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Abstract: Spectral analysis of seismic waves is one of the most important origin of in-
formation for the earthquake sources. In this study are presented P- and S-waves spectra
of the M 5.6 Sofia 2012 earthquake seismic sequence. Earthquake source parameters
(seismic moment, source radius, stress drop) are estimated applying Brune model. The
model has been used extensively and it has been shown that it is in a good agreement
with observations from many different tectonic regions and for a large range of mag-
nitudes. The database is compiled using digital data from the Bulgarian Seismological
Network - NOTSSI (National Operative Telemetric System for Seismological Informa-
tion). Displacement spectra are generated for P- and S- waves to estimate some source
parameters, such as seismic moment, stress drop, source radius and moment magnitude.
The source parameters are estimated for 6 earthquakes: for the main event with moment
magnitude M, 5.6 and for five aftershocks with magnitude M, in interval 3.4 +4.5. The
stress drop values estimated for P - waves are within the expected range for moderate
earthquakes while for the S - waves the stress drop values are several times higher than
the expected ones. The strongest aftershocks are characterized with lower than the main
event stress drop values.

Key words: spectra, stress drop, source radius, seismic moment, Sofia seismogenic zone

1. Introduction

Seismology is the science that studies the seismic waves and what they tell us
about the structure of the Earth and the physics of the earthquakes. It is the primary
means by which scientists learn about Earth’s deep interior, where direct observations
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are impossible, and has provided many of the most important discoveries regarding
the nature of our planet. It is also directly concerned with understanding the physical
processes that cause earthquakes and seeking ways to reduce their destructive impacts
on humanity.

The effects of earthquakes are function of a number of random factors ranging with-
in broad limits, which should be adequately modelled on the basis of physical consider-
ations, and the available seismic data. Modelling of space-time and energy distribution
of earthquakes is a major aspect of modern seismological research. Examination of the
space - time distribution of earthquakes is of fundamental importance for understand-
ing the physics of the earthquake generation process. Another important aspect related
to seismicity is spectral analysis of seismic waves. This analysis provides information
of fundamental importance for parameters characterizing the earthquake source process.
Earthquake parameters (seismic moment, source radius, stress drop) are estimated apply-
ing Brune model. The model has been used extensively and it has been shown that it gives
a good agreement with observations from many different tectonic regions and for a large
range of magnitudes.

In the present study are presented the spectra of P- and S-waves for earthquakes
from the 2012 seismic cluster (main earthquake - aftershock).

A formal definition of seismic clusters is still lacking despite of the conception that
the earthquake clustering is an essential aspect of seismicity that provides key informa-
tion on earthquake dynamics (Zaliapin and Ben-Zion, 2013).

Aftershocks are defined as seismicity above the background activity following a
main shock (Liu and Stein, 2011). Aftershocks occur after the main event and their fre-
quency decays over time, typically following a pattern known as the Omori’s law, which
later is modified by Utsu (1961) and is known as modified Omori’s law. The power-low
decay represented by the modified Omori relation is an example of temporal self-simi-
larity of the earthquake source process. The duration of aftershock sequences may last
months, a few years, or even longer for earthquakes within stable continental interiors
(Stein and Liu, 2009). Some authors recognize that the main causes of aftershocks include
main shock-induced changes of frictional properties of the fault zone and stress perturba-
tions (e.g. Liu and Stein, 2011).

In our study the source parameters of aftershock sequences of the May 22, 2012
earthquake with moment magnitude M 5.6 (T =00:00:32, ¢=42.58, 1=23.02 and
h=14 km) are examined. The 2012 M, 5.6 earthquake occurred in Sofia seismogenic
zone after a long quiescence (of about 95 years) for moderate events. Moreover, a
reduced number of small earthquakes have also been registered in the recent past. The
2012 earthquake is located in the vicinity of the city of Pernik at about 25 km south
west of the city of Sofia. The quake was followed by intensive aftershock activity. A
detailed analysis of the space - time distribution of aftershocks is presented in Solakov
et. al. 2016. The 2012 M 5.6 earthquake was largely felt on the territory of Bulgaria
and neighboring countries: northern Greece, northern Macedonia, eastern Serbia and
southern Romania. No casualties and severe injuries have been reported. Predominant-
ly moderate damages were observed in the epicentral area (in the cities of Pernik, Ra-
domir and Sofia).
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2. Method and Data
2.1 Method

Spectral analysis of seismic waves is one of the most important origin of informa-
tion for the earthquake sources. The earthquake source parameters are computed follow-
ing Brune‘s theory by using the corner frequency and the low frequency asymptote. The
Brune model predicts the source displacement spectrum S(f), which depends on M, - the
seismic moment, p - density, v - velocity at the source (P or S-velocity depending on
spectrum), and f; - corner frequency.

The seismic moment M, (in N*m) is a direct measure of the tectonic size. The scalar
seismic moment M is defined by the equation:

M, = uSD, (M

where p is the shear modulus of the rocks involved in the earthquake (in pascals (Pa), i.e.
newton per square meter), S — is the area of the rupture along the geologic fault where
the earthquake occurred (in square meters), and D is the average slip (displacement offset
between the two sides of the fault). The seismic moment can be determined by moment
tensor inversion or spectral analysis. It is the most objective static measure of earthquake
size and is used to determine moment magnitude.

Stress drop o is the average difference between initial and final stress along a fault
after an earthquake. For large, shallow earthquakes, Ac vary from about 1 to 10 MPa or
from 10 to 100 bars with M variations from 10" to 10 Nm (Kanamori and Anderson,
1975; Kanamori and Brodsky, 2004). It has been observed that earthquakes near plate
boundaries (interplate events) generally have been observed to have somewhat lower
stress drops than those that occur in the interior of plates (intraplate events) (e.g., Kan-
amori and Anderson, 1975; Kanamori and Allen, 1986). In average Ac for interplate
quakes is about 3 MPa (30 bars) while for intraplate events it is about 6 MPa (60 bars)
(Allmann and Shearer, 2007).

For a circular fault in a whole space, Eshelby (1957) obtained:

_ T M,
16
where 7 is the fault radius (in m or km) and A is seismic moment.
The first quantitative model for estimating stress drop was derived by Brune (1970),
who assumed a simple kinematic model for a circular fault with effectively infinite rup-
ture velocity and showed that the expected high-frequency spectral falloff rate is w2 and

that the corner frequency is inversely proportional to the source radius. This result, to-
gether with several other proposed rupture models, predicts that the fault radius varies as:

-4 ®
.

where 7 is the fault radius (in m or km), / is the observed corner frequency (in Hz) and &
is a constant that depends upon the specific theoretical model.

Ao 2

r
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To estimate the spectral parameters of the earthquake, it is necessary to transform
the signal. The next figure presents an example of transformation of amplitude-time
signal into amplitude-frequency and generated displacement spectra using Fast Fourier
Transformation (FFT). In the figure 1 is presented: a) a time window of the P-wave signal
from seismic station VTS; b) a time window of several seconds of the signal that are used
for spectra generation; c) displacement spectra of P-wave.

The amplitude of seismic pulses in a perfectly elastic environment is controlled by
the reflection and transmission of energy at the different boundaries. Seismic waves at-
tenuate with time, the amplitudes of the waves are changed as they pass through different
layers of the earth.

We study the distance effect on the low frequency spectral amplitude of the P and
S waves using quality factor Q and near surface attenuation k. In the study, we fixed
Q =400 (Malagnini et al., 2000) and k = 0.035 (Margaris and Boore, 1998).
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Fig. 1. Example of P-wave displacement spectra.
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In the study the parameters: seismic moment M_; stress drop Ac; and source radius r
are calculated using the following relationships.
The seismic moment for P-wave (Mop) is calculated as:

_ p.47Z'.Qp.R.Vp2

MOp s
R&(p(P)

“)

where p — density in g/cm’, Q- spectral level in nm*s, v,— velocity of P-wave in km/s,
R — distance in km, Reﬁ(P) — radiation pattern.
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The average correction for radiation pattern varies between 0.55 and 0.85 as pre-
sented in the literature. According to Aki and Richards, the average is 0.52 and 0.63 for P
and S-waves, respectively. (Aki and Richards, 2002).

The seismic moment for S-wave (M) is calculated as:

2
Mos = pATQs.Ry, , )
Ra(S)

where p — density in g/cm’®, Q — spectral level in nm*s, which is determined by the spectra

of wave, and its value is determined by Z, N, E — components (QS =. Qé + Q]zv + Qfg ),

RWJ(S) —radiation pattern, which for seismic moment for S-wave is 0.63, and v, is velocity
of S-wave in km/s.

The following formulas are used to determine the source radius and stress drop:

vp.3.36
rp=— s (6)
27 fo
where v is P-wave velocity, and f; is corner frequency in Hz.
For S-wave, the source radius is determined in an identical approach:
v5.2.34
rs = N (7)
2rfo

where v is S-wave velocity, and f; is corner frequency in Hz.

The stress drops for P- and S-waves are calculated using the following relationships
(Eshelby, 1957):

7 M,,
Ao, =L ®)
14
7 M,
Ao, Zgr—?, ©)

N

where r, and r are the radius for P- and S-waves.

2.2 Input data

In the present study 218 digital records from 6 earthquakes (recorded at the stations
of Bulgarian Seismological Network - NOTSSI) in the magnitude range M, =3.4 - 5.6 are
analyzed. Spectra are generated on the base of records at the stations at a distance less
than 200 km.
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3. Results

The results of the present study are presented in Fig. 2 - 3 and Tab. 1. Results of
spectral analysis for the main event is presented in Fig. 2 and spectra of five of the strong-
est aftershocks are presented in Fig. 3.

The source parameters are estimated for 6 earthquakes: for the main event with
magnitude M 5.6 and for five aftershocks with magnitude M, in the interval 3.4 +4.5.

The spectra for the main event with M 5.6 are generated on the base of the records
at 13 stations. Displacement spectra for P and S waves based on records at 3 stations are
presented in the Fig. 2. In the figure 3 are presented spectra for five of the strongest after-
shocks. Presented displacement spectra for aftershocks both for P and S waves are based
on records at the nearest station.

22.05.2012; To=00:00:32
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Fig. 2. Displacement spectra for P (the left column) and S wave for the 2012 Sofia earthquake
(M,,5.6).

76 Bulgarian Geophysical Journal, 2020, Vol. 43



P. Raykova: Estimation of earthquake source parameters using P and S-waves spectra...

Er

Ay

-4

-5

-1

M aMB o
AN 21 L Tt dd

&5 a & 18 T 1l ] as T [T

iy £t (1] (L] w Lt] A8 [T] (1] LF

AMB

a3
ILEETAT; Te=dli1:06
] (7 [T} u ] 2 [

Amplitude spectrum displacement [em®*s|

IRl B

MME g
b | v
sl 1LOT200E; Temn2:0207
N7 a8 ] [ ] ] — = 58

Fig. 3. Displacement spectra for P (the left column) and S wave for five of the strongest
aftershocks.
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In table 1 are presented source parameters for the main shock and for 5 of the strong-
est aftershocks.

Tab. 1. Seismic source parameters of the 2012 seismic cluster that is located near the city of Pernik
(Sofia seismogenic zone).

Number
Date My, of [13:(31] [ﬁgﬁ [.Zfa] [1\11\:01;1] [l?:;] [Kr;'l]
stations
22052012 | 5.6 13 461E+17 | 5299 | 353 | 2.13E+18 | 27672 | 3.54
22.052012. | 3.7 13 6.10E+14 | 1895 | 0.53 | 4.68E+14 313 | 041
22052012 | 4.5 11 1.57E+16 | 4047 | 124 | 9.24E+16 2173 | 236
22052012 | 34 7 4.67B+13 | 5228 | 0.17 | S.50E+13 3714 | 021
22052012 | 4.0 13 208E+15 | 4771 | 053 | 224E+15 4495 | 0.61
14.07.2012 | 42 13 302E+15 | 7448 | 061 | 5.44E+15 9723 | 0.82

The results (based on P - wave and S - wave spectra) show that the stress drop for
the main M_ 5.6 earthquake is about 53 bars for the P-wave and approximately 280 bars
for the S - wave. The stress drop values estimated for P - waves are within the expected
range for moderate earthquakes while for the S - waves are several times higher than the
expected ones.

The stress drop average values for the aftershocks are between 19 bars and 97 bars.
The aftershocks are characterized with lower stress drop values than those for the main
event.

Source radius for the main shock is 3.5 km. Results for the aftershocks source radius
are between 0.2 km and 2.4 km.

For aftershocks, seismic moments are in the range 4.67x10°<M <9.24x10'°(Nm)
and the corresponding moment magnitudes, M, are from 3.0 to 4.6.

4. Conclusions

e For 2012 M,,5.6 earthquake the stress drop (about 53 bars) estimated using P-
waves is within the expected range for moderate earthquakes (from 10 to 100
bars), while for S-waves (approximately 280 bars) it is about 3 times higher than
the expected one;

e The stress drop values estimated for P and S waves for aftershocks are within the
expected range for moderate earthquakes. The stress drop values are between 19
bars and 97 bars.

e Source radius for the main shock is about 3.5 km. Estimates of the aftershock
source radius are between 0.2 km and 2.4 km.
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OueHKa OTHHUIIHUTE MAPAMETPHU HA 3eMEeTPCEHHs, W3MOJI3BANKH CHEKTPH
Ha P ¥ S-BbIHH-aHAJIM3MPAH € CeM3MUYHUSAT KIBCTEP, Peaiu3upaH npes
2012 r. B ceu3morernna 3oua Codusi

I1n. PaiikoBa

Pe3tome: CrieKTpaJIHUAT aHAIN3 HA CEU3MUYHUTE BBJIHH € €IUH OT OCHOBHHUTE H3TOUYHH-
111 Ha HHpOpMAaIHs 3a 3eMeTpecenusTa. [IpeacraBenu ca cnekrpure Ha P- 1 S-BbIHE 32
3€METPECEHUS OT CEM3MUYHHS KITbCTED (INIABHO CHOUTHE ¢ MarHuTys M 5.6 - adTopmro-
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1) ot 2012 1. OuieHkara Ha OTHUIITHUTE TapaMeTpu € Oa3upaHa Ha Mmojena Ha Brune. Mo-
JIEITBT C€ UIMPOKO U3MOJI3BaH B CEU3MOJIOIMYHUTE U3CIISIBAHUS U € YCTAHOBEHO, Ye TOi €
B 7100pO CHOTBETCBHE C HAOMIONEHUSATA OT PA3JIMYHU TEKTOHCKUA PETHOHU U € MTPUIIOKHM
3a TOJISIM MarHUTyjeH Jauana3oH. [IpoBeneHoTo u3cie[BaHe ce OCHOBaBa Ha HU(POBU
nanHu oT bearapckara cemsmonormuHa mpexka - NOTSSI (HamuonanHa omnepaTtiBHA
TeJIEMETPUYHA CHCTeMa 3a Cer3MoJorndyHa uHpopmaius). [eHepupanu ca CekTpu Ha
npemectBane 3a P- u S- BJIHU, C Lel J1a ce ONpeIesisT HIKOW OT MapamMeTpuTe Ha ce-
W3MHYHHUSI U3TOYHHK, TAKUBA KaTO CEM3MHUYCH MOMEHT, CBAJICHO HAIPEKEHUE U PAIHYC.
Ormnpejeneny ca napamerpuTe Ha 6 3eMeTPeCeHHs: Ha [IaBHOTO ChOUTHE C MATHUTYJL 1O
CEeM3MUYEH MOMEHT M 5.6 u Ha meT adThpioka ¢ MaruuTyn M, B uHTepBana 3.4 +~4.5.
3a MIaBHOTO CHOMTHE CTOWHOCTHTE HA CBAJIICHOTO HAIPEXKEHHE, 3YMCIIEHO 3a P - BbII-
Ha, ca B pAaMKUTE Ha OYaKBaHUs JUANA30H 332 YMEPEHO CHIIHO 3eMeTpeceHHe, A0Karo 3a
S — BbJIHA CTOHHOCTUTE Ha CBAJICHOTO HAIPEKEHUE Ca HSIKOJIKO I'bTH ITO-BUCOKHU OT O4-
aKBaHMTE. YCTAHOBEHO €, Y€ aThPILOLHUTE Ce XapaKTepH3HUPaT C MO-HUCKA CTOMHOCT Ha
CBAJICHOTO HAIIPEKEHHE B CPABHEHUE C OCHOBHOTO ChOUTHE.
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