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Abstract
Vrancea zone is the most important seismic region of Romania. There is clear evidence of significant
inhomogeneiti es a ong the dab, which suggests a depth dependence of the source scaling properties.
The seismicity distribution on depth reveals the eistence of two characteristic segments, located in the
upper part and the lower part of the dlab respedively. In order to test if the differenceis detedable in the
source scaling properties we apply the spedral ratio method to constrain source parameters. A set of digital
broadband body-wave rerdings for 28 Vrancea earthquakes with magnitudes in the range 3.1£Mp £6.2,
ocaurred between 19972000in the depth range 70Eh£158 km considered. The data is obtained with the
K2-seismometers of Vrancioaia (VRI) and Tescani (TES) stations belonging to the digital accderometer
network and with the broadband seismometer of Muntele Rosu station (MLR), belonging to the
GEOPHONE network. The source parameters correspond to the best nonlinear least-squares fit of the
observed and computed spedral ratios of P-wave Fourier amplitude spedra, assuuming an omega-squared
source mode!.

Once the source parameters are determined, different scaling among the parameters are
investigated for upper and lower segments of the subducted lithophere.

The scaling of the @rner frequency with the seismic moment is roughly independent on depth
and suggests a dight deviation from a constant stressdrop source modd (which is characterized by a -3
dope in the log-log axes). The dependence of the seismic moment with magnitude shows a significant
increase in the degoer part of the dab (h > 120 km), which possbly indicates a different stressregime as
compared with the upper segment (h < 120 km). The stressdrop is increasing with the erthquake size for

the entire depth domain, in agreement with a heterogeneous urce mode.

Keys words. Vrancea subcrustal earthquakes, segmented subducted lithosphere, spedral ratio
method, source scaling
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Introduction

Vrancea opne (locaed at the sharp bend of the Southeast Carpathians, in a
continental collision areg is the most important seismic region of Romania. It is a
particular seismogenic region with a rather isolated subducted dab below 60 km depth,
somehow similar with the Betic-Alboran region, the Calabrian arc, and the Aegean region
(Figure. 1). There is clea evidence of significant inhomogeneities along the slab, which

suggests a depth dependence of the source scding properties.

Fig. 1. Vrancea setting in Europe

The aqustal seismicity in Vrancea one iswe& (M, < 5.0) and scarce and is separated
from the subcrustal domain by an amost aseismic interval located approximately between
40 and 60 km depth. In the subcrustal domain 3-4 large events (7£M,,<8) occur per
century. The rate is five-times higher in the lower part (h>110 km) in comparison with the
upper part (h<110 km) of the dab. The eathquake generation is considerably reduced at
the bounds of the subducting volume: h = 60- 70 km and h = 160-200 km. The seismicity
distribution on depth reveds the eistence of two charaderistic segments, one located in
the upper part of the dab (around 90 km depth), and the other locaed in the lower part of
the dab (around 140 kn depth). The difference between the two seismic regimes is caused
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most probably by differences in the physicd medianism of the eathquake generation
process[19].

The am of this paper is to determine the source parameters of the moderate-
magnitude intermediate-depth earthquakes occurred between 19972000 wsing a nonlinea
least-squares best fit to the spedral ratio of P-wave Fourier amplitude spedra assuming an
omega-squared source model. The spedra ratios refer to the large shock (Mp34.4)
spedrum divided by smaller (Mp2 3.1) collocaed event (with similar waveform) spedrum
[10], [11], [13]. The division of the spedra removes the site and path effeds, leading to
the ratio of the source spedra of ead pair of eathquakes. Usually, the source duration of
the smaller event is assumed to be enough short to be cnsidered as a delta function,
relative to the larger event, and consequently as an empiricd Grean's function. This
restriction is not required by the spedral ratios method which allows the determination of
the source parameters for both large and small eathquakes (and not only of the main
event, like in the EGF method).

Our scope is aso to analyze the source scding charaderistics in two different
seismic adive segments of the subducted lithosphere in order to deted possble
particularities for ead depth interval and to classfy the Vranceasubcrustal eathquakes

acordingly.

Data

The data set consists of digital broadband body-wave recrdings obtained with the
K2-seismometers of Vrancioaia (VRI) and Tescani (TES) stations belonging to the digital
accderometer network and with the broadband seismometer of Muntele Rosu station
(MLR), belonging to the GEOPHONE network (Figure 1). We mnsider 28 Vrancea
eathquakes with magnitudes 3.1£Mp £6.2, occurred between 19972000 in the depth
range 70Eh£158 km (Table 1). The magnitude Mp is computed from the duration read on
the seismograms of VRI and MLR stations using the cdibration procedure proposed by
[18] for the Vranceasubcrustal eathquakes.
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Table 1. List of the analyzed eathquakes. The bolded rows are for the main events. The

events following the main events are the as<ciated collocaed events

No. Data hh:mm lat. lon. h Mp
CN) @) (km)
1 199703/01 19:26 45.67 26.63 89 4.4
2 199712/17 0248 4573 26.69 77 31
3 199812/01 02:38 4574 26.65 76 3.6
4 199907/03 1521 4579 26.82 92 34
5 199909/04 00:26 4571 26.68 70 31
6 199910/12 19.23 4570 26.61 83 34
7 199911/09 0209 4571 26.61 92 34
8 199801/19 00:53 45.64 26.67 105 4.7
9 199807/02 20:50 4571 26.67 108 3.9
10 199901/18 21:35 4560 26.66 118 3.6
11 199911/09 0209 4571 26.61 92 34
12 199904/28 0847 4547 26.28 158 6.2
13 199812/12 10:55 45.40 26.30 147 4.2
14 199901/06 21:28 4549 26.30 117 4.0
15 199904/30 2232 4553 26.24 143 4.3
16 199906/06 1201 4553 26.32 136 3.9
17 199911/08 19.22 4552 26.38 132 5.2
18 199911/14 09.05 4549 26.29 127 5.2
19 200003/28 06:40 4548 26.32 137 3.7
20 200003/08 2211 45.87 26.72 71 5.2
21 199707/04 00:30 45.80 26.85 77 3.7
22 200004/06 00:10 45.76 26.66 137 5.4
23 19980921 13:49 4573 26.66 141 4.5
24 19980922 2052 4574 26.60 142 3.7
25 199811/14 11:15 4570 26.65 140 4.4
26 19990505 16.21 45.67 26.56 142 4.1
27 19990809 0717 4573 26.70 133 4.2
28 199908/28 0532 4570 26.63 142 4.0
Method

An efficient technique to retrieve source parameters of the Vrancea subcrustal
eathquakes is the spedral ratio method, when kroadband data ae available. To apply this
method we make use of the available broadband recrdings at the stations MLR, VRI and
TES. For seleded pairs of eathquakes, the spedral ratios are gproximated by a nonlinea
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least-squares procedure with theoreticd spedral ratios, depending mostly on the source
properties. The fit parameters are the ratios of the low-frequency asymptotes and corner
frequencies of the large and small shocks, respedively. The least-squares best fit is
estimated by iteration from an initial guess using a simplex agorithm. The relationship
which approximates best the Fourier spedral ratio R for a pair of collocaed eventsis:

V\bL [1 + (f/fCS)Zg] 1/2
R(f) = (1)
V\bs [1+ (f/ch) Zg] 1/2

where f¢- and f.° are the rner frequencies and W4~ and W6° are the low-frequency spedral
amplitudes of the large and small events respedively. The spedral ratio, R is computed in
the hypothesis of the Brune's model [3], [4] with the spedral decay at the high
frequencies, g The ratio of the low-frequency spedral levels is equal to the ratio of the
seismic moments for the ollocaed eathquakes, if they have the same focd mecdhanisms. P
waves from the verticd components are used. Becaise the spedra ratio technique is a
relative method we cannot estimate the &solute values of the seismic moments for the two
eathquakes, but only their ratio. So, for evaluation of the seismic moment, it is necessary
to know the value of the seismic moment for one eathquake (preferably for the large event
becaiseit is better constrained).

In paralel with the spedral ratios, we analyzethe accéeration spedra. To estimate
source parameters we gproximate accéeration spedra S(f) with the following theoreticd

function:

RQf) Mo (2pf)?
S(f) = A(f) 2)(
4orVy  H(fIf)?

where R(qg,f) is the radiation pattern, r is the dengty, Vs is the S-wave velocity, Mg
seismic moment and A(f) is attenuation function at high frequencies given by:
A(f) = V(A + (ffrma)™ 3) (

where frax IS the maximum cut-off frequency in the accéeration spedrum and m is index
of high-frequency decyy.

Equation (2) is obtained for g=2. In this case S(f) is charaderized by four
parameters. ap-related to the low-frequency asymptote of the displacement spedrum

(therefore to the seismic moment), f¢, fmaxand m.
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Resultsand discussons

Table 2 presents the source parameters resulting by applying spedra ratios
method to the different pairs of eathquakes. The large events are listed with bold lettersin
Tables 1 and 2. The other eathquakes are aciated collocaed events. Examples of
spedra ratios resulting for three representative large events (1% March 1997, 19:26,
Mp=4.4, h=89 km; 28" April 1999 0847, Mp=6.2, h=158 km; 6™ April 200Q 00:10,
Mp=5.4, h=137 km) divided to their small collocated events are presented in Figures 23,
b, c.
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Main event 1999.04.28, M=6.2
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Main event:2000.04.06, M=5.4
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Fig. 2. Examples of spedral ratiosfor threemain earthquakes:
a) Marchl, 1997 Mp=4.4, h=89km;
b) April 28,1999 Mp=6.2, h=158km;
c) April 6,200Q Mp=5.4, h=137km
Solid line is the theoretical fit with (1). Collocated events are mentioned in
each case.
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The least-squares best fit of the observed spedral ratio gives the crner frequencies
(f°in Table 2), and the ratios of the seismic moments (W-/ WE° = R) of the large and small
eathquakes, respedively. Generaly, we know the seismic moment of the large event [9]
and then, from the ratios we cdculate the seismic moment of the small eathquake.

In addition we analyze the accéeration spedra of al events from Table 1 and
estimate source parameters by approximating the accéeration spedra S(f) with the
theoreticd function (2). The evauated charaderistics are: f.* (corner frequency), frmax (the
maximum cut-off frequency in the accéeration spedrum) and m (the index of high
frequency decy) (seeTable 2). Examples of fits of the accéeration spedra with function
(2) for the main events of April 28, 1999 and April 6, 2000 and their collocaed
eathquakes are given in Figures 3a, b.
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Main event: 1999.04.28, M=6.2
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Main event; 2000.04.06, M=5.4
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Fig. 3. Accderation spedarum (dashed line) and the fit with relation (2) (solid
line) at MLR station for:
a) 28" April 1999 Mp=6.2, h=158km and adjacent collocated events;
b) 6" April 200Q Mp=5.4, h=137km and adjacent collocated events;
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Table 2. Estimated source parameters

No. Mo f2 fo r Ds fmax m
(Nm) (H2) (H2) (m) (bar) (H2)
1 2.50x10" 5.2 4.3 418 150 10.4 2.4
2 4.57x10" 145 15.6 115 151 175 38
3 2.24x10° 128 12.2 148 30 15.3 31
4 7.08x10° 101 121 149 94 14.2 2.8
5 4.17x10° 12,6 134 134 76 130 3.0
6 4.26x10° 9.2 12.7 142 65 115 25
7 3.71x10° 10.7 11.2 160 40 12.0 38
8 1.50x10% 34 35 518 47 155 37
9 2.24x10* 111 10.3 176 180 131 2.7
10 1.50x10° 6.2 7.3 250 4 14.2 31
11 1.68x10° 7.7 9.3 195 10 17.1 3.8
12 1.30x 10" 1.6 1.8 990 586 124 32
13 6.70 x 16° 4.00 7.4 255 2 8.0 3.0
14 7.63 x 16° 7.9 6.8 284 15 118 36
15 7.01 x 10" 6.9 7.1 269 16 136 33
16 1.99 x 163 8.3 8.4 237 7 14.8 34
17 8.61x 16° 1.9 2.1 925 48 6.4 2.6
18 1.14 x 16° 2.3 17 1083 39 6.2 2.3
19 5.97x10* 8.0 7.6 247 2 10 3.0
20 7.08x10" 4.4 3.6 505 2405 8.9 35
21 2.24x10° 7.2 8.1 153 896 8.9 37
22 3.90x 10" 21 1.9 995 173 7.4 2.7
23 1.26 x 16* 5.1 6.8 273 27 10.6 2.8
24 1.21 x 163 6.9 17.9 104 47 138 34
25 1.83 x 16* 5.9 7.9 235 62 9.2 2.8
26 4.88 x 16° 6.9 8.9 207 24 101 31
27 6.92 x 16° 5.4 8.4 226 26 9.1 35
28 6.77 x 16° 7.0 9.6 193 41 116 2.4

*) fixed values for m.

The source parameters estimated using spedral ratios and accderation spedra ae
given in Table 2. The seismic moment values of the larger events (events 1, 8, 12, 20, 22in
Table 1) are given by [9]. The mrner frequency value estimated from accéeration spedra

a

is f%, and from spedral ratios is f.”. Average values are mnsidered whenever more

stations are avail able.
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The sourceradius, r, is computed by [17],

r=0.28VJf. 4
Here f. is corner frequency of the S-waves. To compute the source radius f.= f.> from
Table 2.

The stressdrop, Ds, is estimated using the relation:

Ds = (7/16) My/r® (5)
for a drcular fault [3],[4].

Using the determined source parameters (magnitude, seismic moment, source
radius and stressdrop) we analyzethe scding properties of the Vranceaintermediate-depth
eathquakes and their variation with the hypocentral depth. To this purpose we nsider
three depth domains. @) 60<h£120 km (upper part of the subducted dab); b) 120<h£220
km (lower part of the subducted dab); ¢) 60<h£220 km (entire subducted slab which is

seismic adive). The scding relations are the following:

a) 60<h£120km depth

log Mo = (1.53% 0.26)Mp, + (8.48 = 0.99) %)
R=0.87, $=0.57

log Mo = -(3.84 % 1.00)log f, + (17.75 + 0.94) 0
R=0.76, $=0.76

log Ds =(0.53+ 0.11)log M, -(0.62 + 1.64) )
R=0.81, s=0.44

b) 120<h£220km depth

log Mo = (1.86% 0.15)Mp, + (6.02 * 0.69) 9
R=0.96, =0.41

log Mo = -(4.04 * 0.48)log f, + (17.38 + 0.39) 10
R=0.92, 5=0.57

log Ds = (0.38+ 0.08)log Mo + (0.94 + 1.12) 10
R=0.81, $=0.40

c) 60EnE£220km depth

log Mo = (1.37 % 0.18)Mp, + (8.61 = 0.75) 12
R=0.80, $=0.70
log Mo = ~(3.71 % 0.47)log f, + (17.36 + 0.41) )

R=0.84, s=0.69
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log Ds =(0.43+ 0.08)log M, + (0.57+ 1.11) 14
R=0.73, s=0.50
They are represented in Figures 4, 5, 6.
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and (c) depth intervals.
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The seilsmic moment-magnitude relationship is better constrained for the lower
depth domain, with unusually high dope value (c=1.86), significantly higher than that
obtained by [5] for Vrancealarger shocks (c=1.3) and by [18] for smaler shocks (c=1.0).
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The dope is even larger if we mnsider moment-magnitudes (My). One tentative
explanation could be atendency of the duration magnitude to overestimate the size of
small eathquakes relative to large ones.

In the upper part of the dab, the dope is close to the value usually observed for
crustal eathquakes (c=1.5), and which is predicted by theoreticd scaing [8].

Our analysis $rows that considering a single scaing relationship for the entire depth
range culd be questionable due to the differences between the upper and lower segments.
Consequently, relation (12) is lessconstrained than relations (6) and (9).

As concerns the seismic moment-corner frequency dependence, again the scding is
better constrained for the lower segment (h>120 km) than for the upper segment
(60<h<120 km). However, the differences in the wefficients resulted from regresson are
not important taking into consideration the large variability of the corner frequency values
for relative smilar seismic moment values. The most striking anomalous behaviour is
noticed in the cae of event 20, generated close to the uppermost edge of the subducting
dab, charaderized by an unusual high corner frequency for an earthquake of magnitude 5.2
(f~4 Hz). This implies a very fast rupture processover a relative small source aea ad a
very large stress drop (Ds=2405 bar). The variability is aso quite large for the smaller
eathquakes (Mp<4.0) (compare, for example, event 3 with event 10).

The stress drop is increasing with the seismic moment equally in the upper and
lower segment of the dab. The dope is sgnificant (0.4-0.5) and seams to indicae amore
efficient energy release with increasing eathquake size Once ajain, the data ae better
correlated when considered separately on different depth segments.

The estimations of seismic moment, Mo, maximum cut-off frequency in the
acceeration spedrum, fmax and index of high-frequency decgy, m alow usto determine the
dependence of fmax and m versus seismic moment and depth (Fig. 7 and Fig. 8, and Fig. 9
and Fig. 10, respedively). These relations $row a dight deaease of both fmax and m with
seismic moment and depth, but the data dispersion islarge.

Since the spedfic site response & ead station is not separated from the observed
spedrum, estimated m values do not necessarily imply the @solute values to represent
source spedral decg. In principle, fmax Can be cntrolled by attenuation effeds [1], [2] or
seismic source [7],[14]. The dependence on eathquake size and depth (Figures 7-10)
could suggest a seismic source ®ntrolling, but it is difficult to have asound conclusion

until agood knowledge of the site dfedswill be available.



16€ Emili a Popescu, Mihagla Popa, M. Radulian
20 —
] . o
. °
’,\T 15 —: ... N
E ] = .\ ° d L)
= E T e o b
© ] o % - -
w— E 10 . o ° - - L
] ° o ° T -~ e
. ° -
. [ )
] e
S | A | I
12 13 14 15 16 17 18
log M (Nm
g 0( ) Fig. 7
Fig. 7. Maximum frequency (fmax) versus sismic moment (My).
20
o °
) . L] R ° .
~N - - ® .
I ] ° T —. _ e
“x 10 — . o - -
© B o o o o
£ ] o« °
Y— o ®
0 | | |
50 100 150 200
h (km)

Fig. 8

Fig. 8. Maximum frequency (fmax) versus earthquake depth (h).
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Fig. 9. Deay rate (m) versus earthquake depth (h).
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Fig. 10. Decay rate (m) versus sismic moment.

Conclusions

The paper shows how efficient is the spedra ratios method in constraining the
source parameters of the Vranceamoderate-magnitude eathquakes. At the same time, the
scding properties of the source parameters are analyzed on different depth domains, using
a set of 28 eathquakes occurred between 1997 and 2000(3.1 £ Mp £ 6.2), locaed along
the Vranceasubducting lithosphere.

The values of corner frequencies obtained from spedral ratio method are generaly
closed to those determined from the accéeration spedra. The scding with the seismic
moment (Figure 5) suggests a dight deviation from a @nstant stressdrop source model
(which is charaderized by a -3 dope in the log-log axes) both in the upper and lower part
of the subducted dab. The scding of the seismic moment with magnitude (Figure 4)
shows a significant increase in the deeoer part of the dab (h > 120 km), which possbly
indicates a different stressregime a compared with the upper segment (h < 120 km). The
stressdrop is increasing with the eathquake size (Figure 10) for the entire depth domain,
in agreament with a heterogeneous ourcemode [6], [12], [15], [16], [20].

The maximum frequency and index of the high-frequency decay are determined
from the accéeration spedra using a fit with a theoreticd function like that given by
relation (2). fmax Se@ms to be source dependent, even though the site dfeds are not
correded. The deca rate (m) shows a dight deaease with seismic moment and depth, but

the dependenceis not significant if we consider the asciated errors.



16€ Emilia Popescu, Mihadla Popa, M. Radulian

References

1. J. G. Anderson and S. E. Hough. A model for the shape of the Fourier amplitude
spedrum of acceeration at high frequencies. Bull. Seism. Sac. Am., 74, pp. 19691994
(1984.

2. D. M. Boore. Stochastic simulation of high-frequency ground motions based on
seismologicd models of the radiated spedra. Bull. Seism. Sa. Am., 73, pp. 18651894
(1983.

3. J N. Brune. Tedonic stress and spedra of seismic shea waves from
eathquakes. J.Geophys. Res., 75, 4997500 (1970.

4. J. N. Brune. Corredion. J.Geophys. Res., 76, 5002(1977).

5. L. Congtantinescu and D. Enescu. The Vrancea eahquakes within their
scientific and technologicd framework (in Romanian) pp. 230. Ed. Academiei Romane,
Bucuresti, 1985

6. D. Enescu, E. Popescu and M. Radulian . Source daraderistics of the Sinaia
(Romania) eathquake sequence of May-June 1993 Tedonoplysics, 261, 39-49 (1996.

7. E. Facdoli. A study of strong ground motions from Italy and Yugodavia in
terms of gross surce properties. Geophys. Monog, 37, pp. 297-309(1989.

8. H. Kanamori and D. L. Anderson. Theoreticd basis of some enpiricd relations
in seismology, Bull. Seism. Sac. Am., 65, pp. 10731095(1975.

9. A. Gusev, M. Radulian, M. Rizescu and G.F. Panza Source scding for the
intermediate-depth Vrancea eghquakes. Preprint No. 1C/200172pp 18. (20017).

10. S. E. Hough. Empiricd Green's function anaysis. taking the next step. J.
Geoplys. Res., 102, pp.53695384(1997).

11 G. T. Lindley. Source parameters of the 23 April 1992 Joshua Treg California
eathquake, its largest foreshock and aftershocks. Bull. Seism. Sac. Am., 84, pp. 105k
1057(1994).

12. A. McGarr. Some observations indicating complications in the nature of
eathquake scding. In: S. Das, J. Boatwright and C. H. Scholz (Editors), Earthquakes
SouceMedancs. Am. Geophys. Union Monog'. , 37, (1986.

13. N. Morikawa and T. Sasatani. The 1994 Hokkaido Toho-oki eathquake
sequence the complex adivity of intra-sdlab and plate-boundary eathquakes. Phys. Earth
Planet. Int., 121, pp. 39-58 (2000.

16¢



Method to constrain the source scaling properties of the Vrancea subcrustal earthquakes 16¢

14. A. S. Papageorgiou and K. Aki. A spedfic barrier model for the quantitative
description of the inhomogeneous faulting and the prediction of strong ground motion: |I.
Description of the model. Bull. Seism. Sac. Am., 73, pp. 693-722(1983.

15. E. Popescu and M. Radulian. Source @mmplexity of the austal eathquake

sequences in the Eastern Carpathians foredegp area Roum. Journ. Phys.43, 9-10, p. 837
850, (1998.

16. E. Popescu and M. Radulian. Source daraderistics of the seismic sequencesin
the Eastern Carpathians foredeep region (Romania). Tedonoptysics, 338 325-337(2007).

17. T. Sato and T. Hirasawa. Body wave spedra from propagating shea crads. J.
Phys. Earth, 21, 415431, (1973.

18. C. I. Trifu and M. Radulian. Frequency-magnitude distribution of eathquakein
Vrancea crelevancefor a discrete model. J. Geophys. Res., 96, 43014311, (1991).

19. C. I. Trifu and M. Radulian. Dynamics of a seismic regime: Vrancea- a ca&e
history, in "Nonlinear Dynamics and Predictability of Geophysical Phenomena”,
Geophysical Monogaph 83 IUUG val. 18, eds. A.M.Gablrielov and W.I.Newman, AGU,
Washington D.C., 43-53(1994).

20. C. I. Trifu, T. I. Urbancic and R. P. Young. Source parameters of mining-
induced seismic events. an evaluation of homogeneous and inhomogeneous faulting model
for assessng damage potential. Pure Appl., Geophys., 145 10681110(1995.



