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Earthquake source parameters and scaling relationships in Hungary

(central Pannonian basin)

Balint Siile - Zoltan Wéber

Abstract Fifty earthquakes that occurred in Hungary (cen-
tral part of the Pannonian basin) with local magnitude M},
ranging from 0.8 to 4.5 have been analyzed. The digital
seismograms used in this study were recorded by six per-
manent broad-band stations and twenty short-period ones at
hypocentral distances between 10 and 327 km. The displace-
ment spectra for P- and SH-waves were analyzed according
to Brune’s source model. Observed spectra were corrected
for path-dependent attenuation effects using an independent
regional estimate of the quality factor Qg. To correct spectra
for near-surface attenuation, the K parameter was calculated,
obtaining it from waveforms recorded at short epicentral dis-
tances. The values of the k parameter vary between 0.01 to
0.06 s with a mean of 0.03 s for P-waves and between 0.01
to 0.09 s with a mean of 0.04 s for SH-waves. After cor-
rection for attenuation effects, spectral parameters (corner
frequency and low-frequency spectral level) were estimated
by a grid search algorithm. The obtained seismic moments
range from4.21 x 10! to 3.41 x 1015 Nm (1.7 < M,, < 4.3).
The source radii are between 125 and 1343 m. Stress drop
values vary between 0.14 and 32.4 bars with a logarithmic
mean of 2.59 bars (1 bar = 10° Pa). From the results, a linear
relationship between local and moment magnitudes has been
established. The obtained scaling relations show slight evi-
dence of self-similarity violation. However, due to the high
scatter of our data, the existence of self-similarity cannot be
excluded.
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1 Introduction

The Pannonian depression is a sedimentary back-arc basin
in central Europe and is an integral part of the Alpine—
Carpathian orogenic mountain belts. Geophysical features
such as an updoming of the mantle, a thinned lower crust,
and a strong geothermal anomaly are all characteristic to
the basin. The crust is rather thick in the mountain ranges
around the Pannonian basin, whereas the basin itself is char-
acterized by thin crust, ranging from 22.5 to 30 km, where
the 30 km depth isoline encircles the whole basin (Horvith,
1993). The lithosphere also has smaller thickness than the
average. Several geophysical studies suggest that the litho-
sphere under the basin is thinner than 80 km (e.g. Babuska
et al., 1987; Posgay et al., 1995).

The recent tectonic activity of the region is basically de-
termined by the counterclockwise rotation of the Adriatic
microplate relative to Europe. The present-day kinematics
of the Pannonian basin shows that the area is pushed from
the south-southwest. As a result, strike-slip to compressive
faulting is observed well inside the Pannonian basin. The
nearly complete absence of normal faulting in the area sug-
gests that in the Pannonian basin structural inversion is in
progress, causing an increase of the intraplate compressional
stress (Bada et al., 1999; Gerner et al., 1999).

In the central part of the Pannonian basin (mainly oc-
cupied by Hungary), seismic activity can be characterized
as moderate. The seismicity pattern in Hungary shows that
earthquakes are restricted to the upper part of the crust and
the control by pre-existing fault zones is strongly masked
by the random hypocentral distribution due to the gen-
eral weakness of the lithosphere. However, there are cer-
tain areas where the likelihood of earthquake occurrence
is higher and where significant, destructive earthquakes oc-
curred in the last centuries. The most notable events are the
M6.2 Komarom (1763, I, = 8 — 9), the M5.4 Moér (1810,
Lyax = 8), the M5.6 Kecskemét (1911, I, = 8), the M5.3
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Eger (1925, I;ux = 7 — 8), or the M5.6 Dunaharaszti (1956,
Lnax = 8) earthquake. The epicenter of the latter event was in
the close vicinity of Budapest, the capital of Hungary. Statis-
tical studies show that four to five 2.5-3.5 magnitude earth-
quakes can be expected every year in the country, which can
be felt near the epicenter, but cause no damage. Earthquakes
causing light damages occur every 15-20 years, whereas
stronger, more damaging (M = 5.5 — 6) quakes happen about
every 40-50 years.

Knowledge of the source mechanisms and source pa-
rameters of local earthquakes helps us to better understand
recent tectonic processes in the Pannonian basin. One pos-
sible method for estimating earthquake source parameters is
the spectral analysis of observed waveforms. Indeed, the res-
olution of source parameters, such as seismic moment (M),
corner frequency (f,) and source radius (r), is of fundamen-
tal interest in the derivation of earthquake scaling relation-
ships with decreasing magnitude and the determination of
the stress drops (A o) of local earthquakes. The scaling laws
are important to define the relationships between earthquake
size (seismic moment or magnitude), fault dimensions and
stress drop for a specified seismic area. For example, when
reliable estimates of the stress release are obtained over sev-
eral orders of magnitude of seismic moment for a given area,
the scaling laws can be used for seismic hazard predictions:
records of small events can be used to predict the ground
motion of moderate-to-large earthquakes in the same region
(e.g. Kamae et al., 1998). Moreover, stress drop also plays a
fundamental role in simulating strong ground motion using
stochastic methods (e.g. Boore, 2003).

Spectral analysis for the estimation of earthquake source
parameters has been widely used by many authors follow-
ing Brune’s (Brune, 1970) source model (e.g. Chouet et al.,
1978; Fletcher, 1980; Zobin and Havskov, 1995; Allen et al.,
2004; Oye et al., 2005; Franceschina et al., 2006; Tusa and
Gresta, 2008). However, there were only a few investiga-
tions so far that studied spectral source parameters for Hun-
garian earthquakes. Badawy (2000) analyzed the earthquake
sequence that occurred in 1996 in the Fiizesgyarmat region,
Hungary. The local magnitudes of these 7 events were be-
tween 2.1 and 3.2. Another study of Badawy et al. (2001)
presents the source parameters of 12 felt earthquakes in the
period between 1995 and 1997. Nine of these events had
an epicenter within Hungary with local magnitudes ranging
from 2.4 to 3.7. Recently, Siile (2010) studied the P-wave
displacement spectra of 18 earthquakes that occurred in two
seismically active regions in Hungary. The local magnitude
of the selected events varies between 1.2 and 3.7. This mag-
nitude range is notably wider than those studied by Badawy
(2000) and Badawy et al. (2001) and the author also derived
some scaling laws (M vs. r and M vs. Ac) and established
a linear relationship between local and moment magnitudes.
Unfortunately, in spite of the above efforts, the number, areal

distribution and magnitude range of the earthquakes inves-
tigated up to now are still not sufficient to draw reliable
conclusions on scaling relationships and stress drops for the
Hungarian part of the Pannonian basin.

The data set used in this study covers a relatively large
range of magnitude (0.8 <My <4.5) and allows us to obtain
an estimate of source parameters from waveforms of small-
to-moderate events by applying different methodology with
respect to those used in the studies previously mentioned.
For this purpose, in this article we invert the spectra of P-
and SH-wave seismograms for corner frequency and low-
frequency spectral level using the standard Brune’s model
(Brune, 1970), after correction for path-dependent and near-
surface attenuation, applying a grid search algorithm to find
the unknown model parameters. Then we compute seismic
moment, source dimension, and static stress drop of the se-
lected 50 events for determining scaling laws and establish-
ing a linear relationship between local and moment magni-
tudes.

2 Data

The digital data used in this study were recorded by six
permanent broad-band stations (Hungarian National Seis-
mological Network — HNSN) and twenty short-period
ones (Paks Microseismic Monitoring Network — PMMN)
(Fig. 1). Most of the PMMN stations were operated for
only a limited period of time and do not work nowa-
days. The broad-band stations are equipped with three-
component Streckeisen STS-2 seismometers with natural
period of 120 s, whereas the short-period stations use three-
component Lennartz LE-3D geophones with natural fre-
quency of 1 Hz. The data were recorded with various sam-
pling rates between 62.5 and 125 Hz. The instrumental re-
sponse of the recording equipments is almost flat to ground
velocity between the natural frequency of the seismometer
used (0.0083 or 1 Hz) and about 25-50 Hz. The upper limit is
imposed by the cut-off frequency of the anti-alias low-pass
filter.

The stations are located on different geological forma-
tions: some of them are located on sand or loess, others on
gneiss, andesite, dolomite, or granite. Therefore, site effects
can significantly vary from station to station.

Our data set consists of 50 earthquakes with local
Richter magnitude My, ranging from 0.8 to 4.5 and with epi-
centers from all over the territory of Hungary (Fig. 1, Ta-
ble 1). The events were selected on the basis of good signal-
to-noise ratio and accurate hypocentral location (RMS error
of location less than 2 km). The hypocentral distances of the
recording stations vary between 10 and 327 km, whereas the
focal depth falls in the range of 1 to 21 km. The local mag-
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Fig. 1 Topographic map of Hungary showing the location of the seismic stations used in this study and the epicenters of the fifty earthquakes
selected for spectral analysis. Symbol size is proportional to event magnitude.

nitudes were estimated according to the formula given by
Bakun and Joyner (1984):

M;, =1og(A) + 1.00-log(D) +0.00301 - D — 1.99 (1)

where D is the epicentral distance in kilometers and A is
the largest S-wave amplitude measured in nanometers on a
ground displacement seismogram that has been filtered with
the response of a Wood-Anderson seismograph.

3 Spectral analysis
3.1 Method

For the source parameter analysis, we used the Py arrivals of
the vertical component seismograms and the S, arrivals of
the transverse component waveforms. First, the waveform to
be analyzed was base-line corrected by removing the mean.
Then a time window was selected for the desired (P or SH)
phase, starting shortly before the arrival time. The time win-
dow was tapered with a Hann window at both ends of the
time series. Signal windows of varying lengths were tested
in order to select a length that would avoid contamination
from other (mainly converted) phases and maintain the res-
olution and stability of the spectra. Then the velocity spec-
trum was calculated using the Fast Fourier Transform (FFT).
The spectrum was subsequently corrected for instrumental
response and converted to the displacement spectrum.

In order to obtain a spectral estimate of the noise, we
analyzed a suitably chosen time window of the seismogram
prior to the P-wave arrival. The length of this noise window
was equal to that of the corresponding signal window. For
source parameter estimation, we used the frequency band
where the signal-to-noise spectral ratio was greater than 5.

After instrumental correction, the observed displace-
ment amplitude spectrum U (f,R) at a hypocentral distance
R can be described as

U(f,R) = G(R)-A(f,1) - S(f) 2

where f is the frequency, 7 the travel time, G(R) the attenu-
ation due to geometrical spreading, A(f,¢) the anelastic at-
tenuation, and S(f) the amplitude source spectrum. In order
to estimate the source spectrum S(f), the observed spectrum
U(f,R) must be corrected for geometrical spreading and at-
tenuation.

In this study, for calculating geometrical spreading, we
use the formulation suggested by Havskov and Ottemoller
(2010). For P-waves, G(R) = 1/R is assumed. For S-waves,
G(R) depends on epicentral distance. For shorter distances
(R < Rp), S-waves can be treated as body waves and
G(R) = 1/R is again a reasonable assumption. For larger
distances (R > Ry), however, S-waves are dominated by sur-
face waves and geometrical spreading is approximated by
G(R) = 1/+/RRy. The value of Ry is regional dependent. In
this work, we have chosen Ry = 100 km.
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Table 1 Hypocentral parameters and local Richter magnitude (M) of the earthquakes analyzed in this study. Data are collected from the Hungarian

Earthquake Bulletins.

Event Date Time Longitude  Latitude Depth My
No. (yyyy-mm-dd) (hh:mm) (°E) (°N) (km)

1 1995-06-09 15:57 19.264 46.923 123 1.6
2 1995-09-12 22:14 18.146 47.224 75 35
3 1995-09-18 08:26 18.879 47.894 11.8 3.7
4 1996-03-28 06:31 19.256 46.910 139 3.0
5 1997-05-23 23:40 18.475 47.345 109 1.9
6 1997-10-16 12:14 18.356 47.103 10.0 0.8
7 1999-06-04 02:09 18.302 45.826 3.0 3.0
8 2000-02-16 13:22 18.478 47.525 133 24
9 2000-06-02 15:17 19.769 47.105 169 2.6
10 2000-11-23 02:32 19.153 46.908 10.0 2.1
11 2001-03-29 22:42 18.048 47.802 88 29
12 2001-05-25 15:15 18.139 45.836 100 1.7
13 2001-06-08 09:58 18.131 45.852 126 1.2
14 2001-06-28 07:08 18.119 47.107 10.0 3.0
15 2002-01-28 03:18 19.493 47.956 1.0 24
16 2002-02-22 11:52 18.248 47.492 100 29
17 2002-02-25 23:10 19.622 47.681 10.0 22
18 2002-10-12 18:49 20.010 47.543 146 33
19 2002-10-23 02:52 20.043 47.545 143 37
20 2002-12-25 21:58 20.002 47.540 12.1 26
21 2003-06-21 20:05 20.032 47.531 129 37
22 2003-06-27 01:19 20.001 47.536 15.8 24
23 2003-07-01 11:26 20.520 47.871 77 34
24 2003-07-01 11:46 20.554 47.755 100 3.3
25 2003-07-10 02:40 19.457 48.151 59 24
26 2003-07-13 02:29 20.643 48.078 13.1 3.1
27 2003-07-19 09:12 20.538 47.783 31 28
28 2003-08-09 22:01 16.597 46.996 82 3.8
29 2003-08-31 22:57 18.106 46.088 76 19
30 2003-12-16 07:06 17.075 46.341 20.7 3.8
31 2003-12-31 20:43 18.275 46.046 10.0 2.6
32 2003-12-31 21:36 18.287 46.038 94 1.6
33 2004-05-25 07:30 17.141 47.479 83 38
34 2004-06-19 10:48 19.956 47.391 100 25
35 2004-07-20 22:13 18.115 47.091 100 25
36 2004-08-17 18:00 17.942 47.578 6.1 34
37 2004-08-18 09:01 17.974 47.596 10.0 3.2
38 2004-10-14 09:44 17.922 47.572 100 2.8
39 2005-05-15 13:30 17.444 47.323 9.8 35
40 2006-11-23 07:15 22.583 48.216 10.0 4.5
41 2006-12-31 13:39 19.345 47.405 52 41
42 2007-03-03 20:35 16.931 47.402 6.4 3.0
43 2007-11-18 14:22 19.552 48.033 34 3.0
44 2008-11-13 07:47 20.881 46.757 16.1 3.7
45 2009-11-25 10:07 18.199 47.100 10.0 2.8
46 2010-02-08 15:26 17.645 46.496 16.5 2.7
47 2010-05-25 06:55 19.943 47.286 149 3.1
48 2010-08-19 01:29 20.782 48.053 10.0 3.0
49 2010-08-26 22:29 16.580 47.039 129 27
50 2011-01-29 17:41 18.361 47.459 9.1 45

Anelastic attenuation can be divided into two parts

(Singh et al., 1982):

A(f,1) =exp <—Q7r(—J;t)

) -exp(—nfK)

3

where the first term describes the path-dependent attenua-
tion, with Q(f) being the frequency-dependent quality fac-

tor. The second term is the near-surface attenuation charac-
terized by the Kk parameter.

Kiszely (2000) calculated coda-Q values, Q., for five
frequencies (3, 6, 10, 16, 24 Hz) using the waveforms of 19
local earthquakes that occurred in Hungary. Assuming that
Q. is a good approximation of Qs, we estimated Qs(f) by
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Fig. 2 Example for x estimation. Top.: The analyzed seismogram with
the selected signal and noise windows (red and blue rectangles, re-
spectively). Middle: The ground displacement amplitude spectra of the
signal (red) and noise (dashed blue). Bottom: The smoothed spectrum
(red) below the corner frequency and its linear approximation (black).
The slope of the line is proportional to k.

fitting a theoretical curve on the five derived f — Q. points.
Finally, we obtained the relation Qs(f) = 77/%°2. Unfortu-
nately, there are no available Qp(f) values for the territory
of Hungary. However, from several hundred earthquakes oc-
curred within the San Andreas fault system, Abercrombie
and Leary (1993) obtained Qp =~ 2Qs near the surface. Sim-
ilar result was found by Anderson et al. (1965) in a study of
Q in the upper mantle where Qp = 2.25Qs. The same the-
oretical relation was published by Aki and Richards (1980)
for an attenuating medium where all losses are confined to
shear and none to pure compression. Adopting the above re-
sults, in this paper we assume the relation Qp(f) = 15402
for the frequency-dependent P-wave quality factor.

In the rest of this paper, we are going to estimate the
near-surface attenuation using the method by Havskov and
Ottemoller (2010) and then correct the observed displace-
ment spectrum for geometrical spreading and anelastic at-

tenuation (Eq. 3). Subsequently, using the standard Brune’s
source model (Brune, 1970), the resulting spectrum will be
fitted by a theoretical curve with two unknown parameters:
the low-frequency spectral level A and the corner frequency

Je-

3.2 Near-surface attenuation

Before any further processing, the displacement spectra
must be corrected for geometrical spreading and attenua-
tion as described above. The attenuation has two effects:
it changes the shape of the spectrum which affects the de-
termination of the corner frequency and it also changes the
low-frequency spectral level which affects the seismic mo-
ment estimation. Correcting for attenuation is particularly
important for small earthquakes due to their significant high-
frequency content.

Near-surface attenuation can be estimated from seismic
waveforms recorded at short hypocentral distances, where
the path-dependent attenuation in Eq. 3 is not significant
(Havskov et al., 2003; Havskov and Ottemoller, 2010). For
frequencies below the corner frequency, kK can be deter-
mined from the slope of the displacement spectrum plotted
in a semi-logarithmic diagram, as illustrated in Fig. 2.

For estimating near-surface effects, we selected all the
available event-station pairs from our data set for which epi-
central distance is less than 25 km and the event size is small
enough to have a corner frequency as high as possible. This
latter criteria is necessary for performing reliable line fitting
in the usable frequency range. After analyzing 33 seismo-
grams of eight stations, we obtained k values between 0.01
and 0.06 s with a mean of 0.03+0.017 s for P-waves and
between 0.01 and 0.09 s with a mean of 0.04 £0.024 s for
S-waves. Within the bounds of variation, the k-value does
not show a statistically significant scatter from one station
to another. For this reason, we decided to apply the mean
values for each station throughout the subsequent calcula-
tions.

In Fig. 3, we illustrate the effect of attenuation correc-
tion on three ground displacement spectra together with the
theoretical Brune’s model. Because the exponent of the fre-
quency f in Q(f) used in this study is close to unity (0.92),
the path-dependent attenuation (first term in Eq. 3) depends
only slightly on frequency. In our case, therefore, the Q-
correction practically does not change the shape of the spec-
tra, that is it affects only the low-frequency spectral level and
has negligible effect on the corner frequency f.. On the other
hand, near-surface attenuation (second term in Eq. 3) can se-
riously affect the shape of the spectra: for small earthquakes
with significant high-frequency content, the near-surface at-
tenuation dominates the high-frequency spectral decay and
the real corner frequency cannot be seen. Therefore, for
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Fig. 3 Observed P-wave displacement spectra before (dashed black
lines) and after (solid black lines) correction for attenuation effects, to-
gether with the theoretical Brune’s spectra (red). The noise spectral am-
plitudes are also indicated (dashed blue). The illustrated spectra were
calculated for events 19 (M; = 3.7),22 (M, =2.4), and 13 (M = 1.2).
The values of local magnitude (M} ), epicentral distance (D) and corner
frequency (f.) are also given.

small earthquakes, it is not possible to obtain the true corner
frequency without correction for near-surface attenuation.

As can be seen in Fig. 3, the effect of attenuation correc-
tion on the displacement amplitude spectrum of an My = 3.7
event (event 19 in Table 1) is quite moderate. However, for
a smaller event (event 22, M; = 2.4), the attenuation cor-
rection has changed the shape of the spectrum notably caus-
ing an increase in the corner frequency. For an even smaller
earthquake (event 13, My, = 1.2), the attenuation correction
has flattened the spectrum making the estimation of the cor-
ner frequency impossible at the given sampling rate.

3.3 Spectral parameters

After correcting for geometrical spreading and anelastic at-
tenuation, the displacement amplitude spectrum U, (f) can
be written as

Uu(f) = — 20 )

2
1+(§)
where the term on the right-hand side is the amplitude source
spectrum with low-frequency spectral level Ay and corner
frequency f. (Brune, 1970; Hanks and Wyss, 1972).

In Eq. 4, there are two unknown parameters to be de-
termined: the low-frequency spectral level Ay and the cor-
ner frequency f.. In order to avoid problems associated with
the visual determination of these parameters and to mini-
mize the difference between the theoretical and observed
displacement spectra, we applied a grid search algorithm.
The misfit function to be minimized by the inversion proce-
dure was the L; norm of the difference between the observed
and predicted spectral values within a suitably chosen fre-
quency range, where the signal-to-noise spectral ratio was
greater than 5. We chose the L; norm minimization tech-
nique because it is much more robust than the least-squares
method. The global minimum of the misfit function defines
the optimum solution for the unknown parameters. As an
example, Fig. 4 shows the results of the above described
inversion procedure for nine selected ground displacement
spectra that are considered characteristic of our data set.

4 Source parameters

Considering P- and S-wave data separately, after estimating
the spectral parameters we first calculated the scalar seismic
moment [My(P) and My(S)] for each event-station pair ac-
cording to Brune’s source model (Brune, 1970; Hanks and
Wyss, 1972):
4mpv?

My = FR(6.9) -Ag (%)
where p is the density, v the velocity of the considered phase
(P or S), Ay the low-frequency spectral level, F the free
surface correction, and R(0, @) the radiation pattern coef-
ficient. Since for most of the analyzed earthquakes the focal
mechanism could not be determined, we used the RMS av-
erage values Rp(0,¢) = 0.52 and Rs(6, @) = 0.63 in our
calculations (Boore and Boatwright, 1984). The free surface
correction for P-waves depends on the incident angle. How-
ever, due to the low-velocity layers near the surface, the in-
cidence is not far from vertical, so F = 2 seems to be a good
approximation. For SH-waves, F is always 2.

Then, for each event, the average values and the mul-
tiplicative error factors for the seismic moment and corner
frequency were computed. Calculations were made using
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Fig. 4 Data acquisition geometry and corrected displacement amplitude spectra for event 19 (Table 1). The map shows the epicenter of the event
(red solid circle) and the recording seismic stations (green triangles) with their codes. Each spectral diagram depicts the corrected amplitude
spectrum of the selected signal (black) recorded at the indicated station, together with the best-fitting theoretical Brune’s source model (red). The
obtained corner frequency f, is given for each Brune’s spectrum. Noise spectra are also illustrated (dashed blue).
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P- and S-wave data separately, following the equations pro-
posed by Archuleta et al. (1982):

1 N
X = alog N 1:21 logx; 6)

v 1/2
StDev[logx] = < 1; logx; —logXx) ) @)

Ex = alog(StDev[logX]) (8)

where x stands for My (P, S) or f.(P,S), x denotes the mean of
x, N is the number of the stations used, StDev[.] is the stan-
dard deviation of the argument, and EX is the multiplicative
error factor for X.

Finally, we calculated the average source radius 7 and
average stress drop Ao using the expressions (Brune, 1970;
Trifunac, 1972; Spottiswoode and McGarr, 1975):

_Cw

r= Ef )
— 1M
A0 =1573 (10

where the constant C is 1.97 for P-waves and 2.34 for S-
waves. We also computed the moment magnitude M,, from
the average seismic moment My [computed as the logarith-
mic mean of the My(P) and My(S) values] according to the
definition of Hanks and Kanamori (1979):

2
M, = 3 loghy — 6.03 (11)

where My is measured in Nm. All of the average source pa-
rameters and the multiplicative error factors, along with the
moment magnitudes, are listed in Table 2.
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Fig. 6 P-wave seismic moment My(P) versus S-wave seismic moment

Mo(S). The straight line represents the line for My(P) = My(S). p de-
notes the correlation coefficient.

Our results show that the corner frequency generally de-
creases with increasing seismic moment. As can be seen
in Fig. 5, the f,(P) and f,(S) values are in the range 1.6—
11.2 Hz and 0.9-9.6 Hz, respectively, and f,(P) is basically
larger than f,(S), with an average ratio of 1.48 +0.55 (corre-
lation coefficient of 0.7). Similar f.(P)/f.(S) ratio was ob-
tained by other authors (Fletcher, 1980; Boatwright et al.,
1991; Radulian and Popa, 1996; Garcia-Garcia et al., 2004;
Prieto et al., 2004; Tusa and Gresta, 2008, and others). The
average multiplicative error factor is 1.5 for both f,(P) and
f<(S). For seven low-magnitude events, the estimation of f
was unsuccessful due to the high corner frequency and the
insufficient sampling rate.

The obtained seismic moments vary from 2.71 x 10'!
to 1.52 x 10> Nm for P-waves, and from 2.90 x 10! to
3.83 x 10" Nm for S-waves. Fig. 6 presents the relation-
ship between My(P) and My(S). The logarithmic mean of
the Mo(P)/My(S) ratio is 0.93 £ 0.07 with a correlation co-
efficient of 0.95. Generally, My(S) is slightly larger than
My (P) that may be attributed to a somewhat overestimated
QOp quality factor.

The source radii are between 125 and 1343 m with an
average r(P)/r(S) ratio of 1.04 +0.40 with a correlation co-
efficient of 0.8 (Fig. 7). The agreement between source radii
from P- and S-waves provides enough confidence that Eq. 9,
and particularly the constant C in that equation, for evalu-
ating the source dimension was correctly applied (Spottis-
woode and McGarr, 1975).

The static stress drop spans from 0.14 to 32.4 bars with
a logarithmic mean of 2.59 bars (1 bar = 10° Pa). Indeed,
about 80 per cent of the computed stress drop values are less
than 10 bars, significantly smaller than the value of 100 bars
suggested by Kanamori and Anderson (1975) for intraplate
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Fig. 7 P-wave source radius r(P) versus S-wave source radius r(S).
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relation coefficient.

earthquakes. This observation may be attributed to the gen-
eral weakness of the lithosphere due to the updoming of the
mantle and the strong geothermal anomaly characteristic to
the inner part of the Pannonian basin.

5 Scaling relationships

The generally accepted theory of self-similarity predicts a
constant stress drop Ao for earthquakes of different size in
the same tectonic environment. If the stress drop is constant,
from Eq. 10 it follows that r o< Mé/ 3, Indeed, a good num-
ber of papers have reported self-similarity for small seis-
mic events in different regions (e.g. Abercrombie, 1995;
Bindi et al,, 2001; Stork and Ito, 2004; Franceschina et
al., 2006; Tusa et al., 2006; Yamada et al., 2007; Kwiatek
et al., 2011). However, several authors have observed that
for weak events, stress drop decreases with decreasing mo-
ment indicating a breakdown in constant stress drop scaling
(e.g. Dysart et al., 1988; Zobin and Havskov, 1995; Garcia-
Garcia et al., 2004; Tusa and Gresta, 2008; Drouet et al.,
2010).

Regarding our data set, the relation between M and
static stress drop Ao is shown in Fig. 8 for both P- and S-
waves. The highly scattered data points show only very little
correlation. Indeed, the correlation coefficients between M
and Ao are very low: only 0.37 for P-waves and 0.5 for S-
waves. However, a slight trend of decreasing stress drop with
decreasing seismic moment is visible for both wave types,
particularly for S-waves.

In Fig. 9, source radius r is plotted against My and lines
of constant stress drop are also indicated. The observed trend

is a general increase of the fault radius with increasing seis-
mic moment. The relations obtained for r versus M, are

logr(P) = (0.24 +0.03) - logMy(P) — (0.64 +£0.48)  (12)
and
logr(S) = (0.21 £0.03) - logMy(S) — (0.34 £0.43) (13)

with correlation coefficients of 0.73 and 0.72, respectively.
The slope of the regression line is clearly smaller than the
theoretical value of 1/3. As a consequence, a breakdown
in self-similarity appears to be present over the magnitude
range considered in this study.

Figs. 8 and 9, and also Egs. 12 and 13 suggest that
our data is close to the limit where self-similarity viola-
tion begins. However, due to the high scatter of our data,
constant stress drop scaling with Ac = 2.59 bars cannot be
unanimously excluded. The estimated stress drop values are
mostly confined in the range of 0.1-10 bars. It should also be
noted that the strongest events of our data set do not show
particularly high stress drops. For events 40, 41, and 50 with
local magnitudes above 4, Ac(P) [Ac(S)] is 6.07 [32.4],
2.33[6.32], and 4.58 [19.3] bars, respectively (Table 2).

According to the definition of Hanks and Kanamori
(1979), moment magnitude M,, can be derived from seismic
moment M, (Eq. 11). The moment magnitude scale does not
saturate and recently it has become increasingly important
in seismic hazard calculations. For example, ground-motion
prediction equations for peak ground acceleration and veloc-
ity are usually expressed as functions of M,, (e.g. Atkinson
and Boore, 2006; Akkar and Bommer, 2007; Sokolov et al.,
2008). For this reason, it is usual to find empirical formu-
lae relating M,, to the magnitude scales used locally in seis-
mological practice. Fig. 10 shows the relationship between
the moment magnitudes determined in this study (Table 2)
and the local magnitude scale used in Hungary. The least-
squares fit to the data yields

M,, = (0.71+0.03) - My + (0.97 £0.09) (14)

with a rather high correlation coefficient of 0.96 and with a
slope that is very close to the expected theoretical value of
2/3 (Havskov and Ottemoéller, 2010). The obtained regres-
sion line is in good agreement with that suggested by Siile
(2010).

6 Conclusions

In this study, we determined the spectral source parameters
of 50 local earthquakes that occurred in Hungary with lo-
cal magnitude ranging from 0.8 to 4.5. The scaling relations
between these parameters were also investigated.

In order to correct for near-surface attenuation, we esti-
mated the x parameter from seismic waveforms recorded
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at short hypocentral distances using the slope of the dis-
placement spectrum below the corner frequency. The ob-
tained x values vary between 0.01 and 0.06 s with a mean of
0.03£0.017 s for P-waves and between 0.01 and 0.09 s with
a mean of 0.04 £0.024 s for S-waves. Within the bounds of
variation, the k-value does not show any statistically signif-
icant dependence on station location.

After correcting the displacement amplitude spectra for
attenuation effects, the obtained source spectra show a good
agreement with Brune’s model, thus allowing reliable es-
timation of the spectral parameters. We applied a grid
search algorithm to find out the optimum values of the low-
frequency spectral level Ag and the corner frequency f,.. The
determined corner frequencies range from 0.9 to 11.7 Hz
with an average f.(P)/f.(S) ratio of 1.48.

Using Brune’s source model and the obtained spectral
parameters, we calculated the source parameters of the in-

vestigated earthquakes. The resulting values of seismic mo-
ment My and source radius r are limited to the ranges
2.71 x 10" to 3.83 x 10'> Nm and 125 to 1343 m, respec-
tively. The average My (P) to Mo(S) ratio is 0.93, whereas the
source sizes estimated from P-waves are in good agreement
with those estimated from S-waves.

The values of stress drop Ao vary between 0.14 and
32.4 bars with an average of 2.59 bars. The obtained scal-
ing relations show slight evidence of self-similarity viola-
tion over the magnitude range considered in this study. It
should be noted, however, that due to the high scatter of our
data, the existence of self-similarity cannot be excluded. The
fairly low average value of the stress drop may be attributed
to the general weakness of the lithosphere beneath the cen-
tral part of the Pannonian basin.
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Table 2 Moment magnitude (M,,), scalar moment (My), corner frequency (f.), source radius (), and stress drop (A o) of the studied earthquakes
with the multiplicative error factor for My (EMy) and f, (Ef,). Results are given for P- and S-wave data separately. (Unit of stress: 1 bar = 10° Pa.)

Event M,  Mo(P)  EMo(P)  Mo(S)  EMo(S) [fe(P) Efe(P) [f(S) Ef(S) r(P) r(S) Ac(P) Aoc(S)

No. (Nm) (Nm) (Hz) (Hz) (m) (m) (bar) (bar)
1 24 390E+12 2.20 2.59E+12 2.06 - - - - - - - -
2 3.6 137E+14 2.50 2.66E+14 2.717 3.0 1.17 3.1 1.22 580 392 3.08 19.20
3 37 1.05E+14 1.94 7.10E+14 3.39 3.7 1.31 23 1.25 4717 534 422 20.50
4 31 448E+13 1.94 3.08E+13 2.65 8.9 1.41 72 1.47 197 167 25.60 28.90
5 23 224E+12 2.72 2.04E+12 2.717 - - - - - - - -
6 1.7 3.06E+11 1.14 2.90E+11 1.73 - - - - - - - -
7 30 1.23E+13 2.01 4.33E+13 3.13 11.2 1.08 4.3 1.28 157 277 14.00 8.91
8 25 256E+12 2.81 8.70E+12 2.99 7.0 1.49 4.8 1.66 252 249 0.70 2.47
9 27 8.05E+12 1.60 9.65E+12 1.80 8.8 1.63 9.6 1.38 200 125 443 21.50

10 25 246E+12 1.41 9.80E+12 1.41 7.6 1.02 4.3 1.71 231 283 0.88 1.89
11 29 5.30E+12 3.42 4.13E+13 242 6.8 1.79 2.7 1.66 258 450 1.36 1.98
12 1.8 3.74E+11 1.29 3.20E+11 1.87 - - - - - - - -
13 1.8 2.71E+11 1.62 6.55E+11 1.71 - - - - - - - -
14 31 2.00E+13 1.94 4.66E+13 2.25 34 1.82 4.0 1.87 522 297 0.61 7.71
15 27 5.65E+12 2.00 1.21E+13 1.46 5.2 1.75 39 1.63 338 305 0.64 1.85
16 3.0 1.21E+13 1.87 4.83E+13 2.64 5.6 1.32 23 1.60 314 533 1.70 1.39
17 24 1.67E+12 1.16 6.50E+12 1.32 6.6 2.51 35 1.89 265 348 0.39 0.68
18 33 298E+13 2.02 1.15E+14 1.91 5.5 1.57 39 1.78 317 310 4.10 16.80
19 3.7 1.34E+14 2.22 4.43E+14 1.36 2.4 1.30 1.9 1.81 741 620 1.44 8.14
20 27 4.03E+12 2.36 1.54E+13 1.54 35 2.40 22 1.41 500 549 0.14 0.41
21 3.6 9.60E+13 2.44 3.07E+14 1.36 5.2 1.25 3.4 1.95 340 352 10.70 30.90
22 2.6 438E+12 2.40 1.02E+13 1.32 9.2 1.19 3.6 1.87 190 330 2.78 1.24
23 37 1.98E+14 297 3.94E+14 2.28 3.4 1.51 1.7 1.66 513 716 6.41 4.69
24 35 6.55E+13 2.65 2.24E+14 2.54 6.2 1.81 34 1.34 285 355 12.40 21.90
25 3.0 1.68E+13 2.05 2.63E+13 2.13 5.3 1.64 3.1 1.73 333 387 1.99 1.98
26 3.4 9.50E+13 1.57 1.24E+14 2.10 2.6 1.19 2.8 1.27 682 430 1.31 6.82
27 3.1 2.94E+13 3.10 5.25E+13 1.89 5.3 1.92 4.6 1.24 328 259 3.63 13.20
28 3.6 8.75E+13 2.06 5.70E+14 2.01 32 1.52 1.4 1.27 555 871 2.24 3.78
29 24 293E+12 2.32 3.62E+12 3.75 8.6 1.29 35 1.82 204 342 1.52 0.40
30 3.7 1.83E+14 1.73 4.60E+14 2.82 23 1.34 1.9 1.44 876 729 1.19 5.20
31 2.6 6.50E+12 2.12 5.75E+12 1.65 8.0 2.10 7.3 1.98 220 165 2.68 5.60
32 23  246E+12 1.51 1.52E+12 1.68 - - - - - - - -
33 3.6 1.51E+14 1.45 3.02E+14 2.14 2.4 1.83 1.9 1.62 732 642 1.68 4.99
34 28 1.16E+13 3.26 1.11E+13 2.04 - - 49 1.78 - 246 - 3.26
35 29 1.40E+13 1.56 1.73E+13 2.64 59 1.50 44 1.82 299 274 2.29 3.67
36 3.5 7.35E+13 1.87 1.97E+14 2.32 2.8 1.44 2.0 1.36 637 602 1.24 3.93
37 33 3.59E+13 2.45 1.20E+14 2.61 2.4 1.59 1.7 1.19 716 693 0.43 1.57
38 3.1 1.84E+13 1.60 6.00E+13 1.67 29 1.14 1.8 1.29 597 669 0.38 0.88
39 3.7 1.18E+14 1.50 7.50E+14 1.91 1.6 1.32 0.9 1.43 1111 1343 0.38 1.35
40 42 8.00E+14 1.28 2.21E+15 1.42 2.1 1.57 1.8 1.26 832 668 6.07 32.40
41 37 1.03E+14 2.10 5.85E+14 1.45 3.0 1.15 1.6 1.70 578 740 2.33 6.32
42 3.1 1.85E+13 2.32 4.83E+13 2.94 2.7 1.77 1.7 1.73 648 718 0.30 0.57
43 2.8 1.88E+13 1.53 7.60E+12 2.26 3.7 1.77 3.6 1.35 471 331 0.78 0.92
44 36 1.12E+14 1.88 3.07E+14 2.66 1.6 1.38 1.9 1.24 1069 632 0.40 5.32
45 29 2.35E+13 2.70 1.36E+13 1.69 5.2 1.50 6.1 1.61 336 198 2.71 7.72
46 277  5.35E+12 1.81 1.87E+13 1.16 6.4 1.48 39 1.54 274 309 1.14 2.71
47 3.0 1.02E+13 3.10 5.65E+13 2.56 5.4 1.24 44 1.36 325 278 1.29 11.50
48 29 1.49E+13 3.20 2.68E+13 2.40 2.8 1.44 44 1.56 620 277 0.27 5.54
49 29 9.40E+12 2.01 2.97E+13 1.19 39 1.65 2.0 1.17 448 608 0.46 0.58
50 43 1.52E+15 1.60 3.83E+15 2.35 1.6 1.56 1.3 1.73 1132 953 4.58 19.30
Finally, we have established a well-constrained linear re- by the Paks Microseismic Monitoring Network. We also thank two
lationship between local magnitude My and moment magni- anonymous reviewers for their valuable comments and constructive
tude M,,. suggestions. Figures were prepared using the GMT software (Wessel
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