-wave spectra from earthquakes 

between 1989 and 2001, recorded by the Southern California Seismic 

Network (SCSN), to obtain the source parameters for different events 

occurring within the same seismicity zone. 

 

 They focus on attenuation modeling in order to find the most accurate 

values for the stress drop. For this purpose, firstly, different Green’s 

Functions are used to account for the best correction of the path effects 

and, secondly, a loop over a range of possible values of 𝑄𝛼 (value for the 

P-waves)is added within the modeling process.  

 

 This method yields 𝑄𝛼 = 560, leading to the value used on this thesis 

for the fifth model. [Shearer et al., 2006] also includes an analysis of the 

source parameters compared with each other which will be a part of our 

study as well. 

 

 [Shearer et al., 2006] provide a method efficient and self-consistent to 

analyse spectra from large waveform archives. They also introduce a new 
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way to compute the empirical Green’s function for distributed seismicity 

and found a clear correlation between stress drop and depth. 

 

 

Similar methodology was used in [Allmann & Shearer, 2007]. They estimate 

source parameters from spectra of a large number of events between 1984 

and 2005, focusing on the stress drop as the previously mentioned paper. 

[Allmann & Shearer, 2007] study on this article the moment depth 

dependence with the stress drop and the lateral variations of it. 

 

 [Allmann & Shearer, 2007] found that small earthquakes near Parkfield, 

California are self-similar, i.e., there is no dependence between Brune-type 

stress drop and the moment. Similarly, their results suggest no depth 

dependence of the estimated stress drop. 

[Edwards et al., 2010] showed how the process of computing the moment 

magnitude automatically using the spectral technique is used at the Swiss 

Seismological Service, providing real time solutions within 10 minutes. 

 

 

Moreover, the spectral method has been widely used in different papers 

such as Spectral determination of source parameters in the Marmara 

Region [Köseoglu et al., 2014], applying the process to a moderate 

earthquakes proving that it can be used not only for small-magnitude 

events, The robustness of seismic moment and magnitudes estimated 

usingspectral analysis [Stork et al., 2014], studying which method among 

Brune, Boatwright, time-domain, etc. provides the best results for 

microseismic moment magnitudes and Spectral models for ground motion 

prediction in the L’Aquila region (central Italy): evidence for stress-drop 
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dependence on magnitude and depth [Pacor et al., 2016], using S-waves for 

the spectral modeling as I used for the present study. 

 

 The models used on this thesis have been based in those used by 

Abercrombie [1995], meaning that for some models n will be fixed and for 

others will vary. Besides, I have also applied similar values for the quality 

factor in one of the models.  

4.2 Study Area Background 

During more than three hundred years, Northern Fennoscandia has been 

studied due to the postglacial uplift phenomenon. The area shows a large 

number of faults, about a dozen, which are believed to have ruptured as 

large earthquakes at the end of the latest glaciation, about 10,000 years ago 

[Lindblom et al., 2015].   

 

 The crustal deformation field in Fennoscandia is dominated by the gla-

cial isostatic adjustment (GIA) [Lidberg et al., 2010]. However, the seismic-

ity of this region is described by intraplate earthquakes (e.g. Figure 5) 

where there is still an uncertainty about why large earthquakes occur and 

whether or not they tend to cluster [Lund et al., 2017]. According to several 

studies, this seismicity is not currently controlled by the GIA-induced 

stress since it has mostly relaxed and is inferred to be a trigger more than 

a controlling process [Lund, 2015]. Ongoing tectonic strain accumulation 

which is locally released in small earthquakes along the faults is the plau-

sible explanation [Lindblom et al., 2015].   

 



25 

 Several studies [Slunga, 1991; Lund and Zoback, 1999; Uski et al.,  2003, 

2006; Heidbach et al., 2008] have found that stress measurments and focal 

mechanism in Sweden and Finland generally show strike-slip to reverse 

faulting conditions with the maximum stress directed approximately NW-

SE.  
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Figure 5. Seismicity recorded by the SNSN between 2000 and 2016 (red circles), 

events with magnitude 4 or larger (orange circles). Black lines show end-glacial 

fault scarps [Lund et al., 2017]. 
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In this thesis, four events from two different locations are used (see their 

description in Table 1 and their location in a map in Figure 6). Event A, 

which is the largest event studied for this thesis, and its aftershock are lo-

cated in the Bothnian Bay which is the Northern part of the Gulf of Both-

nia. On the other hand, event C and event D are located in the Burträsk 

fault, in the surroundings of the village of Burträsk, south of Skellefteå. 

 

 

Figure  6. Seismic network (green triangles) used in this study including the four 

events (red dots) [SNSN, 2018]. 
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In the Burträsk shear zone (BSZ), we find the Burträsk fault which is a 

scarp about 50 km long striking NE-SW generated by magnitude 7+ earth-

quake 10,000 years ago (e.g. Figure 7 marked with a B). The BSZ is cur-

rently the most seismically active area in Sweden and therefore, the tem-

porary seismic network which provided the data for this thesis was devel-

oped.   

Figure 7. Large end-glacial fault scarps (black lines) and earthquakes (red 

dots) of northern Fennoscandia [Lund et al., 2016]. And marked with a B is 

the Burträsk fault. 
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 A reflection seismic survey was carried out by [Juhlin & Lund, 2011] in 

order to characterize the Burträsk fault. They found that the fault dips at 

about 55º to the southeast near the surface and that there is a more 

pronounced fault signature about 4 km southeast of the main Burträsk fault.  

 

 

 

Figure 8. End-glacial faults in the Burträsk area (black lines) and earth-

quakes (red dots). Seismic stations (blue triangles) and the seismic line on 

the study (orange line) are also represented [Lund et al., 2016] 
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The intense seismic activity south of Skellefteå continues north-east from 

the Burträsk fault [Mikko et al., 2014] which may indicate that the fault ex-

tends further into the Bay of Bothnia (e.g. Figure 8) and thus, indicate the 

existence of submerged end-glacial faults [Lindblom et al., 2015].   

 

 One of this possible end-glacial faults could be responsible for the larg-

est event studied in this thesis, the Bottenviken event (event A). This event 

has been located and the focal mechanism calculated in previous studies 

from Swedish and Finnish stations using different techniques based on am-

plitudes and polarities and source modelling, obtaining that the fault is a 

left lateral strike-slip. This uncommon large earthquake was followed by 

six aftershocks, three of them within fifty minutes, the last after eight hours 

(see Figure 9). 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 9. Aftershocks recorded near the main event within the following eight hours 

[Lund et al., 2016]. 
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The aftershock studied is 500 m away from the main event and it is shown 

in Figure 9 with number 1. In Table 1 the specific locations of the events 

studied in this thesis are shown. 

 

Date Hour Event Location Latitude [º] Longitude [º] Depth [km] 

2016/03/19 21:55 A Bothnian Bay 65,057 22,535 19,3 

2016/03/19 22:12 B Bothnian Bay 65,045 22,545 15,8 

2016/06/25 02:07 C Burträsk area 64,419 20,521 23,1 

2016/08/19 22:19 D Burträsk area 64,501 20,958 5,2 

Table 1. Earthquakes studied in this thesis with their locations [SNSN, 2018]. 
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5 Instruments 

The Swedish National Seismic Network (SNSN) operates the only perma-

nent seismic network in Sweden [Bödvarsson and Lund, 2003]. SNSN is re-

sponsible for recording earthquakes in the country and has provided the 

data studied in this thesis. Since 2008, continuous 100 Hz data have been 

collected and, nowadays, the SNSN operates with 65 permanent stations, 

from Lund in southern Sweden to north of Torneträsk and several tempo-

rary stations which are the main information source in this study (see Figure 

10 and Table 2). 

 

 

 

Figure 10. Stations used in this thesis of the Swedish National Seismic Network in-

cluding temporary and permanent (SVA and ODE) stations [SNSN, 2018]. 
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Station Digitizer Latitude [º] Longitude [º] Elevation [km] 

HJO a745 64,590 20,884 0,081 

BRA a732 64,518 21,181 0,093 

STO 1666 64,514 20,347 0,194 

SVA (permanent) uf49 64,494 19,575 0,100 

GRV 2599 64,487 20,544 0,180 

NOB a730 64,453 20,912 0,124 

ODE (permanent) 8149 64,409 20,716 0,212 

BLA a748 64,374 21,397 0,039 

HOT a752 64,367 21,176 0,061 

ORR 1667 64,328 20,463 0,184 

FLA a728 64,303 20,913 0,053 

LIB 3113 64,233 20,552 0,161 

YTT a731 64,224 20,281 0,205 

BAK a751 64,086 20,696 0,072 

Table 2. Seismic stations used in this study [SNSN, 2018]. 

 

 

The instrument used are, for the temporary 

network, Güralp ESP Compact (see Figure 

11) sampling at 200 Hz and for the perma-

nent network Güralp T3D sampling at 100 

Hz with DM24 digitisers for all of them. In 

this network, the sensors have an unusual 

high gain, 2 x 5000 V/m/s for the temporary 

network and even higher for the permanent 

network, about 2 x 10000 V/m/s. The men-

tioned high sensitivities facilitate the detec-

tion of microearthquakes. 

Figure 11. Güralp seismometer used for the data acquisition [Güralp, 2018]. 
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The instruments in the permanent seismic network uses two different fre-

quency bands (120 s to 50 Hz) and (30 s to 50 Hz) and for the temporary 

network the frequency band is (60 s to 100 Hz). 

 

 The CMG-3T and the ESP Compact are three-axis seismometers in-

volving three sensors in a sealed case, which can measure the north/south, 

east/west and vertical components of ground motion simultaneously. 

The horizontal and vertical sensors are very close in design, in both cases 

there is an inertial mass which consists of a transducer coil and a leaf-

spring suspended boom which swings on a frictionless hinge. A one-sec-

ond-period spring supports the weight of the mass, but in the vertical sen-

sor, this spring is pre-stressed with a natural period of around 0.5 seconds 

[Güralp, 2018]. 

 

 Commonly, seismic sensors work by translating the ground motion (ve-

locity in our case) into a signal voltage. Nevertheless, in a modern broad-

band seismometer there is not a dependence on the natural characteristics 

of the instrument. Instead, the period and damping of the sensor is com-

pletely determined by a feedback loop which applies a force to the sensor 

mass opposing any motion. The force required to restrain the movement of 

the mass can then be used to measure the inertial force which it applies as 

a result of ground motion. The mass has a sensor which produces a voltage 

proportional to the displacement of the mass from its equilibrium position.  

 

 After amplification, this voltage generates a current in the force trans-

ducer coil which tends to force the mass back toward equilibrium. The 

feedback loop has a sufficiently high gain to cancel the motion of the mass. 

Since the mass is not moving, the forces acting on it must be balanced; the 
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feedback voltage then directly measures the force, and hence the accelera-

tion, which is applied to the mass [Güralp, 2018]. 
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Figure 12. Diagram of a force feed-back sensor [Güralp, 2018]. 
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6 Methodology  

6.1 Data Processing 

The data from the different stations have been treated using, mainly, func-

tions from ObsPy and NumPy which are Python toolboxes for processing 

seismological and numerical data, respectively.  

  

 

The procedure used follows the next steps. Firstly, we correct for the in-

strument response. This correction is explained in detail in the section 6.2 

since it is a procedure which requires a more thoughtful explanation.  

 

 After this, we remove the average value of the entire function through 

a method included in the detrending function of ObsPy called “demean”. 

The “demean” method will subtract the average value of the time domain 

signal from each sample and it has been chosen among other options since 

the bias that normally appear in the time domain are introduced by the re-

cording system.  

 

 

The sensors mentioned in the Instruments section record the velocity of the 

ground motion. However, we will analyse the displacement spectra, so an 

integration must be done. To achieve this, we have used the Cumulative 

trapezoidal numerical integration (cumtrapz) method, available in ObsPy. 
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This method has been chosen because it is a robust way of integrating the 

seismic data in order to obtain the displacement. 

 

 After the integration step, the data has been tapered using a Hann taper 

(see Figure 13) to obtain a periodic signal with no singularities on the limits, 

i.e. that means going to zero at the start and at the end. In signal processing, 

a taper is a mathematical function that is zero-valued outside of a chosen 

interval. Regarding the study of this interval, since it is a portion of a peri-

odic signal, it will have any values on the limits. Nevertheless, to analyse 

this signal as a periodic record on the computer, we need to fix the limits 

to zero to avoid a discontinuity on the edges.  

 

 

 

 The Hann function has been used in this thesis since it is typically used 

as a window function in digital signal processing to select a subset of sam-

ples in order to perform a Fourier Transform. The advantage of the Hann 

window is that it produces a very low aliasing, slightly losing in resolution.  

 

Figure 13. Hann window used in Python for tapering [Python, 2018]. 
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Later, the signal has been 

bandpass-filtered. The filter chose 

provide two options which will be 

explained next. The “zero phase” 

filter will apply an effect on the 

signal that will make it arrive 

early, giving an advance in the ar-

rival time (e.g. Figure 14). On the 

other hand, “minimum phase” fil-

ter modifies the amplitude de-

creasing its maximum. Thus, the 

energy content of the specific arri-

val will decrease as well.  

 

 

In this study, we focus on the re-

sults obtained by the spectral anal-

ysis and thus, it is important to 

maintain the real amplitude of the 

signal because it is what we use to 

obtain the moment magnitude of 

the event through the low-fre-

quency plateau level. The “zero 

phase” filter will pack the energy, 

for that reason and the aforemen-

tioned characteristics of this filter,  

we have chosen to use it (e.g. Figure 15 and Figure 16).  

Figure 14. Effect of a “minimum phase 

filter” and a “zero phase filter” [Py-

thon, 2018]. 
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Figure 15. Comparison in the time domain of the zero phase, minimum phase 

and non-filtered signal of event A for station BRA (732). 

 

 

Figure 16. Comparison in the time domain of the zero phase, minimum phase 

and non-filtered signal of event A for station STO (1666). 
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 As we can see (see Figure 15 and Figure 16), the “zero phase” filter 

gives a larger amplitude for the first arrival comparing with the “mini-

mum phase” and matches perfectly for the first arrival with the non-fil-

tered signal. Therefore, even though this filter generates an advance on 

the arrival time (see Figure 16), it fits in with our purposes. 

 

The limits used in the bandpass filter for the different events are shown in 

Table 3. 

 

Event Bandpass limits [Hz] Spectral data included [Hz] 

A 0.5 - 95 0.5 - 30 

B 3 – 50 3 - 40 

C 1 – 95 2 – 50 

D 1 – 95 2 - 90 

Table 3. Bandpass limits to obtain the required spectrum. 

 

 These limits have been used to obtain the information that we are inter-

ested on from the earthquakes. Although these limits, in some cases, do not 

always allow to see clearly the signal in the time domain (especially for the 

small events), they have been used in order to affect as less as possible the 

fall-off in the spectrum.  

 

 On the other hand, the spectral data has been cut, maintaining only the 

frequency range that provides the plateaux for the calculation of the DC 

level and the corner frequency and the slope of the fall-off (see Table 3).  

 

 

As it is shown in Table 3, the high frequency range has not been filtered in 

order to obtain the entire fall-off in the spectrum for event A, event C and 
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event D. On the contrary, event B needed a more severe filter because a 

higher noise level is found for this earthquake and thus, the cut in the spec-

tral data needs to be consistent (see Table 3).  Notice that, for event D, the 

spectral data included represents a wider range than for the other events, 

this is due to the fact that this event has a low value on the SNR and there-

fore, it is more difficult to perform the inversion. Using the entire fall-off, 

the iterative method applied to fit the data could reach the final values eas-

ily. 

 

 For the permanent stations, the upper limit will be 45 Hz because the 

Nyquist frequency in these stations is 50 Hz.  

6.2 Instrument Response 

Regarding the signal acquisition, there is an important filter to keep in mind 

while processing the data: the instrument response correction. 

 

 The signal is a mechanical ground vibration which is measured as a 

response in poles and zeros format and it is transformed into an electrical 

response by the seismometer. Nowadays, seismic networks usually use 

broadband seismometers, although there are other types such us short-pe-

riod seismometers or long-period seismometer (e.g. Figure 17).  
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 The SNSN uses broadband seismometers, as it was mentioned in the 

Instrument section, with the following instrument response function meas-

ured in decibels for the amplitude and the phase applied to the signal from 

the instrument (e.g. Figure 18).  

 

Figure 17. Different types of frequency ranges covered by different seismometers 

[http://epicentral.net/seismometers/]. 

Figure 18. Instrument response for seismometer T34386 Güralp compact (60 s in-

strument) used in the data acquisition process (amplitude measure in decibels) 

[SNSN, 2018]. 
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 Since the data used in this thesis is bandpass filtered for a frequency 

range that is contained into the plateau of the instrument response function, 

we have combined the sensors and digitizers sensitivities for each station 

(see Table 4) to obtain a factor which will be used to divide the signal by in 

the time domain, avoiding in that way having to carry out a deconvolution. 

This instrument response correction applied here is considered acceptable 

for this study. Despite the upper limit in the bandpass filter used could be 

slightly affected by the high-frequency slope of the instrument response 

function, the spectrum that is used for the inversion is cut to obtain the best 

fit possible (see in the Results section that only for event D the upper-cut-

off frequency is 90 Hz). Therefore, a correction using a factor is an ade-

quate approximation in this study. 

 

Station Digitizer Combined Sensitivity [𝑐𝑛𝑡/
𝑚

𝑠
] 

HJO a745 3077370000 

BRA a732 3099910000 

STO 1666 3139730000 

SVA uf49 7820787051 

GRV 2599 3077390000 

NOB a730 3047030000 

ODE 8149 6214900000 

BLA a748 3023400000 

HOT a752 3080890000 

ORR 1667 3095440000 

FLA a728 3026300000 

LIB 3113 3090530000 

YTT a731 3083460000 

BAK a751 3054700000 

Table 4. Combined Sensitivities of the seismometers and digitizers for the sta-

tions used in this study. These values are used as a factor to correct the Instru-

ment Response. 
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 Once the signal in the time domain is corrected for the instrument re-

sponse using the combined sensitivities (see Table 4), seismic signals have 

been transformed from counts (as they are obtained from the seismometer) 

to 𝑚/𝑠. For this reason, the instrument response correction has been ap-

plied before the abovementioned integration (see Data Processing sec-

tion). 

6.3 Picking 

Once the data is treated to show the clearest image that we can obtain from 

the records, we proceed to rotate the signal to represent the radial and trans-

verse component instead of using the reference system used by the station, 

which is a North-East. The components have been rotated to maximize the 

peak of energy, i.e., the maximum in amplitude of the phase. The maxi-

mum peak of energy in the horizontal components for the P-wave phase 

would be obtained from the radial component and, on the contrary, the 

maximum peak of energy for the S-wave phase would be given by the 

transverse component (e.g. Figure 19). The z component remains unaltered 

by the rotation. 

 

 In the code, we have added a loop to pick the phase we want to represent 

in the spectra. This process entails a picking part to determine the time 

windows around both P- and S-wave, including a noise window for com-

parison purposes. For these windows, I have used a five-seconds window 

for the largest event (A) and one-second window for the other three in order 

to select only the phase we are interested on [Abercrombie, 1995]. The length 
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of the time windows also depends on the distance from source to receiver, 

as the that determines the time difference between the P and the S-wave. 

 

 In this study, the phase chosen to represent in the frequency domain will 

be the transverse component for the S-wave because its energy content is 

a larger value than for the other phases.  

 

 

 

 In Figure 19, both the P-wave and the S-wave are shown for the vertical 

component and the transverse component, allowing the comparison be-

tween this figure and the next (Figure 20) which is showing the P-wave and 

S-wave radial component and P-wave and S-wave vertical component.  

 

Figure 19. Time domain for transverse and z component recorded by BRA (a732), 

event A.  
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 The figures above depict the fact that seismic energy is to a large degree 

contained in the S-wave phase. Since through this study we will deal with 

small earthquakes, it is of great importance to analyse the phase which 

holds the higher peak in energy.  

 

 

It will be crucial to care for the Signal-to-Noise Ratio (SNR) which, as well 

as in the case of the energy content, for small earthquakes, can be essential 

to be able to study a satisfactory spectrum.  

 

                                                                                               (6.1) 

 

Figure 20. Time domain radial and z component recorded by BRA (a732), event A. 
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 The following figures show this SNR recorded by YTT (a731) for event 

A and its aftershock event B. The maximum amplitude of the signal for the 

main event is around 3.4 × 10−6 𝑚/𝐻𝑧 around 1.5 Hz and 8.1 ×

10−10 𝑚/𝐻𝑧 for the noise at the same frequency. SNR will be 4.2 × 103 

(see Figure 21). 

 

 Comparing now for the aftershock filtered for (3 Hz - 30 Hz), the max-

imum amplitude for the S-wave arrival, which has a peak in energy around 

6 Hz, being 6.0 × 10−10 𝑚/𝐻𝑧 with the noise at that same frequency being 

2.1 × 10−11 𝑚/𝐻𝑧, thus the SNR will be 28.6 (see Figure 22).  

 

 

 

 The SNR is noticeably high for the main event (event A) which facili-

tates its study. Nevertheless, the filter facilitates the study of the signal for 

the aftershock and the other two events (e.g. Figure 22 and Figure 23). 

Figure 21. Comparison in the frequency domain between the transverse component 

of the noise recorded by station YTT (731) (green line) and the shear wave (also 

transverse component) of the event A recorded by the same station (blue line).  
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Figure 22. Comparison in the frequency domain between noise recorded by YTT 

(731) and the shear wave of the event B. 

 

Figure 23. Comparison in the frequency domain between noise recorded by YTT 

(731) and the shear wave of the event C. 
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6.4 Spectral Analysis 

To obtain the spectra we have used the fast Fourier Transform (FFT) in-

cluded in the NumPy package of Python. Once the FFT is applied, we nor-

malize the spectral density multiplying by the factor 2/𝑁, being 𝑁 the 

number of data points. 

 

 For the present thesis, five different spectral models have been used. 

Applying the general form for the spectral modelling, these models are 

characterized with the constants specified in Table 5.  

 

                                                                                 (6.2) 

 

Abbrev. used Model 𝛾 n Q 

M1 Brune model 1 variable - 

M2 Boatwright model 2 variable - 

M3 Boatwright model 2 fixed (2) - 

M4 General spectral model 2 fixed (2) 1000 

M5 General spectral model 2 fixed (2) 600 

                      

       

 

 Firstly, we have the spectral fitting proposed by Brune (named M1 

henceforth) and the fitting proposed by Boatwright (M2) for the first two 

models. The main difference between these two first models is that, for 

Boatwright version, i.e., with 𝛾 = 2, a sharper corner is generated in the 

Table 5. Different models used in the study. 



51 

spectral fitting which was found a better fitting at short hypocentral dis-

tances. In these two models, we invert for Ω0, 𝑓𝑐 and 𝑛. 

  

 In the third model, Boatwright version is used but, in this case, n is fixed 

and equals 2 (M3) (see Table 5). This value is assumed to be a good average 

for the fall-off rate [Abercrombie, 1995]. 

 

 The last two models were included in order to get an insight of the at-

tenuation in the area. Using for the forth model a quality factor equals 1000 

(M4), similar to that used by Abercrombie [Abercrombie, 1995]. Last, the 

fifth model uses a lower quality factor (𝑄 = 600) which implies a higher 

attenuation (M5).  

6.5 Geometrical Spreading Correction 

As it was mentioned in the Theory section, for a point source the far-field 

displacement would be 

 

                                                                   (6.3) 

 

 If the spectral amplitude of the P-wave signal is obtained by a Fourier 

transform, we have 

 

                                                               (6.4) 
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where 
1

4𝜋𝜌𝛼3
 will represent the media which the ray travels through, 

1

𝑟
 the 

geometrical spreading, 𝑅𝑃 is the radiation pattern and |�̂�(𝜔)| will be the 

moment realised in the frequency domain. 

 

 Since 
1

𝑟
 is the geometrical spreading, to correct for this effect, we add 

𝑅, the hypocentral distance, in the calculation of the seismic moment as I 

mentioned in the Theory section in equation 2.14. 

 

 Regarding the constant values of the seismic moment formulae, F, 

which is the radiation coefficient, is 0.55 for SH waves. For β, being the 

near-source velocity, 3.69𝑘𝑚/𝑠 (or 3.5 𝑘𝑚/𝑠 for event D) is used. S is the 

free-surface amplification and it is considered to be 2.0. Also, 2800 𝑘𝑔/𝑚3 

is used for the average crustal density 𝜌 and, finally, 𝑅 is the hypocentral 

distance used as the geometrical spreading correction. 

 

 From this, the results for the DC level do not include this correction, 

meaning that the geometrical spreading effect is noticeable. The geomet-

rical spreading correction is only needed for the seismic moment, neither 

for the stress drop (which will include this correction indirectly due to the 

seismic moment is used in the calculation) nor for the radius of the fault. 

 

 To obtain the most accurate value possible for the seismic moment, the 

SNSN velocity model was used for the S-wave velocity (see Table 6). It is 

a gradient model for velocity which provides the following values for S-

waves 
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Depth S-wave velocity [km/s] 

0.00 2.31 

1.00 3.18 

2.00 3.50 

18.00 3.64 

20.00 3.70 

36.00 3.76 

40.00 4.10 

42.00 4.64 

72.00 4.70 

Table 6. Velocity model [SNSN]. 

 

Despite the aforementioned assumptions, the intrinsic attenuation is in-

cluded, for the last two models, also in the calculation of the variables in 

the inversion since the attenuation term include a different correction for 

the spreading as we see in the following formulae 

 

 

                                                                                (6.5) 
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6.6 Inversion function 

The function scipy.optimize.curve_fit is the chosen function into the SciPy 

package to obtain the DC level, the corner frequency and, for the two first 

models, also the fall-off rate. 

 

This function use non-linear least squares to fit a function to data. The 

function used in this case is called omega and it will be written in the code 

as it follows 

 

def omega (f, DC, fc, n): 

gamma = 1.0 

return  DC/(1.+(f/fc)**(gamma*n))**(1./gamma) 

 

popt, pcov = curve_fit(omega, f, omg, p0 = (initDC, initfc, initn)) 

 

 

The model function, omega, takes the independent variables as the first 

argument and the parameters to fit as separate remaining arguments. The 

independent variables are the frequencies and the parameters will be the 

spectral density (omg) and the initial guess for the parameters (p0). 

 

popt and pcov will be the dependent data. popt are the optimal values 

for the parameters so that the sum of the squared residuals of f(xdata)-ydata 

is minimazed. On the other hand, pcov gives us information in matrix 

shape. It is the estimated covariance of popt where the diagonals provide 

the variance of the parameters estimate and the  off-diagonal elements 

provide the trade-off between parameters. 
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6.7 Moment Magnitude and Local Magnitude 

Once the spectral source parameters are obtained, the seismic moment (as 

we see in the previous section), the stress drop and the radius of the fault 

(following the procedure explained in detail in the Theory section) and the 

moment magnitude and local magnitude can be calculated. 

 

The moment magnitude does not require a major calculation, since the 

formulae used to obtain it does only depend on the seismic moment (for-

mulae using the unit Newton meter) 

 

                                                                                 (6.6) 

 

On the other hand, to obtain the local magnitude the following algorithm 

is used in the SNSN (only the range used in the study is depicted below)  

 

 

𝑙𝑀 = log10𝑀𝑜 − 10 

 

if 𝑙𝑀 < 2:               𝑀𝐿 = 𝑙𝑀 

if 𝑙𝑀 > 2:               𝑀𝐿 = 2 + (𝑙𝑀 − 2) ∙ 0.9 

if 3 < 𝑙𝑀 < 4.6:      𝑀𝐿 = 3 + (𝑙𝑀 − 2 −
1

0.9
 ) ∙ 0.8                                     (6.7) 



56 

6.7 Error Analysis and Weighting Scheme 

Due to the large amount of results that the different models for different 

stations for every earthquake are providing to this study, in order to obtain 

a single value for each station or a single value for each model of the source 

parameters, I have calculated the mean value of every parameter. Besides, 

to obtain the most accurate mean, a weighted error analysis is included, 

and it will be explained in detail in this section.  

 

 Firstly, to obtain the uncertainties of the variables, i.e., DC level, corner 

frequency and fall-off rate (for those where n is variable) the covariance 

matrix provided by the fitting algorithm is used (this matrix is 2x2 for those 

models with two variables, i.e., M3, M4 and M5, the matrix will have di-

mension 3x3 for M1 and M2). 

 

                                         (6.8) 

 

 In this matrix, the diagonal elements are the variances for the different 

variables and the off-diagonal elements represent the covariances between 

the variables, from which we could obtain information about the trade-off 

between parameters.  

 

 Using the variances (i.e. the diagonal elements), the standard deviation 

is the square root of the variance, as follows 

 

                                                                                        (6.9) 
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 From this, the standard deviation for DC level, corner frequency and 

fall-off rate are calculated in each model of each station.  

 

  

A weighted mean is used to obtain the average DC level and the average 

corner frequency for each station assigning different weights to each 

model. In the same way, the weighted mean for each model is obtained 

assigning different weights to each station. Since the values with lower 

variance are considered better estimates, they will be more considered than 

those with a higher variance for the calculation. Besides this criterion of 

weighting, some inversions with very high standard deviation have been 

rejected for the final calculation.  

 

 

The weights will be  

 

                                                                                                        (6.10) 

 

 

The weighted mean is calculated in the following manner 

 

                                                                                           (6.11) 
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 Through this, a weighted mean for the DC level and the corner fre-

quency in every station has been obtained. Once these parameters are cal-

culated, a comparison between stations could be carried out. 

 

                                                                                (6.12) 

 

 

                                                                                    (6.13) 

 

 Equally, the weighted mean of the DC level and the corner frequency 

for each model has been obtained. 

 

                                                                                (6.14) 

 

 

                                                                                    (6.15) 

 

 On the other hand, another measure of the goodness of fit of the model 

to the data is the root mean squared (rms) residual, meaning the distance 

between the observed value and the predicted value for each frequency.  

 

                                                (6.16) 
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Residuals are obtained in order to have an overall idea of the uncertainty 

of the models used for the inversion which does not focus only in the var-

iables calculated but also in the general fit. Therefore, by the residuals, we 

could compare which are the best fits for each model in every station.  

 

 The weights for the models are obtained using the residual as the vari-

ance was used for the DC level and the corner frequency weights 

 

                                                                                     (6.17) 

 

 However, if the purpose is having a final averaged weight to average 

the event, the station weights and the model weights would be calculated 

from the residuals, corner frequency based, i.e., corner frequency weights 

(previously calculated) will be the weights for the residuals, following the 

same procedure used before (see equations 6.18 and 6.19). 

 

 Eventually, the aim is to obtain a single value for the source parameters, 

i.e., seismic moment, stress drop, radius of the fault, moment magnitude 

and local magnitude for each event, thus, instead of using an arithmetical 

mean of the DC level and the corner frequency, a weighted mean is used 

as well.  

 

 In order to get this single value, weights for each station and for each 

model are needed. These are calculated as it follows 

 

                                                     (6.18) 



60 

 

                                                    (6.19) 

 

 

As we can see in formulae 6.19 and 6.20, to use as weights for this final 

step on the process, the corner frequency weights are utilized. The variation 

of the DC level between models for the same station is around 13% and for 

the corner frequency is 20%, for this reason, I have decided to use the cor-

ner frequency weights to assign a weight for each station (or model), i.e., 

we could say that the average weights are corner frequency based. 
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7 Results 

In the following pages I will present the obtained results on the DC level, 

the corner frequency, the fall-off rate (if variable n), the seismic moment, 

the stress drop, the radius of the fault and the moment magnitude and the 

local magnitude obtained for the different events studied in every station 

with each model applied to fit the spectrum.  

 

 Besides, I have added the standard deviations and the weights calcu-

lated from them in order to calculate a weighted mean of the results and, 

in this way, obtain a final value for the moment magnitude and the local 

magnitude for each earthquake.  

 

 In the results two measures of the uncertainty have been obtained, the 

first is the standard deviation for the value obtained on the source parame-

ter which was acquired from the diagonal elements of the covariance ma-

trix (see Methodology section). This matrix is one of the outputs of the 

curve_fit function used on the code (function included in the SciPy pack-

age of Python). The second measurement of the uncertainty is the misfit of 

the fitting whose calculation process was specified within the Methodology 

section.  
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7.1 Spectral parameters 

7.1.1 Event A 

Initially, the results will be shown for the first event, being the largest event 

studied on this thesis and selected to develop the code used to calculate the 

source parameters. It occurred on March 19th, 2016, at 21:55 and had a 

local magnitude (according to previous methods, SNSN calculation) of 4.1.  

 

 This earthquake was chosen to generate the code for this thesis since it 

is large compared with the usual seismicity of the region and it provides a 

large value on the signal-to-noise ratio (SNR) which facilitated the process 

(e.g. Figure 24).  

 

 

 

 

Figure 24. Signal and noise comparison for event A recorded by station FLA (728). 
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As far as the spectrum is concerned, we observe that the form obtained 

agrees with the theory, i.e., we can see a flat part on the low-frequency 

range and a sharp corner followed by a slope which, as it was mentioned 

before, is caused by the destructive interference of the higher frequencies.  

 

 

The different models have been fitted to the data. The results are shown in 

Table 7. Regarding the different values on the DC level, the corner fre-

quency and the fall-off rate, we notice that the DC level experience a 

smaller change between models comparing it with the corner frequency for 

every model. For that reason, the weights calculated for each station, which 

are used to obtain the weighted mean of the seismic moment, the stress 

drop, the radius of the fault and the moment magnitude and the local mag-

nitude, are corner-frequency based. Similarly, we obtain the weights to cal-

culate the weighted mean for each model (see Methodology section) to be 

able to identify the best spectral model for our data. 

 

 The weights have been used in order to neglect various inversions that 

do not contribute in the desired way for some parameters. For this, in event 

A, Brune model (M1) and Boatwright with a varying fall-off rate (M2) have 

been eliminated from the calculations on stations ORR (1667), BRA (a732) 

and HOT (a752). These inversions show the lowest values for the weights 

on the residuals and for the weights of the DC level as we can see in Table 

7 (value marked in red and neglected row marked in orange). Besides, the 

attenuated model with a quality factor 𝑄 = 600 (M5) is also neglected for 

station ORR (1667) and GRV (2599), in the first one due to the low value 

in the weight based on the corner frequency and in the second due to the 

low value in the weight based on the residual. 
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 Despite these neglected inversions with a large residual, it could seem 

that if an inversion has a large value in the weight, it can be considered an 

accurate estimate. However, if the DC level and the corner frequency have 

a small standard deviation but the slope follows a trend which does not 

agree with the expected values of the fall-off rate which normally fluctuate 

around 2, this inversion should not be taken into account and thus, we de-

cide to neglect all values with a too large or too small value for the fall-off 

rate. 

 

 

The best fitting is obtained for station STO (1666) in M4 in terms of the 

residual calculated. From Figure 25 which represents this inversion, we can 

see that the residual is truly giving a good insight into the quality of the 

model used.  

 

 
Figure 25. Inversion for station STO, event A and model M4. 
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 On the other hand, for station NOB (a730) we obtain the best values for 

the standard deviation of the corner frequency in the Boatwright model 

with 𝑛 = 2 (M3) (see Figure 26), with a quite accurate approximation in 

M2 and M4. Moreover, we also obtain low values for the misfit, leading to 

the results that contribute the most for the calculation of the seismic mo-

ment, the stress drop, the radius of the fault and the moment magnitude and 

the local magnitude.  

 

 The best standard deviation for the DC level is obtained for station LIB 

(3113) in model M3 (see Figure 27) obtaining (1,55 × 10−6 ± 5,89 ×

10−8) 𝑚/𝐻𝑧.  

 

Figure 26. Inversion for station NOB, event A and model M3 
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Figure 27. Inversion for station LIB, event A and model M3 
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Station Model 𝐷𝐶[𝑚/𝐻𝑧] 𝜎𝐷𝐶[𝑚/𝐻𝑧] 𝑤𝐷𝐶 𝑓𝑐[𝐻𝑧] 𝜎𝑓𝑐[𝐻𝑧] 𝑤𝑓𝑐 𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑤𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 

S
T

O
 

M1 1,66E-06 6,36E-08 2,47E+14 4,42 0,18 30,86 3,78 0,32 3,10 

M2 1,60E-06 5,50E-08 3,31E+14 3,70 0,17 34,60 2,93 0,28 3,57 

M3 1,71E-06 6,40E-08 2,44E+14 3,11 0,14 51,02  0,60 1,66 

M4 1,95E-06 6,41E-08 2,44E+14 4,11 0,23 18,90  0,26 3,93 

M5 2,16E-06 6,83E-08 2,15E+14 5,09 0,39 6,57  0,44 2,26 

O
R

R
 

M1 2,50E-06 6,30E-07 2,52E+12 1,78 0,60 2,78 1,60 0,77 1,31 

M2 2,07E-06 3,51E-07 8,14E+12 1,49 0,36 7,72 1,37 0,81 1,24 

M3 1,62E-06 1,26E-07 6,30E+13 2,25 0,18 30,86  0,49 2,03 

M4 1,35E-06 8,18E-08 1,49E+14 5,42 0,60 2,78  0,33 3,03 

M5 1,57E-06 8,18E-08 1,49E+14 8,26 1,57 0,41  0,39 2,60 

G
R

V
 

M1 1,67E-06 1,15E-07 7,52E+13 2,72 0,21 22,68 3,08 0,52 1,91 

M2 1,63E-06 9,38E-08 1,14E+14 2,14 0,17 34,60 2,30 0,32 3,16 

M3 1,66E-06 9,08E-08 1,21E+14 2,03 0,12 69,44  0,33 3,01 

M4 1,80E-06 9,50E-08 1,11E+14 2,34 0,17 34,60  0,56 1,79 

M5 1,92E-06 9,89E-08 1,02E+14 2,59 0,21 22,68  0,93 1,07 

L
IB

 

M1 1,75E-06 1,00E-07 9,96E+13 2,87 0,23 18,90 2,16 0,43 2,32 

M2 1,64E-06 7,65E-08 1,71E+14 2,17 0,16 39,06 1,70 0,54 1,84 

M3 1,55E-06 5,89E-08 2,88E+14 2,46 0,11 82,64  0,41 2,45 

M4 1,69E-06 5,91E-08 2,87E+14 3,32 0,18 30,86  0,40 2,48 

M5 1,82E-06 5,92E-08 2,86E+14 4,38 0,32 9,77  0,72 1,39 

F
L

A
 

M1 2,96E-06 1,87E-07 2,87E+13 4,00 0,28 12,76 3,35 0,27 3,72 

M2 2,91E-06 1,63E-07 3,76E+13 3,14 0,25 16,00 2,47 0,38 2,63 

M3 2,99E-06 1,66E-07 3,62E+13 2,89 0,19 27,70  0,59 1,69 

M4 3,34E-06 1,72E-07 3,38E+13 3,68 0,30 11,11  0,27 3,68 

M5 3,62E-06 1,80E-07 3,09E+13 4,52 0,48 4,34  0,46 2,20 

N
O

B
 

M1 2,74E-06 1,48E-07 4,56E+13 2,39 0,15 44,44 2,70 0,31 3,19 

M2 2,64E-06 1,11E-07 8,09E+13 1,85 0,11 82,64 2,09 0,28 3,64 

M3 2,66E-06 1,01E-07 9,88E+13 1,81 0,08 156,25  0,30 3,34 

M4 2,84E-06 1,06E-07 8,95E+13 2,04 0,10 100,00  0,48 2,07 

M5 2,98E-06 1,10E-07 8,23E+13 2,23 0,12 69,44  0,83 1,21 

Y
T

T
 

M1 2,37E-06 2,21E-07 2,05E+13 2,92 0,34 8,65 2,50 0,51 1,94 

M2 2,34E-06 1,79E-07 3,13E+13 2,14 0,25 16,00 1,93 0,67 1,49 

M3 2,33E-06 1,54E-07 4,19E+13 2,17 0,16 39,06  0,63 1,58 

M4 2,55E-06 1,60E-07 3,90E+13 2,75 0,26 14,79  0,36 2,81 

M5 2,67E-06 1,59E-07 3,97E+13 3,70 0,46 4,73  0,65 1,53 
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B
R

A
 

M1 4,17E-06 1,23E-07 6,60E+13 5,57 0,11 82,64 10,85 3,21 0,31 

M2 4,17E-06 1,19E-07 7,10E+13 5,09 0,13 59,17 6,20 1,28 0,78 

M3 4,22E-06 1,92E-07 2,72E+13 4,27 0,23 18,90  0,73 1,38 

M4 4,87E-06 2,08E-07 2,31E+13 5,34 0,39 6,57  0,39 2,54 

M5 5,36E-06 2,33E-07 1,85E+13 6,34 0,65 2,37  0,28 3,57 

H
JO

 

M1 1,92E-06 1,23E-07 6,66E+13 4,90 0,37 7,30 3,15 0,39 2,58 

M2 1,92E-06 1,12E-07 8,01E+13 3,64 0,32 9,77 2,24 0,58 1,73 

M3 1,95E-06 1,08E-07 8,64E+13 3,48 0,23 18,90  0,69 1,46 

M4 2,13E-06 1,10E-07 8,28E+13 4,64 0,39 6,57  0,36 2,75 

M5 2,28E-06 1,13E-07 7,82E+13 6,06 0,71 1,98  0,30 3,37 

B
A

K
 

M1 1,45E-06 8,75E-08 1,31E+14 3,93 0,27 13,72 3,34 0,27 3,73 

M2 1,42E-06 7,63E-08 1,72E+14 3,10 0,23 18,90 2,50 0,44 2,27 

M3 1,47E-06 7,89E-08 1,61E+14 2,82 0,18 30,86  0,69 1,46 

M4 1,68E-06 8,05E-08 1,55E+14 3,80 0,31 10,41  0,27 3,73 

M5 1,86E-06 8,41E-08 1,41E+14 4,99 0,59 2,87  0,50 2,00 

H
O

T
 

M1 4,37E-06 1,40E-07 5,08E+13 3,96 0,09 123,46 8,55 2,99 0,33 

M2 4,38E-06 1,36E-07 5,42E+13 3,52 0,11 82,64 5,01 1,17 0,86 

M3 4,50E-06 2,05E-07 2,38E+13 2,94 0,16 39,06  0,72 1,40 

M4 5,07E-06 2,17E-07 2,12E+13 3,49 0,23 18,90  0,32 3,18 

M5 5,49E-06 2,34E-07 1,82E+13 3,95 0,32 9,7656  0,34 2,91 

Table 7. DC level, corner frequency and fall-off rate for event A (including 

standard deviations and weights). The values in orange are those that have been 

discarded in the calculation of the seismic moment, the radius of the fault and 

the stress drop and the values in red are the worst values regarding their uncer-

tainty. 

 

 

Boatwright model with n=2 (M3) gives us the lowest weighted mean for 

the corner frequency (2,58 𝐻𝑧) and the attenuated model (M5) the highest 

weighted mean for the DC level (3,402 × 10−6𝑚/𝐻𝑧). Furthermore, M3 

has the lowest standard deviation for its values and M4 the lowest residual 

(see Table 9).   
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 Regarding the comparison between stations, the lowest weighted mean 

for the corner frequency is station NOB (a730) and the highest value is 

obtained for station BRA (a732). Besides, for the weighted mean of the DC 

level is maximum in station HOT (a752) and minimum for the station ORR 

(1667) (see Table 8). This behaviour could be more a matter of the geomet-

ric spreading which has not been corrected for this step. 

 

Table 8. Weighted mean (station based) of the DC level and the corner frequency 

for event A (including the weights).  

 

 However, station FLA (a728) shows a larger value in the DC level than 

NOB (a730) and HJO (a745) which locate closer to the source. The best 

inversion is done for station NOB (a730) according to the weight (see Table 

8). The corner frequency does not need to be corrected for the geometrical 

spreading which could mean a great advantage in order to extract infor-

mation directly from the frequency domain without adding extra uncertain-

ties from the constants used to calculate the seismic moment or the stress 

drop.  

Station 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 (weight) 

STO 1,79E-06 3,76 2,769 

ORR 1,43E-06 2,51 2,112 

GRV 1,69E-06 2,22 2,625 

LIB 1,69E-06 2,69 2,251 

FLA 3,15E-06 3,36 2,597 

NOB 2,77E-06 1,99 2,774 

YTT 2,46E-06 2,43 1,818 

BRA 4,74E-06 4,70 1,839 

HJO 2,04E-06 4,03 1,979 

BAK 1,57E-06 3,30 2,392 

HOT 4,98E-06 3,24 2,112 
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Furthermore, the final results can be compared between earthquakes. For 

this, the weighted mean value for the DC level and the corner frequency 

are specified at the end of every earthquake section. In the main event, the 

values obtained are 2.52 × 10−6 𝑚/𝐻𝑧 for the DC level and 3.07 𝐻𝑧 for 

the corner frequency.  

 

 However, the weighted mean of the DC level would need the correction 

for the geometrical spreading. Therefore, it can be used only for relative 

comparison purposes.  

 

Model 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 

1 2,09E-06 3,60 0,384 

2 2,03E-06 2,73 0,505 

3 2,31E-06 2,58 0,594 

4 2,66E-06 3,82 0,347 

5 3,40E-06 4,91 0,450 

Table 9. Weighted mean (model based) of the DC level and the corner frequency 

for event A (including the weights). 

 

The largest weight is found for M3 which leads to consider this as the best 

inversion. 
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7.1.2 Event B 

Secondly, I present the results obtained for the event occurred on March 

19th, 2016, 15 minutes after the main event (event A), at 22:12 which is 

considered an aftershock.  

 This event is a small earthquake, having a local magnitude of 1.1 

(SNSN) which result on a less accurate spectral fitting. For this reason, 

many fittings had to be eliminated from the calculation of the final results 

of the source parameters. 

 Once the filter is applied (bandpass limits: 3 𝐻𝑧 –  50 𝐻𝑧), the SNR in-

creases noticeable in the time domain, if we focus in the frequency domain, 

keeping an eye in the range of frequencies that we are interested on.  

 

Figure 28. Comparison in the frequency domain on the transverse component 

between the S-wave and the noise of event B recorded by station BRA. 
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 Brune model (M1) and Boatwright model with variable n (M2) do not 

provide a spectral fitting that can be used since the fall-off rate has a large 

value in almost every station. M1 will be used just for BAK (a751) and M2 

will be used for ORR (1667), YTT (a731), HJO (a745) and BAK (a751). 

Similarly, the attenuated model with 𝑄 = 600 (M5) was not considered in 

the majority of the stations but for GRV (2599), FLA (a728), YTT (a731) 

and BAK (a751). Although these values were not taken into account for 

the calculation of the spectral source parameters, they can be seen on Table 

10 (notice that the values for the fall-off larger than 4 were neglected in the 

computation). 

 

 For station ORR (1667), we obtain the best fit with M2 (see Figure 29), 

but with a quite high value for the fall-off rate (close to 3). This value is 

not high enough for us to eliminate it from the calculation of the weighted 

mean (the cut-off is for values above 5 in the fall-off rate). However, for 

the model M2 in the aforementioned station (ORR), small standard devia-

tions for DC level and corner frequency are obtained and this could lead 

us to consider excessively these values since they will have a high weight 

in the calculation of the mean. 
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Figure 29. Inversion for station ORR, event B and model M2. 
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Stations 𝐷𝐶[𝑚/𝐻𝑧] 𝜎𝐷𝐶[𝑚/𝐻𝑧] 𝑤𝐷𝐶 𝑓𝑐[𝐻𝑧] 𝜎𝑓𝑐[𝐻𝑧] 𝑤𝑓𝑐 𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑤𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 

S
T

O
 

4,11E-10 4,06E-11 6,07E+20 11,97 1,01 0,98 5,07 0,52 1,89 

4,08E-10 3,61E-11 7,68E+20 10,08 0,98 1,04 3,64 0,34 2,86 

4,26E-10 4,65E-11 4,63E+20 8,61 1,03 0,94  0,39 2,52 

5,60E-10 5,18E-11 3,73E+20 12,58 2,32 0,18  0,29 3,37 

6,81E-10 6,03E-11 2,75E+20 19,58 8,39 0,01  0,33 2,97 

O
R

R
 

1,22E-10 1,08E-11 8,64E+21 13,79 1,21 0,68 3,85 0,24 4,09 

1,19E-10 9,03E-12 1,23E+22 11,49 1,10 0,82 2,94 0,22 4,52 

1,26E-10 1,04E-11 9,23E+21 9,85 0,92 1,18  0,28 3,55 

1,72E-10 1,20E-11 6,96E+21 17,48 3,33 0,09  0,22 4,36 

2,23E-10 1,56E-11 4,14E+21 - - 0  0,22 4,50 

G
R

V
 

2,41E-10 1,51E-11 4,41E+21 11,20 0,50 4,00 7,32 1,44 0,69 

2,41E-10 1,38E-11 5,27E+21 9,83 0,55 3,30 4,52 0,76 1,31 

2,50E-10 2,17E-11 2,12E+21 8,34 0,79 1,60  0,37 2,69 

3,23E-10 2,49E-11 1,61E+21 11,39 1,59 0,39  0,40 2,46 

3,87E-10 2,99E-11 1,12E+21 15,34 3,91 0,06  0,51 1,95 

L
IB

 

1,81E-10 2,24E-11 1,99E+21 12,99 1,18 0,71 7,22 1,22 0,81 

1,82E-10 2,15E-11 2,16E+21 11,39 1,43 0,48 4,10 0,58 1,70 

1,77E-10 2,53E-11 1,57E+21 10,70 1,74 0,33  0,33 2,99 

2,46E-10 3,16E-11 1,00E+21 19,13 7,46 0,01  0,34 2,91 

3,17E-10 4,13E-11 5,88E+20 - - 0  0,35 2,83 

O
D

E
 

3,68E-10 3,22E-11 9,63E+20 15,40 0,99 1,02 7,50 0,79 1,26 

3,67E-10 2,99E-11 1,12E+21 13,69 1,08 0,85 5,05 0,45 2,18 

3,81E-10 4,18E-11 5,73E+20 11,47 1,45 0,47  0,34 2,87 

5,29E-10 4,91E-11 4,15E+20 18,49 4,48 0,05  0,23 4,27 

6,66E-10 6,12E-11 2,67E+20 - - 0  0,23 4,21 

F
L

A
 

2,69E-10 3,29E-11 9,27E+20 9,66 1,06 0,89 4,15 0,66 1,50 

2,67E-10 2,74E-11 1,33E+21 7,91 0,94 1,13 3,01 0,46 2,16 

2,73E-10 3,10E-11 1,04E+21 7,15 0,85 1,38  0,26 3,80 

3,41E-10 3,45E-11 8,38E+20 9,37 1,53 0,42  0,44 2,25 

3,97E-10 3,82E-11 6,86E+20 12,26 3,03 0,10  0,60 1,65 

N
O

B
 

1,61E-10 1,13E-11 7,79E+21 15,53 0,97 1,06 4,99 0,42 2,35 

1,60E-10 1,00E-11 9,96E+21 13,06 0,97 1,06 3,42 0,30 3,29 

1,65E-10 1,26E-11 6,32E+21 11,43 1,00 1,00  0,29 3,35 

2,19E-10 1,57E-11 4,04E+21 18,07 3,13 0,10  0,26 3,72 

2,69E-10 1,96E-11 2,60E+21 - - 0  0,26 3,74 
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Y
T

T
 

3,41E-10 3,84E-11 6,80E+20 7,80 0,86 1,35 3,19 0,34 2,88 

3,22E-10 2,89E-11 1,20E+21 6,34 0,70 2,04 2,40 0,27 3,68 

3,43E-10 3,00E-11 1,11E+21 5,66 0,49 4,16 
 

0,29 3,44 

4,19E-10 2,97E-11 1,13E+21 7,94 0,87 1,32 
 

0,44 2,25 

5,01E-10 3,26E-11 9,42E+20 10,35 1,69 0,35 
 

0,67 1,47 

B
R

A
 

5,13E-10 7,53E-11 1,76E+20 11,21 1,77 0,31 3,09 0,29 3,41 

1,52E-10 3,09E-11 1,05E+21 0,11 0 0 3,70 0,51 1,93 

5,12E-10 5,70E-11 3,08E+20 8,28 1,00 1,00 
 

0,22 4,48 

6,08E-10 6,31E-11 2,51E+20 11,00 1,85 0,29 
 

0,33 2,97 

6,68E-10 6,43E-11 2,42E+20 17,35 5,11 0,03   0,35 2,85 

H
JO

 

4,67E-10 5,66E-11 3,13E+20 11,71 1,30 0,59 4,31 0,43 2,32 

4,69E-10 5,16E-11 3,76E+20 9,37 1,27 0,62 2,88 0,26 3,71 

4,79E-10 5,68E-11 3,10E+20 8,52 1,10 0,82  0,30 3,31 

5,84E-10 6,25E-11 2,56E+20 11,44 2,07 0,23  0,26 3,79 

6,72E-10 6,92E-11 2,09E+20 15,22 4,37 0,05   0,31 3,14 

B
A

K
 

1,84E-10 2,83E-11 1,25E+21 6,15 1,11 0,81 2,11 0,23 4,21 

1,60E-10 1,69E-11 3,50E+21 5,02 0,72 1,92 1,72 0,23 4,23 

1,47E-10 9,85E-12 1,03E+22 5,80 0,39 6,57  0,24 4,16 

1,74E-10 9,95E-12 1,01E+22 8,64 0,80 1,56  0,53 1,88 

2,04E-10 1,03E-11 9,50E+21 13,02 2,08 0,23  0,69 1,44 

H
O

T
 

1,87E-10 1,37E-11 5,31E+21 15,40 0,88 1,29 6,71 0,79 1,25 

1,87E-10 1,26E-11 6,32E+21 13,45 0,96 1,08 4,28 0,46 2,17 

1,91E-10 1,70E-11 3,48E+21 11,65 1,19 0,70  0,28 3,56 

2,56E-10 2,06E-11 2,36E+21 17,98 3,45 0,08  0,26 3,72 

3,13E-10 2,49E-11 1,61E+21 -  - 0   0,25 3,90 

Table 10. DC level, corner frequency and fall-off rate for event B (including 

standard deviations and weights). Values in orange are those that have been ne-

glected in the calculation of the seismic moment, the radius of the fault and the 

stress drop and the values in red are the worst values regarding their uncer-

tainty. The hyphens represent values which are too large to fit on the cell and 

were neglected. 
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DC levels slightly vary between models for the same station. However, 

corner frequency shows more variation between models, obtaining gener-

ally the lowest values for M3 (see Table 10). 

 

Station 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 

STO 4,85E-10 9,26 2,666 

ORR 1,34E-10 10,82 3,971 

GRV 3,06E-10 9,15 2,624 

LIB 1,77E-10 10,70 2,997 

ODE 4,43E-10 12,14 3,007 

FLA 3,29E-10 7,93 3,337 

NOB 1,86E-10 12,04 3,387 

YTT 3,91E-10 6,43 3,221 

BRA 5,55E-10 8,90 4,142 

HJO 5,03E-10 9,24 3,528 

BAK 1,73E-10 6,24 3,803 

HOT 2,18E-10 12,32 3,585 

Table 11. Weighted mean (station based) of the DC level and the corner fre-

quency for event B (including the weights). 

  

The largest values for the DC level are obtained in station BRA (a732) and 

HJO (a745) and the lowest is obtain for ORR (1667). BRA (a732) provides 

the largest weight meaning that this station will have most importance in 

the calculation of the weighted means. On the other hand, GRV (2599) is 

the station that contribute the least to the calculations (see Table 11). 

 

 

The weighted mean value for the DC level is 3.23 × 10−10 𝑚/𝐻𝑧 and for 

the corner frequency is 9.57 𝐻𝑧. 
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Model 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 

1 1,84E-10 6,15 4,212 

2 2,57E-10 8,13 4,014 

3 2,89E-10 8,84 3,633 

4 3,86E-10 14,01 2,432 

5 3,75E-10 12,92 1,537 

Table 12. Weighted mean (model based) of the DC level and the corner fre-

quency for event B (including the weights). 

 

The model with the largest weight is M1. However, this is obtained from 

just a couple of stations, therefore M3 is considered the best fit. Besides, 

Brune model (M1) shows the lowest value for the corner frequency and the 

attenuated models (M4 and M5) the largest (see Table 12) what makes of 

M3 an intermediate value which could mean a reasonable approximation. 
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7.1.3 Event C 

The following two earthquakes are located inside the temporary seismic 

network (specific location in the Background section).  

 The results displayed below correspond to the event occurred on June 

25th, 2016, at 02:07. Despite a magnitude was not calculated by the SNSN 

for this earthquake, moment magnitude obtained by the spectral fitting is 

0.6. For this reason, similar issues as for the aftershock, event B, can be 

expected. 

 Regarding the SNR, in Figure 30 the comparison between the noise win-

dow and the shear wave window is shown.  

 

 

Figure 30. Spectrum of the transverse S-wave of event C recorded by station HOT 

and noise in the transverse component. 
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 Attenuated model with 𝑄 = 600 (M5) was neglected for every station 

except for ODE (8149) and BRA (a732) due to the unreasonable values for 

the corner frequency. Besides, Brune model (M1) was not considered for 

stations GRV (2599) and SVA (uf49) for the large standard deviation on 

the DC level. Boatwright model with a variable n (M2) in station LIB 

(3113) is neglected due to the large misfit. Attenuated model with 𝑄 =

1000 (M4) is also neglected in station GRV (2599) because of the value 

obtained for the corner frequency (see Table 13).  

 

 Station YTT (a731) shows for M1 the best fit with the lowest standard 

deviations for every corner frequency calculated (see Figure 31). BLA 

(a748) has the lowest standard deviations on the DC level (see Figure 32).  

 

 

 

Figure 31. Inversion for station YTT, event C and model M1. 
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 For the attenuated model with 𝑄 = 1000 (M4) in station BLA (a748), 

the residual obtained is low, but the fit seems to rise the corner frequency 

to get this value of the misfit, leading to think that can be an unreliable 

estimation (see Figure 33).  

 

 

 

Figure 33. Inversion for station BLA, event C and model M4. 

Figure 32. Inversion for station BLA, event C and model M3. 
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Stations 
 

𝐷𝐶[𝑚/𝐻𝑧] 𝜎𝐷𝐶[𝑚/𝐻𝑧] 𝑤𝐷𝐶 𝑓𝑐[𝐻𝑧] 𝜎𝑓𝑐[𝐻𝑧] 𝑤𝑓𝑐 𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑤𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 

S
T

O
 

3,10E-10 4,05E-11 6,09E+20 12,61 3,07 0,10 1,40 0,35 2,84 

2,92E-10 2,99E-11 1,12E+21 8,05 1,81 0,30 1,09 0,36 2,71 

2,17E-10 1,52E-11 4,35E+21 16,46 1,40 0,51  0,28 3,47 

2,21E-10 1,22E-11 6,77E+21 41,48 6,18 0,02  0,25 3,91 

2,68E-10 1,24E-11 6,56E+21 - - -  0,26 3,74 

G
R

V
 

4,36E-10 1,29E-10 6,05E+19 16,22 12,59 0 0,88 0,35 2,85 

3,96E-10 8,39E-11 1,42E+20 8,74 5,98 0,02 0,67 0,35 2,84 

2,23E-10 1,74E-11 3,31E+21 44,61 4,80 0,04  0,33 2,99 

3,32E-10 1,89E-11 2,79E+21 - - 0  0,32 3,10 

4,20E-10 2,66E-11 1,42E+21 - - 0  0,34 2,87 

L
IB

 

1,49E-10 4,17E-11 5,76E+20 12,24 7,43 0,01 1,12 0,58 1,70 

1,96E-10 8,75E-11 1,31E+20 2,88 3,20 0,09 0,70 0,62 1,60 

7,96E-11 7,27E-12 1,89E+22 29,84 3,47 0,08  0,51 1,95 

1,13E-10 7,98E-12 1,57E+22 62,03 20,94 0  0,42 2,35 

1,42E-10 1,02E-11 9,65E+21 - - 0  0,36 2,73 

O
D

E
 

3,10E-10 8,09E-11 1,53E+20 6,79 2,97 0,11 1,48 0,35 2,79 

2,78E-10 4,93E-11 4,11E+20 4,96 1,70 0,34 1,22 0,36 2,74 

2,42E-10 2,60E-11 1,47E+21 7,13 0,88 1,29  0,40 2,45 

2,47E-10 2,62E-11 1,46E+21 8,52 1,21 0,68  0,47 2,09 

2,51E-10 2,58E-11 1,50E+21 9,99 1,60 0,39  0,51 1,94 

N
O

B
 

1,61E-10 1,68E-11 3,56E+21 24,34 3,58 0,07 2,37 0,38 2,59 

1,60E-10 1,55E-11 4,19E+21 16,70 3,01 0,11 1,65 0,42 2,33 

1,50E-10 1,20E-11 6,94E+21 19,54 1,92 0,27  0,38 2,61 

1,78E-10 1,18E-11 7,17E+21 37,13 6,69 0,02  0,32 3,08 

2,13E-10 1,31E-11 5,86E+21 - - 0  0,33 2,98 

Y
T

T
 

6,31E-10 3,77E-11 7,05E+20 9,50 0,69 2,10 2,71 0,24 4,03 

6,05E-10 2,87E-11 1,22E+21 7,47 0,52 3,69 2,16 0,30 3,23 

6,12E-10 2,69E-11 1,39E+21 7,22 0,36 7,71  0,37 2,65 

6,66E-10 2,85E-11 1,23E+21 8,49 0,51 3,84  0,34 2,90 

7,07E-10 3,01E-11 1,10E+21 9,57 0,68 2,16  0,63 1,58 

B
R

A
 

4,34E-10 7,04E-11 2,02E+20 4,77 1,23 0,66 1,42 0,55 1,79 

3,68E-10 3,97E-11 6,36E+20 3,78 0,71 1,98 1,22 0,58 1,69 

2,92E-10 1,92E-11 2,72E+21 6,21 0,46 4,72  0,38 2,58 

2,80E-10 1,74E-11 3,32E+21 9,83 0,94 1,13  0,61 1,61 

2,63E-10 1,31E-11 5,84E+21 30,74 7,56 0,01  0,44 2,26 
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H
JO

 

2,87E-10 3,08E-11 1,05E+21 11,39 1,51 0,43 2,78 0,36 2,70 

2,89E-10 2,73E-11 1,34E+21 8,16 1,20 0,69 1,99 0,28 3,53 

2,89E-10 2,43E-11 1,69E+21 8,18 0,79 1,60  0,28 3,53 

3,10E-10 2,51E-11 1,59E+21 10,32 1,26 0,63  0,55 1,79 

3,25E-10 2,54E-11 1,55E+21 12,92 1,98 0,25  0,81 1,23 

B
L

A
 

6,48E-11 6,73E-12 2,21E+22 24,44 3,16 0,10 2,99 0,37 2,69 

6,30E-11 5,94E-12 2,84E+22 19,05 2,82 0,12 2,24 0,40 2,46 

6,43E-11 5,71E-12 3,06E+22 18,00 1,96 0,26  0,44 2,23 

8,72E-11 6,14E-12 2,65E+22 46,48 18,14 0  0,34 2,91 

1,12E-10 8,17E-12 1,50E+22 - - 0  0,40 2,44 

B
A

K
 

2,44E-10 2,99E-11 1,12E+21 7,87 1,65 0,36 1,47 0,42 2,37 

2,23E-10 2,08E-11 2,31E+21 5,44 0,98 1,04 1,18 0,45 2,21 

1,63E-10 1,03E-11 9,48E+21 10,74 0,80 1,56  0,31 3,22 

1,74E-10 8,57E-12 1,36E+22 24,33 3,07 0,10  0,40 2,44 

2,11E-10 8,36E-12 1,43E+22 - - 0  0,32 3,11 

H
O

T
 

1,96E-10 2,00E-11 2,51E+21 16,79 2,21 0,20 2,69 0,27 3,65 

1,90E-10 1,66E-11 3,62E+21 12,97 1,78 0,31 2,12 0,28 3,49 

1,91E-10 1,55E-11 4,18E+21 12,67 1,23 0,66  0,30 3,28 

2,24E-10 1,62E-11 3,82E+21 19,20 2,86 0,12  0,41 2,42 

2,50E-10 1,61E-11 3,87E+21 48,58 30,51 0  0,37 2,64 

S
V

A
 

4,61E-10 8,70E-10 1,32E+18 1,01 3,70 0,07 0,83 0,44 2,26 

3,30E-10 5,21E-10 3,68E+18 1,00 2,86 0,12 0,74 0,44 2,24 

9,35E-11 1,19E-11 7,06E+21 13,99 2,18 0,21  0,36 2,74 

1,19E-10 1,12E-11 7,96E+21 39,21 19,78 0  0,36 2,72 

1,56E-10 1,40E-11 5,08E+21 - - -  0,33 2,99 

Table 13. DC level, corner frequency and fall-off rate for event C (including 

standard deviations and weights). The values in orange are those that have been 

neglected in the calculation and the values in red are the worst values regarding 

their uncertainty. 
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Station 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 

STO 2,30E-10 14,01 3,172 

GRV 2,30E-10 30,55 2,936 

LIB 9,56E-11 27,47 1,920 

ODE 2,51E-10 7,58 2,348 

NOB 1,63E-10 20,48 2,572 

YTT 6,27E-10 7,83 3,001 

BRA 2,81E-10 6,06 2,191 

HJO 2,94E-10 8,99 3,100 

BLA 6,97E-11 19,77 2,393 

BAK 1,77E-10 9,07 2,752 

HOT 2,01E-10 14,00 3,314 

SVA 1,07E-10 14,29 2,740 

Table 14. Weighted mean (station based) of the DC level and the corner fre-

quency for event C (including the weights). 

 

The weighted mean value for the DC level is 2.47 × 10−10 𝑚/𝐻𝑧 and for 

the corner frequency is 14.84 𝐻𝑧. 

 

Model 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 

1 2,94E-10 13,33 3,247 

2 2,92E-10 9,64 2,729 

3 2,23E-10 15,90 2,456 

4 2,62E-10 29,99 1,753 

5 2,57E-10 21,16 1,955 

Table 15. Weighted mean (model based) of the DC level and the corner fre-

quency for event C (including the weights). 
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Brune model seems to provide the most accurate values from the weight 

for the model. It is also interesting to point out that the two attenuated mod-

els (M4 and M5) present the largest values for the corner frequency (see 

Table 15). 
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7.1.4 Event D 

Finally, the results obtained for the event, occurred on August 19th, 2016, 

at 22:19 into the area where the temporary seismic network used was lo-

cated, are shown on Table 16.  

 Again, a small event is studied here, thus the problematic surrounding 

this type of earthquakes would be the same as was discussed for previous 

events. For this reason, in station STO (1666), ODE (8149), FLA (a728), 

HJO (a745), BLA (a748) and HOT (a752) Brune model (M1) and Boat-

wright model with variable n (Model 2) were not considered due to their 

high values for the fall-off rate (see Table 16).  

 Regarding the SNR, for this event a thorough study on the topic is 

needed since the values obtained for the corner frequency (see Table 17) 

may be related with the low signal-to-noise ratio of the records (see Dis-

cussion section). 

 

Figure 34. SNR for event D recorded by station HJO (a745). 
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 Attenuated model with 𝑄 = 1000 (M4) provides the best fit for station 

NOB (a730) (see Figure 35).  

 

 

 

 

 

 

 

 

Figure 35. Inversion for station NOB, event D and model M4. 
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Sta. 𝐷𝐶[𝑚/𝐻𝑧] 𝜎𝐷𝐶[𝑚/𝐻𝑧] 𝑤𝐷𝐶 𝑓𝑐[𝐻𝑧] 𝜎𝑓𝑐[𝐻𝑧] 𝑤𝑓𝑐 𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑤𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 

S
T

O
 

1,43E-10 7,40E-12 1,83E+22 7,39 0,28 12,76 7,16 3,44 0,29 

1,43E-10 7,04E-12 2,02E+22 6,46 0,34 8,65 4,06 1,29 0,77 

1,48E-10 9,46E-12 1,12E+22 5,53 0,39 6,57  0,46 2,14 

1,58E-10 9,64E-12 1,08E+22 6,08 0,47 4,53  0,39 2,51 

1,66E-10 9,91E-12 1,02E+22 6,47 0,54 3,43  0,64 1,56 

G
R

V
 

2,19E-10 3,44E-11 8,46E+20 4,30 0,92 1,18 1,73 0,44 2,26 

1,89E-10 1,93E-11 2,70E+21 3,48 0,54 3,43 1,49 0,50 1,97 

1,72E-10 1,13E-11 7,83E+21 4,28 0,29 11,89  0,29 3,43 

1,76E-10 1,15E-11 7,55E+21 4,59 0,34 8,65  0,43 2,28 

1,78E-10 1,16E-11 7,44E+21 4,84 0,38 6,93  0,63 1,58 

O
D

E
 

3,20E-10 1,90E-11 2,78E+21 4,68 0,23 18,90 4,23 1,22 0,81 

3,11E-10 1,38E-11 5,24E+21 3,92 0,19 27,70 3,09 0,70 1,42 

3,34E-10 2,03E-11 2,43E+21 3,33 0,20 25,00  0,44 2,26 

3,43E-10 1,99E-11 2,53E+21 3,44 0,20 25,00  0,40 2,49 

3,48E-10 1,98E-11 2,56E+21 3,52 0,21 22,68  0,40 2,47 

F
L

A
 

3,79E-10 2,52E-11 1,58E+21 3,94 2,07 0,23 33,58 3,20 0,31 

3,77E-10 2,56E-11 1,52E+21 3,70 0,22 20,66 8,70 6,83 0,14 

3,52E-10 4,34E-11 5,30E+20 3,38 0,41 5,95  0,30 3,24 

3,68E-10 4,36E-11 5,26E+20 3,51 0,43 5,41  0,46 2,17 

3,79E-10 4,39E-11 5,20E+20 3,59 0,45 4,94  0,70 1,41 

N
O

B
 

2,16E-10 2,18E-11 2,11E+21 6,57 0,70 2,04 3,16 0,61 1,63 

2,15E-10 1,80E-11 3,08E+21 5,01 0,56 3,19 2,36 0,29 3,40 

2,17E-10 1,75E-11 3,27E+21 4,78 0,41 5,95  0,29 3,40 

2,20E-10 1,75E-11 3,25E+21 4,90 0,43 5,41  0,25 3,93 

2,23E-10 1,76E-11 3,24E+21 4,98 0,44 5,17  0,27 3,68 

H
JO

 

3,64E-10 1,45E-11 4,74E+21 5,85 - - 130,98 1,10 0,90 

3,64E-10 1,37E-11 5,32E+21 5,59 115,32 0,00 47,80 3,99 0,25 

3,71E-10 2,94E-11 1,16E+21 4,46 0,37 7,30  0,45 2,18 

3,80E-10 2,93E-11 1,17E+21 4,60 0,39 6,57  0,33 2,96 

3,86E-10 2,93E-11 1,17E+21 4,69 0,40 6,25  0,31 3,16 

B
L

A
 

3,51E-10 8,48E-12 1,39E+22 4,84 0,09 123,46 5,18 2,57 0,38 

3,44E-10 6,85E-12 2,13E+22 4,14 0,08 156,25 3,58 1,31 0,76 

3,91E-10 1,50E-11 4,43E+21 3,23 0,12 69,44  0,29 3,38 

4,05E-10 1,41E-11 5,05E+21 3,42 0,12 69,44  0,41 2,40 

4,15E-10 1,37E-11 5,34E+21 3,54 0,13 59,17  0,69 1,43 
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H
O

T
 

4,02E-10 2,58E-11 1,50E+21 5,14 0,16 39,06 13,19 9,67 0,10 

4,02E-10 2,55E-11 1,54E+21 4,77 0,23 18,90 7,44 4,63 0,21 

3,99E-10 4,35E-11 5,29E+20 4,05 0,46 4,73  0,52 1,92 

4,16E-10 4,37E-11 5,25E+20 4,21 0,48 4,34  0,38 2,57 

4,28E-10 4,39E-11 5,18E+20 4,31 0,51 3,84  0,46 2,17 

Table 16. DC level, corner frequency and fall-off rate for event D (including 

standard deviations and weights). The values in orange are those that have been 

neglected in the calculation of the seismic moment, the radius of the fault and the 

stress drop and the values in red are the worst values regarding their uncer-

tainty. 

 

Station 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 

STO 1,57E-10 5,92 2,120 

GRV 1,78E-10 4,40 2,527 

ODE 3,42E-10 3,43 2,411 

FLA 3,60E-10 3,44 2,731 

NOB 2,19E-10 4,90 3,621 

HJO 3,79E-10 4,58 2,743 

BLA 4,05E-10 3,39 2,459 

HOT 4,08E-10 4,13 2,233 

Table 17. Weighted mean (station based) of the DC level and the corner fre-

quency for event D (including the weights). 

 

The weighted mean value for the DC level is 3.03 × 10−10 𝑚/𝐻𝑧 and for 

the corner frequency is 4.28 𝐻𝑧. 
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Model 𝐷𝐶[𝑚/𝐻𝑧] 𝑓𝑐[𝐻𝑧] 𝑤 

1 2,19E-10 4,300 2,262 

2 2,06E-10 4,448 2,661 

3 2,93E-10 4,085 3,005 

4 3,04E-10 4,402 2,509 

5 2,91E-10 4,657 1,892 

Table 18. Weighted mean (model based) of the DC level and the corner fre-

quency for event D (including the weights). 

 

 

In general terms, Boatwright model with n=2 (M3) usually gives the least 

uncertain values for DC levels as well as for the corner frequency, show-

ing at the same time the largest weight (best fit). For this event, the corner 

frequency does not change considerably from model to model (see Table 

18). 
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7.2 Source Parameters 

7.2.1 Event A 

These final results for the source parameters have been calculated by using 

the weights for every station (see Error Analysis section, Methodology).  

 

Station 𝑀0[𝑁 ∙ 𝑚] 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 𝑀𝐿 

STO 3,46E+14 4,94E+06 206,09 3,7 4,1 

ORR 2,93E+14 1,24E+06 308,73 3,6 4,1 

GRV 3,09E+14 9,07E+05 349,05 3,6 4,1 

LIB 3,56E+14 1,86E+06 288,07 3,7 4,2 

FLA 5,75E+14 5,85E+06 230,63 3,8 4,3 

NOB 4,54E+14 9,63E+05 389,40 3,7 4,2 

YTT 5,60E+14 2,16E+06 318,89 3,8 4,3 

BRA 6,66E+14 1,86E+07 164,87 3,9 4,3 

HJO 3,08E+14 5,43E+06 192,28 3,6 4,1 

BAK 3,50E+14 3,38E+06 234,82 3,7 4,2 

HOT 7,98E+14 7,28E+06 239,17 3,9 4,4 

Event: 4,48E+14 4,48E+06 268,99 3,7 4,2 

Table 19. Seismic moment, stress drop, radius of the fault, moment magnitude 

and local magnitude for event A. 

  

 As we can see in Table 19, the largest value for the seismic moment and 

in turn, for the moment magnitude is provided by HOT (a752). However, 

the radius of the fault is maximum for station NOB (a730). Station BRA 

(a732), on the other hand, has the largest value for the stress drop which 
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matches with a large value on the seismic moment and the smallest value 

for the radius of the fault.  

 

 Station YTT (a730) approximates better the weighted mean of the mo-

ment magnitude. Therefore, it can be considered the most reliable estimate. 

Regarding the comparison between magnitudes, local magnitude displays 

higher values than moment magnitude for every station (see Table 19).  

7.2.2 Event B 

Station 𝑀0[𝑁 ∙ 𝑚] 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 𝑀𝐿 

STO 9,39E+10 2,00E+04 83,68 1,3 1,0 

ORR 2,76E+10 9,38E+03 71,62 0,9 0,4 

GRV 5,61E+10 1,16E+04 84,69 1,1 0,8 

LIB 3,76E+10 1,24E+04 72,42 1,0 0,6 

ODE 5,04E+10 3,85E+04 63,83 1,2 0,9 

FLA 6,05E+10 8,09E+03 97,72 1,2 0,8 

NOB 1,07E+10 1,44E+04 64,36 1,0 0,5 

YTT 8,95E+10 6,41E+03 120,51 1,3 1,0 

BRA 1,86E+10 1,49E+04 87,07 1,2 0,9 

HJO 7,61E+10 1,61E+04 83,86 1,2 0,9 

BAK 3,88E+10 2,54E+03 124,18 1,0 0,6 

HOT 3,53E+10 1,77E+04 62,90 1,0 0,6 

Event: 4,76E+10 1,40E+04 85,06 1,1 0,7 

Table 20. Seismic moment, stress drop, radius of the fault, moment magnitude 

and local magnitude for event B. 
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Station STO (1666) and YTT (a731) provide the highest values for the 

seismic moment with, for the first one, a small value on the radius of the 

fault leading to large stress drops. Although the largest value on the stress 

drop is obtain by ODE (8149) which has the second smallest value on the 

radius of the fault. Besides, the station which moment magnitude approxi-

mates better the final value is GRV (2599). For this event, the local mag-

nitude provides a lower magnitude than the moment magnitude for every 

station.  

7.2.3 Event C 

Station 𝑀0[𝑁 ∙ 𝑚] 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 𝑀𝐿 

STO 4,99E+09 3,68E+03 55,31 0,4 -0,3 

GRV 2,88E+09 2,21E+04 25,37 0,3 -0,5 

LIB 3,20E+09 1,78E+04 28,23 0,3 -0,5 

ODE 3,83E+09 4,48E+02 102,23 0,4 -0,4 

NOB 2,03E+09 1,16E+04 37,84 0,4 -0,3 

YTT 2,49E+10 3,21E+03 98,97 0,9 0,4 

BRA 1,52E+10 9,10E+02 127,87 0,8 0,2 

HJO 1,22E+10 1,39E+03 86,20 0,7 0,1 

BLA 4,77E+09 9,91E+03 39,20 0,4 -0,3 

BAK 1,08E+10 2,17E+03 85,44 0,7 0,0 

HOT 1,04E+10 7,63E+03 55,35 0,7 0,0 

SVA 8,00E+09 6,27E+03 54,23 0,6 -0,1 

Event: 8,88E+09 7,07E+03 66,18 0,6 -0,1 

Table 21. Seismic moment, stress drop, radius of the fault, moment magnitude 

and local magnitude for event C. 
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The maximum value for the seismic moment is obtained by station YTT 

(a731). On the contrary, station NOB (a730) is providing the lowest values.  

SVA (uf49) obtain the best approximation to the weighted mean. The val-

ues for the radius of the fault show a great variation over the different sta-

tions (see Table 21). In general terms, local magnitudes show lower values 

than moment magnitudes which even means negative local magnitudes in 

some stations. 

7.2.4 Event D 

Station 𝑀0[𝑁 ∙ 𝑚] 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 𝑀𝐿 

STO 6,33E+09 4,13E+02 124,16 0,5 -0,2 

GRV 4,88E+09 1,31E+02 167,05 0,4 -0,3 

ODE 7,32E+09 9,31E+01 214,29 0,6 -0,1 

FLA 1,10E+10 1,41E+02 213,66 0,7 0,0 

NOB 1,74E+09 6,44E+01 150,00 0,1 -0,8 

HJO 2,46E+09 1,65E+02 160,48 0,5 -0,3 

BLA 1,42E+10 1,74E+02 216,81 0,7 0,1 

HOT 1,02E+10 2,27E+02 177,97 0,6 0,0 

Event: 6,92E+09 1,65E+02 177,47 0,5 -0,2 

Table 22. Seismic moment, stress drop, radius of the fault, moment magnitude 

and local magnitude for event D. 

 

 Lastly, the event D shows in Table 22 the largest value for the seismic 

moment in station BLA (a748) and the smallest values for NOB (a730). 

Again, local magnitudes show lower values than moment magnitudes with 

negative values in several stations for the local magnitude (see Table 22). 
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8 Discussion 

Regarding the models applied for the inversion, Boatwright model with a 

fixed fall-off (𝑛 = 2) (M3) appears to work for every station in every earth-

quake which may be an indicator that this model would be the best adjust-

ment for our data. Besides, if we focus on the weights obtained for the 

models, M3 depicts quite high values which means that the misfit is nor-

mally low for this model.  However, if M3 were the best fit for the data, 

the fall-off rate in M2 should converge into 2 and as we can see in the data 

tables normally it does. In those cases where it does not converge, it could 

be a matter of a low SNR.  

  

 For event A as well as for event D, Boatwright model with 𝑛 = 2 shows 

the best fit, i.e. the lowest misfit, with a noticeable difference from the rest 

of the models. Nevertheless, event A appears to be fairly well fitted with 

M2, M3 and M4, showing the best fit for the latter which represents the 

general form of the spectral fitting with a quality factor of 1000. Finally, 

Brune model seems to fit the best for the event C (e.g. Table 23 and Table 

24).  

 

Model 𝐷𝐶𝐴[𝑚/𝐻𝑧] 𝑓𝑐𝐴[𝐻𝑧] 𝑤𝐴 𝐷𝐶𝐵[𝑚/𝐻𝑧] 𝑓𝑐𝐵[𝐻𝑧] 𝑤𝐵 

1 2,10E-06 3,60 0,384 1,84E-10 6,15 4,212 

2 2,03E-06 2,73 0,505 2,57E-10 8,13 4,014 

3 2,31E-06 2,58 0,594 2,89E-10 8,84 3,633 

4 2,66E-06 3,82 0,347 3,86E-10 14,01 2,432 

5 3,40E-06 4,91 0,450 3,75E-10 12,92 1,537 

   Table 23. Comparison between models used for event A and event B. 
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Model 𝐷𝐶𝐶[𝑚/𝐻𝑧] 𝑓𝑐𝐶[𝐻𝑧] 𝑤𝐶 𝐷𝐶𝐷[𝑚/𝐻𝑧] 𝑓𝑐𝐷[𝐻𝑧] 𝑤𝐷 

1 2,94E-10 13,32 3,247 2,19E-10 4,30 2,262 

2 2,92E-10 9,64 2,730 2,06E-10 4,45 2,661 

3 2,23E-10 15,90 2,456 2,93E-10 4,06 3,005 

4 2,62E-10 29,99 1,753 3,04E-10 4,40 2,509 

5 2,57E-10 21,16 1,955 2,91E-10 4,66 1,892 

   Table 24. Comparison between models used for event C and event D. 

 

 Considering also the values for the standard deviation on the DC level 

and the corner frequency seen on the Results section, the Boatwright model 

with a fixed fall-off rate (𝑛 = 2) also presents the lowest values for the 

standard deviation for several stations. Therefore, using this and the afore-

mentioned fact that the two types of weights for M3 are almost identical in 

every event, the M3 is considered the best inversion model to fit the data 

of the present study. 

 

 The fact that M3 shows the best fit could be caused by the distance 

source-receiver. The modified version of the Brune model, proposed by 

Boatwright with 𝛾 = 2, produces a sharper corner than the original Brune 

model. This behaviour usually matches better the short hypocentral dis-

tances [Abercrombie, 1995].  

 

 Moreover, the high frequency fall-off rate 𝑛 = 2 is considered a good 

average for this spectral method if Brune [1970] and Madariaga [1976] 

work is followed. For this reason, it is reasonable to think that Boatwright 

model with a fixed fall-off (𝑛 = 2) will provide the best adjustment.  
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The corner frequency obtained for each model depicts, generally, the larg-

est values normally for the M4 and M5. This effect can be explained by the 

exponential shape of the general form of the inversion which could modify 

the spectrum in an undesirable way, showing the aforementioned increase 

on the values obtained for the corner frequency. For instance, if the fall-off 

presents a linear tendency (logarithmically plotted), which comes from the 

interaction of the high frequencies generated by the source, and the inver-

sion used tries to fit an exponential shape instead, this may cause the rise 

of the corner frequency value. 

On the other hand, the main event (event A) and its aftershock tend to a 

stable value except for the two last models for the aftershock which could 

be a matter of the exponential fitting as it was mentioned before.  

 

Event C shows a great variation on the corner frequency which could 

imply that for earthquakes with a short hypocentral distance the selection 

of the model used is highly important. However, event D displays the op-

posite bias, i.e., it shows stable values for the corner frequency for each 

model. 

 

The fact that only for the event D we obtain a stable value for every 

model on the corner frequency may be promoted by some process uncon-

nected with the inversion used, since the same procedure has been used for 

every earthquake. Bearing this in mind, event D shows a different feature 

from the rest of events studied here, being the shallower earthquake with a 

depth of around 5 km (see Table 25). 

 

Besides, this earthquake (event D) has a SNR very low compared with 

the other events in which whether the signal itself provides a good SNR or 

the filter has helped to obtain an acceptable SNR. Therefore, a conclusion 
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cannot be given since this could be due to the bandpass filter, the depth of 

the earthquake or the poor SNR that can be giving the value for the corner 

frequency adjusted in the inversion. 

 

Event Depth [km] 

A 19.252 

B 15.841 

C 23.110 

D 5.177 

Table 25. Depths for the different earthquakes studied on this thesis [SNSN, 

2018]. 

 

 

 

 

 

Figure 36. SNR for event D recorded by station HJO (a745). 



98 

 As we can see from Figure 36, the level of noise, even using a filter, is 

so high that the signal is not isolated enough to get any conclusion out of 

the corner frequency about the area of the fault. 

 

 

Regarding the azimuthal effects, by the study of the seismic moment for 

event C and event D, a radiation pattern for the shear waves may be ex-

tracted. As it was mentioned before, we use the seismic moment instead of 

using the DC level because of the geometrical spreading correction was 

applied on the calculation of the seismic moment.  

 

 

 

 

 

 

Figure 37. Seismic network used in this study including the event C and the event 

D [SNSN, 2018]. 
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Station 𝑀0𝐶
[𝑁 ∙ 𝑚] 𝑓𝑐𝐶[𝐻𝑧] 𝑀0𝐷

[𝑁 ∙ 𝑚] 𝑓𝑐𝐷[𝐻𝑧] 

STO 4,99E+09 14,01 6,33E+09 5,92 

GRV 2,88E+09 30,55 4,88E+09 4,40 

ODE 3,83E+09 7,58 7,32E+09 3,43 

NOB 2,03E+09 20,48 1,74E+09 4,90 

HJO 1,22E+10 8,99 2,46E+09 4,58 

BLA 4,77E+09 19,77 1,42E+10 3,39 

HOT 1,04E+10 14,00 1,02E+10 4,13 

Table 26. Comparison between event C and event D which are located into the 

seismic network for the stations in common. 

 

In event C, the maximum on the seismic moment for the stations in com-

parison is seen in station HJO which if we consider as the maximum in the 

radiation pattern for the S-wave may match the Burträsk fault striking NE-

SW.  

 In event D, stations BLA (a7489, HOT (a752) and HJO (a745) show 

the largest values for the DC level which could agree with a maximum in 

the radiation pattern. Similarly, station STO (1666) and GRV (2599) dis-

play the shortest values. Unfortunately, we do not count with the inversion 

for station BRA (a732) for this earthquake to prove if that is the minimum 

direction on the radiation pattern. Regarding the weights calculated for 

each station, the best fit would be for station NOB (a730) which is also the 

closest station to the source (see Table 17). The maximum in the seismic 

moment is obtained by BLA and followed by HOT which could indicate 

the direction of the maximum in the radiation pattern. However, this dis-

cussion is very difficult to assess without an inversion for the focal mech-

anism. 
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 This might represent whether a different focal mechanism, i.e., a differ-

ent fault motion, or that the sources are so close to the receiver that the 

singularities on the fault could make the difference in our results. Besides, 

the different depths (see Table 25) for the earthquakes (event C is around 

20 km depth and event D is around 5 km depth) might be applying an error 

in the geometrical spreading correction used to correct the seismic mo-

ment. 

 

On the contrary, for the main event (event A) and the aftershock (event 

B), no conclusion can be extracted in terms of azimuthal effects since all 

the stations are located within a small angle of the radiation pattern. There-

fore, the variations observed for these events cannot be explained through 

the directivity effects. 

 

Regarding the attenuation, the results have shown that the M4 fits better 

the data than M5, i.e., a quality factor of around 1000 may represent the 

attenuation of the studied site more accurately than a quality factor of 600. 

However, due to the short hypocentral distances (with a maximum of 

around 100 km) of the earthquakes studied in this thesis, the signals re-

ceived in the seismometers have not experienced a large amount of atten-

uation. 
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A study involving a larger number of earthquakes would be interesting to 

ensure that Boatwright model with a fixed fall-off rate equals 2 is the best 

model to use for the Swedish National Seismic Network.  

 

Figure 38. Seismic network used in this study including the four events [SNSN, 

2018]. 
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 On the other hand, several corrections practiced in this thesis could be 

done in a more accurate way. For instance, the geometrical spreading cor-

rection can be done by using an empirical Green’s function (EGF) which 

would give a most precise correction. Besides, the instrument response cor-

rection can be applied using the poles and zeros function instead of divid-

ing by a factor to correct for this effect. 
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 9 Conclusions 

In the investigation of the best model to obtain the source parameters 

through the spectral fitting of different earthquakes for northern Sweden, 

the modified version of the Brune model, i.e., the Boatwright model with 

fixed fall-off rate equals 2, has been found the most suitable fit for the data 

used in this thesis. This might be due to the site conditions which are the 

low attenuation on the crust of northern Fennoscandia and the short hypo-

central distances of the studied earthquakes.  

 

These are the results in the study: 

 

E
V

E
N

T
 A

 

Station 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 

STO 4,94E+06 206,09 3,7 

ORR 1,24E+06 308,73 3,6 

GRV 9,07E+05 349,05 3,6 

LIB 1,86E+06 288,07 3,7 

FLA 5,85E+06 230,63 3,8 

NOB 9,63E+05 389,40 3,7 

YTT 2,16E+06 318,89 3,8 

BRA 1,86E+07 164,87 3,9 

HJO 5,43E+06 192,28 3,6 

BAK 3,38E+06 234,82 3,7 

HOT 7,28E+06 239,17 3,9 

Event: 4,48E+06 268,99 3,7 

Table 27. Results event A. 
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E
V

E
N

T
 B

 

Station 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 

STO 2,00E+04 83,68 1,3 

ORR 9,38E+03 71,62 0,9 

GRV 1,16E+04 84,69 1,1 

LIB 1,24E+04 72,42 1,0 

ODE 3,85E+04 63,83 1,2 

FLA 8,09E+03 97,72 1,2 

NOB 1,44E+04 64,36 1,0 

YTT 6,41E+03 120,51 1,3 

BRA 1,49E+04 87,07 1,2 

HJO 1,61E+04 83,86 1,2 

BAK 2,54E+03 124,18 1,0 

HOT 1,77E+04 62,90 1,0 

Event: 1,40E+04 85,06 1,1 

Table 28. Results event B. 

 

E
V

E
N

T
 C

 

Station 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 

STO 3,68E+03 55,31 0,4 

GRV 2,21E+04 25,37 0,3 

LIB 1,78E+04 28,23 0,3 

ODE 4,48E+02 102,23 0,4 

NOB 1,16E+04 37,84 0,4 

YTT 3,21E+03 98,97 0,9 

BRA 9,10E+02 127,87 0,8 

HJO 1,39E+03 86,20 0,7 

BLA 9,91E+03 39,20 0,4 

BAK 2,17E+03 85,44 0,7 

HOT 7,63E+03 55,35 0,7 

SVA 6,27E+03 54,23 0,6 

Event: 7,07E+03 66,18 0,6 

Table 29. Results event C. 
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E
V

E
N

T
 D

 

Station 𝛥𝜎[𝑃𝑎] 𝑟[𝑚] 𝑀𝑤 

STO 4,13E+02 124,16 0,5 

GRV 1,31E+02 167,05 0,4 

ODE 9,31E+01 214,29 0,6 

FLA 1,41E+02 213,66 0,7 

NOB 6,44E+01 150,00 0,1 

HJO 1,65E+02 160,48 0,5 

BLA 1,74E+02 216,81 0,7 

HOT 2,27E+02 177,97 0,6 

Event: 1,65E+02 177,47 0,5 

Table 30. Results event D. 

 

 

The study carried out in this thesis was needed in order to have a detailed 

insight on the inversion followed to characterize the source parameters and 

to calculate the magnitude. Therefore, in this thesis, a code to calculate the 

source parameters using different inversion models was developed in order 

to distinguish the most accurate method for this location.  

 

 From the different models used to fit the data, we have drawn that the 

best match with the events used is model 3 (M3). Therefore, after another 

thorough study with a larger amount of data in order to prove that the con-

clusion is correct, the code could be improved to give the results immedi-

ately with the model chosen.  

 

 Regarding the calculation of SNR, it may be an indicator of the good-

ness of the results. An option could be to add a limit (based in the SNR) 

below which the results will not extract any conclusion.  



106 

Acknowledgements 

First of all, I want to thank my supervisor on this thesis, Björn Lund, who 

patiently answered the questions I had during the development on this pro-

ject and supported me in the numerous obstacles I faced through my work. 

It was hard but worth it. 

 

I am also grateful to my colleagues during the master who made of every 

course an opportunity to work as a team, especially to Gülsinem who was 

there in every step of the way. In addition, I would also like to thank Steffen 

for the computational assistance which made my life much easier.   

 

However, above all, I want to thank to Álvaro who was my greatest help 

and support during these years. Mil Gracias. Sin ti no lo habría logrado. 

 

And last but not least, I thank all my family and friends in Spain who 

sent me all the support that is needed to achieve our goals in life.   



107 

References 

Abercrombie, R. (1995). Earthquake source scaling relationships from -1  

   to 5 using seismograms recorded at 2.5-km depth. Journal of  

   Geophysical  Research, Vol. 100, No. B12, pp. 24,015-  

   24,036. 

 

Allmann, B. & Shearer, P. (2007). Spatial and temporal stress drop   

   variations in small earthquakes near Parkfield, California.  

   Journal of Geophysical Research, Vol. 112, No. B04305. 

 

Böðvarsson, R. & Lund, B. (2007). The SIL seismological data  

   acquisition system —As operated in Iceland and in Sweden. 

   Part of the Lecture Notes in Earth Sciences book series   

   (LNEARTH), Vol. 98. 

 

Boatwright, J. (1984). The effect of rupture complexity on estimates of  

   source size. J. Geophys. Res. 89, No. B2, pp. 1132–1146. 

 

Brune, J.N (1970), Tectonic Stress and seismic shear waves from   

   earthquakes. J. Geophys. Res. 75, pp. 4997-5009. 

 

Deichmann, N. (2017). Theoretical Basis for the Observed Break in  

   ML/Mw Scaling between Small and Large Earthquakes. Bulletin 

   of the Seismological Society of America, Vol. 107, No. 2, pp.  

   505–520. 

 

Edwards, B., B. Allmann, D. Fäh, and J. Clinton (2010). Automatic  

   computation of moment magnitudes for small earthquakes and  

   the scaling of local to moment magnitude. Geophys. J. Int. Vol.  

   183, pp. 407–420. 

 

Goertz-Allmann, B., Edwards, B., Bethmann, F., Deichmann, N., Clinton, 

   J.,  Fäh, D. & Giardini, D. (2011). A New Empirical Magnitude  

   Scaling Relation for Switzerland. Bulletin of the Seismological  

   Society of America, Vol. 101, No. 6, pp. 3088–3095. 

 

Güralp CMG-3T Operator’s Guide Document No. MAN-030-0001 

 

https://link.springer.com/bookseries/772


108 

Haskell, N (1964), Total energy and energy spectral density of elastic wave 

   radiation from propagating faults, Bulletin of the Seismological  

   Society of America, Vol. 54, pp. 1811-1842. 

 

Juhlin, C. & Lund, B. (2011). Reflection seismic studies over the   

   end-glacial Burträsk fault, Skellefteå, Sweden. Solid Earth,  

   Vol. 2, pp. 9–16. 

  

Köseoğlu, Y. (2013). A simple microwave-assisted combustion synthesis 

   and structural, optical and magnetic characterization of ZnO  

   nanoplatelets https://doi.org/10.1016/j.ceramint.2013.09.008 

 

Lay, T., Wallace, T.C (1995), Modern Global Seismology. Academic  

   Press, Inc, chapters 8-9. 

 

Lindblom, E., Lund, B., Tryggvason, A., Uski, M., Bödvarsson, R.,  

   Juhlin, C. & Roberts, R. (2015). Microearthquakes illuminate the 

   deep structure of the endglacial Pärvie fault, northern Sweden.  

   Geophys. J. Int. Vol. 201, pp.  1704–1716. 

 

Lund, B., Uski, M., Shomali, H., Buhcheva, D., Amini, S. & Kortström, J. 

   (2016). The recent Bothnian Bay M4.1 earthquake: where, how  

   and why. Uppsala University conference, Uppsala, 2016. 

 

Lund, B., Buhcheva, D., Juhlin, C. & Munier, R. (2017). Reactivation of  

   an  Ancient Shear Zone in the Fennoscandian Shield: The   

   Burträsk Endglacial Fault. Poster source. Uppsala University,  

   2017. 

 

Lund, B., Roberts, R. & Smith C. (2017). Review of paleo-, historical and 

   current seismicity in Sweden and surrounding areas with   

   implications for the seismic analysis underlying SKI report 92:3. 

   Report number: 2017:35 ISSN: 2000-0456. 

 

Madariaga, R. (1976), Dynamics of an expanding circular fault. Bulletin of 

   the Seismological Society of America, Vol. 66, No. 3, pp. 639- 

   666. 

 

Richter, C. F. (1935). An instrumental magnitude scale. Bulletin of the  

   Seismological Society of America, Vol. 25, pp. 1–32. 

 

Shearer, P.M (1999), Introduction to Seismology, Cambridge University  

   Press, Chapter 9. 

https://www.sciencedirect.com/science/article/pii/S0272884213011097#!
https://doi.org/10.1016/j.ceramint.2013.09.008


109 

 

Shearer, P., Prieto, G. & Hauksson, E. (2006). Comprehensive analysis of 

   earthquake source spectra in southern California. Journal of  

   Geophysical research, Vol. 111, No. B06303. 

 

Slunga, R., Norrman, P. & Glans, A. (1984). Baltic shield seismicity,  

   The results of a regional network. Geophysical Research   

   Letters, Vol. 1,  pp. 1247-1250.  

 

  



110 

Appendix CODE: 

The following Python code is used to obtain the spectrum of the different signals recorded 

by each station for each earthquake. 

 
#!/usr/bin/env python 

# encoding: utf8 

# Script to obtain the Source Parameters.  

# Maria Gonzalez, April 2018. 

 

import sys 

import numpy as np 

import matplotlib.pyplot as plt 

from obspy.core import trace, stream 

from obspy import read 

from obspy.signal import rotate 

import math 

 

# Print a message when less 3 inputs 

if len(sys.argv) < 2: 

   print '\n   Read data and plot.' 

   print '\n   Enter the following comands:' 

   print '\t%s sac_file(s)' % sys.argv[0] 

   sys.exit() 

 

files = sys.argv[1:] 

s = [] 

st = [] 

times = [] 

 

# Fill the st with the file 

i=0 

for fil in files: 

    s.append(read(fil,debug_headers=True)) 

    times.append([fil[-10:-6]]) #name of the station 

    i+=1 

    if i%3 == 0: 

       st.append(stream.Stream(traces=[s[0][0],s[1][0],s[2][0]])) 

       del s        

       s = [] 

 

# Call a text file 

pick_file = "./" + files[0][:12] + "_picks.csv"  

dtype = [("station", "<S25"), ("n1", "<f8"), ("n2", "<f8"), ("p1", "<f8"), ("p2", "<f8"), 

("s1", "<f8"), ("s2", "<f8"), ("baz", "<f8"), ("ir", "<f8"), ("distance", "<f8"), ("DC", 

"<f8"), ("fc", "<f8"), ("weights", "<f8"), ("azimuth", "<f8"), ("tt s", "<f8")] 

picks = np.genfromtxt(pick_file, delimiter=',', dtype=dtype, skip_header=1) 

 

# Pick from file 

n = picks[np.in1d(picks["station"], times)] 

color = ['k','g','b','m','c'] 

nTraces = len(st) 

 

cnt = 0 

cnt2 = 0 

cnting = -1 

 

# To pick values from the file 

n1 = 1 

n2 = 2 

s1 = 5 

s2 = 6 

ba = 7 

ir = 8 

r = 9 

 

# Bandpass limits 

fmin = 1 
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fmax = 95 

for s in st: 

    cnt +=1 

    cnt2 +=3 

    cnting +=1 

    

    typesta = files[cnt2-1][-10] 

    if typesta == 'a': 

       sta = files[cnt2-1][-9:-6] #+ ' ' + files[cnt2-1][-6].upper() 

    else: 

       sta = files[cnt2-1][-10:-6] #+ ' ' + files[cnt2-1][-6].upper()  

     

    # Intrument Response Correction 

    s[0].data = s[0].data / float(n[cnting][ir]) 

    s[1].data = s[1].data / float(n[cnting][ir]) 

    s[2].data = s[2].data / float(n[cnting][ir]) 

   

    s.detrend(type='demean') 

    s.integrate(method='cumtrapz') 

    s.detrend(type='demean')   

    s.taper(type='hann',max_percentage=0.02) 

    s.filter("bandpass",freqmin=fmin,freqmax=fmax,corners=3,zerophase=True) 

     

    sampRate = s[1].stats.sampling_rate 

    

    R,T = rotate.rotate_ne_rt(s[1].data, s[0].data, n[cnting][ba]) 

    Z = s[2].data 

    t = np.arange(s[0].stats.npts) / sampRate 

 

    pht = trace.Trace() 

    pht.stats.sampling_rate = sampRate 

    pht.stats.delta = s[1].stats.delta 

    pht.data = T[int(n[cnting][s1]*sampRate):int(n[cnting][s2]*sampRate)] 

    pht.stats.npts = len(pht.data) 

    pht.detrend(type='demean') 

    pht.taper(type='hann',max_percentage=0.02) 

 

    PHT = np.fft.fft(pht.data) 

    N = len(pht.data) 

    PHT = PHT*(2./N) 

    PHTred = PHT[1:len(PHT)/2-1] 

    F = np.fft.fftfreq(pht.stats.npts, pht.stats.delta) 

    Fred = F[1:len(F)/2-1] 

      

     # Extract files with the spectra     

    outdat2 = np.column_stack((Fred,np.abs(PHTred))) 

    np.savetxt(fil[14:-6]+'_tan_spectra.dat',outdat2,fmt='%.6e')  

     

    # Plots 

    plt.figure(1) 

    plt.plot(t,s[0].data, color='r', label='N'+' '+sta) 

    plt.plot(t,s[1].data, color='m', label='E'+' '+sta) 

    plt.plot(t,Z, color = color[cnt], label='Z'+' '+sta) 

    plt.axvline(x=n[cnting][s1],color='b') 

    plt.plot(t,T, color = color[cnt+2], label='T'+' '+sta) 

    plt.ticklabel_format(style='sci', axis='y', scilimits=(0,0)) 

    plt.xlabel('Time [s]') 

    plt.ylabel('Displacement (m)') 

    plt.legend(loc=3) 

    plt.figure(cnt) 

    plt.loglog(Fred, np.abs(PHTred), '.', color=color[cnt+2], label='FFT'+' '+'T'+' '+sta) 

    plt.suptitle('Spectrum Tangential Component '+sta) 

    plt.xlabel('Frequency [Hz]') 

    plt.ylabel('Spectral density, Displacement (m/Hz)') 

    plt.legend(loc=3) 

  

plt.show()   
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The following code is used to calculate the seismic moment, the stress drop, the radius of 

the fault, the moment magnitude and the local magnitude from the DC level and the corner 

frequency. 

 
#!/usr/bin/env python 

# encoding: utf8 

# Script to obtain the Source Parameters.  

# Maria Gonzalez, April 2018. 

 

import sys 

import numpy as np 

import matplotlib.pyplot as plt 

from obspy.core import trace, stream 

from obspy import read 

from obspy.signal import rotate 

import math 

 

# Print a message when less 3 inputs 

if len(sys.argv) < 2: 

   print '\n   Read data and plot.' 

   print '\n   Enter the following comands:' 

   print '\t%s sac_file(s)' % sys.argv[0] 

   sys.exit() 

 

files = sys.argv[1:] 

s = [] 

st = [] 

times = [] 

 

# Fill the st with the file 

i=0 

for fil in files: 

    s.append(read(fil,debug_headers=True)) 

    times.append([fil[-10:-6]]) #name of the station 

    i+=1 

    if i%3 == 0: 

       st.append(stream.Stream(traces=[s[0][0],s[1][0],s[2][0]])) 

       del s        

       s = [] 

 

# Call a text file 

pick_file = "./" + files[0][:12] + "_picks.csv"  

dtype = [("station", "<S25"), ("n1", "<f8"), ("n2", "<f8"), ("p1", "<f8"), ("p2", "<f8"), 

("s1", "<f8"), ("s2", "<f8"), ("baz", "<f8"), ("ir", "<f8"), ("distance", "<f8"), ("DC", 

"<f8"), ("fc", "<f8"), ("weights", "<f8"), ("azimuth", "<f8"), ("tt s", "<f8")] 

picks = np.genfromtxt(pick_file, delimiter=',', dtype=dtype, skip_header=1) 

 

# Pick from file 

n = picks[np.in1d(picks["station"], times)] 

cnt = 0 

cnt2 = 0 

cnting = -1 

 

# To pick values from the file 

s1 = 5 

s2 = 6 

ba = 7 

ir = 8 

r = 9 

DCaux = 10 

fcaux = 11 

 

# Bandpass limits 

fmin = 1 

fmax = 95 

for s in st: 

    cnt +=1 

    cnt2 +=3 

    cnting +=1 

    

    typesta = files[cnt2-1][-10] 

    if typesta == 'a': 
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       sta = files[cnt2-1][-9:-6] #+ ' ' + files[cnt2-1][-6].upper() 

    else: 

       sta = files[cnt2-1][-10:-6] #+ ' ' + files[cnt2-1][-6].upper()  

     

    # Intrument Response Correction 

    s[0].data = s[0].data / float(n[cnting][ir]) 

    s[1].data = s[1].data / float(n[cnting][ir]) 

    s[2].data = s[2].data / float(n[cnting][ir]) 

   

    s.detrend(type='demean') 

    s.integrate(method='cumtrapz') 

    s.detrend(type='demean')   

    s.taper(type='hann',max_percentage=0.02) 

    s.filter("bandpass",freqmin=fmin,freqmax=fmax,corners=3,zerophase=True) 

     

    sampRate = s[1].stats.sampling_rate 

    

    R,T = rotate.rotate_ne_rt(s[1].data, s[0].data, n[cnting][ba]) 

    Z = s[2].data 

    t = np.arange(s[0].stats.npts) / sampRate 

 

     

    # Generates Boatwright model 

    DC = n[cnting][DCaux] 

    fc = n[cnting][fcaux] 

    nmodel = 2 

    f = np.arange(0.01,100.,0.01) 

    gamma = 2. 

    omega0 = DC/(1. + (f/fc)**(gamma*nmodel))**(1./gamma) 

     

    pht = trace.Trace() 

    pht.stats.sampling_rate = sampRate 

    pht.stats.delta = s[1].stats.delta 

    pht.data = T[int(n[cnting][s1]*sampRate):int(n[cnting][s2]*sampRate)] 

    pht.stats.npts = len(pht.data) 

    pht.detrend(type='demean') 

    pht.taper(type='hann',max_percentage=0.02) 

 

    # Parameters Calculation 

    rho = 2800.    # Average Crustal Density 

    beta = 3690.   # Swave velocity Sn   #3500 for 0819 

    F = 2.         # Free Surface Amplification 

    S = 0.55       # Average Radiation Pattern for Swaves 

 

    radius = 0.21*beta/n[cnting][fcaux]     # Fault radius    

    M0 = (4.*math.pi*beta**3.*n[cnting][DCaux]*rho/(S*F))*float(n[cnting][r])   

 

#Seismic Moment 

    Dsigma = 7*M0/(16*radius**3)  # Stress Drop 

    Mw = (2./3)*math.log10(M0)-6.03 

 

    print 'DC %.4e' % n[cnting][DCaux] 

    print 'Distance %.2f'    % float(n[cnting][r])        

    print 'Seismic Moment from station '+sta+': %.3e' % M0 

    print 'Stress Drop from station '+sta+': %.3e' % Dsigma 

    print 'Radius from station '+sta+': %5.3f' % radius 

    print 'Moment Magnitude from station '+sta+': %5.2f' % Mw 

 

    def convert_log10M0_to_MlUpp( log10M0 ): 

        result = list() 

        for lm10 in log10M0: 

                lm10 -= 10 

                lm = lm10 

                if lm > 2.: 

                   lm = 2. + ( lm10 - 2. ) * 0.9 

                if lm > 3.: 

                   lm = 3. + ( lm10 - 2. - 1. / 0.9 ) * 0.8 

                if lm > 4.6: 

                   lm = 4.6 + ( lm10 - 2. - 1. / 0.9 - 1.6 / 0.8 ) * 0.7 

                if lm > 5.4: 

                   lm = 5.4 + ( lm10 - 2. - 1. / 0.9 - 2. - 0.8 / 0.7 ) * 0.5 

                if lm > 5.9: 

                   lm = 5.9 + ( lm10 - 4. - 1. / 0.9 - 1. - 0.8 / 0.7 )*0.4 

                if lm > 6.3: 

                   lm = 6.3 + (  lm10 - 5. - 1. / 0.9 - 1. - 0.8 / 0.7 )*0.35 
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                result.append( lm ) 

        return result 

    A = [math.log10(M0)] 

    B = convert_log10M0_to_MlUpp(A) 

    print 'Local Magnitude from station '+sta+': %5.2f' % B[0]  

    print ' ' 

    PHT = np.fft.fft(pht.data) 

    N = len(pht.data) 

    PHT = PHT*(2./N) 

    PHTred = PHT[1:len(PHT)/2-1] 

    F = np.fft.fftfreq(pht.stats.npts, pht.stats.delta) 

    Fred = F[1:len(F)/2-1] 

    plt.figure(cnt) 

    plt.loglog(Fred, np.abs(PHTred), '.', color='b', label='T '+sta) 

    plt.loglog(f,omega0, '-', color = 'r', label = 'Boatwright model (M3)') 

    plt.xlabel('Frequency [Hz]') 

    plt.ylabel('Spectral density, Displacement (m/Hz)') 

    plt.legend(loc=3) 

 

plt.show()   

 

 

 

Finally, the following code is used to invert the spectral data in order to obtain the DC 

level, the corner frequency and the fall-off rate (when necessary) for the five different 

models. 

 
#!/usr/bin/env python 

# encoding: utf8 

# Invert for the Boatwright function 

# Björn Lund, 2015 (Edited by Maria Gonzalez, 2018) 

 

import sys 

import numpy as np 

from scipy.optimize import curve_fit 

import matplotlib.pyplot as plt 

from math import sqrt 

from math import pi 

 

if len(sys.argv) != 8: 

   print '%s datafile initDC initFc initN fmin fmax traveltime' % sys.argv[0] 

   sys.exit() 

 

fil = sys.argv[1] 

initDC = float(sys.argv[2]) 

initFc = float(sys.argv[3]) 

initN = float(sys.argv[4]) 

fmin = float(sys.argv[5]) 

fmax = float(sys.argv[6]) 

t = np.float64(sys.argv[7]) 

sta = fil[0:4]  

 

# Get the data 

dat = np.loadtxt(fil) 

f1 = [] 

omg1 = [] 

 

for i in xrange(len(dat[:,0])): 

   if dat[i,0] >= fmin and dat[i,0] <= fmax: 

      f1.append(dat[i,0]) 

      omg1.append(dat[i,1]) 

 

#####################MODEL1 

def omega1(f1, DC1, fc1, n1): 

    gamma1 = 1. 

    return DC1/(1. + (f1/fc1)**(gamma1*n1))**(1./gamma1) 

 

# Optimal parameters and covariance matrix 

popt1,pcov1 = curve_fit(omega1, f1, omg1, p0=(initDC,initFc,initN)) 

pred1 = omega1(f1,popt1[0],popt1[1],popt1[2]) 

omg1 = np.array(omg1) 
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residuals1 = (np.log10(omg1) - np.log10(pred1))#/omg1 

fres1 = sqrt(sum(residuals1**2)/len(omg1)) 

pcov1 = np.sqrt(np.diag(pcov1)) 

 

print 'DC level in MODEL 1: %.3e Â± %.3e' % (popt1[0], pcov1[0]) 

print 'Corner frequency in MODEL 1: %5.2f Â± %5.2f' % (popt1[1], pcov1[1]) 

print 'Fall-off in MODEL 1: %5.2f Â± %5.2f' % (popt1[2], pcov1[2]) 

print 'Residual in MODEL 1: %.3e' % fres1  

print ' ' 

print ' ' 

  

plt.figure(1) 

plt.loglog(f1,omg1,'r.',f1,pred1,'k-') 

plt.legend(['Data','Best fit'],loc=3, numpoints=1) 

plt.xlabel('Frequency [Hz]') 

plt.ylabel('Displacement (m/Hz)') 

plt.title('Brunemodel, DC:%.3e, fc:%.2f, n:%.2f, station:%s' % 

(popt1[0],popt1[1],popt1[2],sta)) 

plt.savefig(sta+'_m1.png') 

 

#####################MODEL2 …(repeat the same structure with the variables of the second 

model, the third, the forth and the fifth) 
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Appendix FIGURES: 

The best model for each station will be displayed in this appendix. On the top of the plot 

appears a different name for each model, being Brunemodel (M1), Boatmodel with a value 

in the same row for n (M2), Boatmodel without a value for n (M3), Boatmodel with 

(Q=1000) (M4) and Boatmodel with (Q=600) (M5). Besides, the information about the DC 

level and the corner frequency is also depicted in the plots together with the digitizer of the 

station. 
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