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Abstract
New aspects of the frequency-dependent attenuation of the seismic waves traveling
from Vrancea subcrustal sources toward NW (Transylvanian Basin) and SE (Romanian
Plain) are evidenced by the recent experimental data made available by the CALIXTO'99
tomography experiment. The observations validate the previous theoretical computations
performed for the assessment, by means of a deterministic approach, of the seismic hazard in
Romania. They reveal an essential aspect of the seismic ground motion attenuation, that has
important implications on the probabilistic assessment of seismic hazard from Vrancea
intermediate-depth earthquakes. The attenuation toward NW is shown to be a much stronger
frequency-dependent effect than the attenuation toward SE and the seismic hazard computed
by the deterministic approach fits satisfactorily well the observed ground motion distribution
in the low-frequency band (< 1 Hz). The apparent contradiction with the historically-based
intensity maps arises mainly from a systematic difference in the vulnerability (buildings
eigenperiod) of the buildings in the intra- and extra-Carpathians regions.
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Introduction
The Vrancea zone, located at the most tightly curved portion of the mountain belt
(45.5°N, 25.5°E), presents the most unusual and intriguing aspects related to seismic activity,
volcanism, and surface deformation all along the Carpathians arc (Fig. 1). The earthquakes,
reaching magnitudes as high as Mw 7.7, are generated in a well-defined and isolated nest
situated at intermediate depths (60 - 220 km). The damage, as reported by macroseismic
data, is strongly laterally asymmetric, sharply decreasing towards the inner side
(Transylvanian Basin) as compared with the outer side (Romanian Plain) of the Carpathians
arc (SRI 1100,1993).
The deterministic hazard estimation made by Radulian et al. (2000) for Vrancea
earthquakes, based on the computation of complete synthetic seismograms for frequencies
below 1 Hz, leads to hazard distribution reproducing well the observations in the southeastern
part of Romania, with an excellent agreement between the computed ground motion values
and the available instrumental data (e.g., Moldoveanu and Panza, 1999; Kouteva et al., 2000;
Moldoveanu et al., 2000; Kouteva et al., 2001). At the same time the deterministic estimate
predicts much higher values in the Transylvanian Basin and north Moldova relative to what
the macroseismic information indicates. Although the historically- and empirically-based
information for these regions is scarce and poor, this discrepancy could raise serious doubts
about the suitability of the deterministic approach.
We show here that this difference is limited to the high frequencies (> 1 Hz) and that
the apparent contradiction can be naturally explained by an attenuation process strongly
dependent on frequency along the path from Vrancea subcrustal domain to the NW.
Attenuation of seismic waves from Vrancea subcrustal foci
In 1999 a large international tomography experiment, CALEXTO'99, temporarily
deployed 120 seismic stations (both short-period and broadband instruments) around Vrancea
region within the programme CRC461 (Wenzel et al., 1998). The network partly covered the
inner side region of the Carpathians arc, a region very poorly monitorized by the Romanian
national network (Fig. 1) and recorded 77 local earthquakes with magnitude 3 < Mw < 4.2.
The analysis of these new data brought into the light a new aspect, missed by all
previous experimental studies: the strong frequency-dependent lateral variation of the seismic
wave attenuation across the Carpathians. The simple visualization of the seismograms or of
their spectra shows amplitudes ten to hundred times smaller and a strong cut-off of the higher
frequencies in the back-arc region as compared to the fore-arc region (Popa, 2003; Popa et
al., 2003). A series of recent studies, partly in progress, confirms these observations (Popa et
al., 2000; Popa et al., 2003).

These features are systematically observed for all the available recordings of waves
traveling toward NW. The attenuation effect, in agreement with the seismic tomography
(Martin et al., 2001) and heat flow measurements (Demetrescu and Andreescu, 1994), may be
tentatively explained by the presence of an astenospheric body in the back-arc side of the
subducting slab in Vrancea, at an intermediate-depth range. The low Q values could be
related to the upwelling process of the asthenosphere just behind the Vrancea seismogenic
zone and it corresponds to the most recent volcanic activity in the Per§ani Mountains.
We select, as typical examples, the two Vrancea moderate-size earthquakes listed in
Table 1, for which we can use the largest possible number of recordings ever obtained in
Romania. The fault plane solutions of the two events are different (Fig. 2). In Fig. 3, the
seismograms recorded at two pairs of stations located symmetrically with respect to the
Carpathians arc, roughly at equal epicentral distance on a NW-SE direction, are plotted, as an
example. The decrease of the peak ground velocity (PGV) in the back-arc region is from 40
to 110 times larger in comparison with the corresponding values in the fore-arc region. At
low frequencies (< 1 Hz) the difference practically disappears, as can be seen in Fig. 4. The
strong frequency dependence of the seismic wave attenuation across Carpathians is the new
arid key element in our findings: when looking at low frequencies, there is no clear trend of
attenuation in the recorded motion.
Fig. 5 represents the distribution of the PGV as obtained from the records of the
events listed in Table 1. To minimize the effect of the differences among the sensors
(EpiSensor, Guralp, RefTek), a low-pass Butterworth filter is applied to all the records and
the PGV are taken relative to the reference station, VRI, located in the epicentral area. The
difference in PGV between back-arc and fore-arc records decreases by a factor of about 10
with decreasing cutoff frequency from 15 Hz to 1 Hz, regardless of the focal mechanism.
Therefore we can expect that for the largest Vrancea earthquakes, that radiate mostly at
frequencies below 1 Hz (Gusev et al., 2002), the attenuation of PGV is rather isotropic.

Consequences on seismic hazard computations
We deal with one of the most crucial and controversial points for the Vrancea
intermediate-depth earthquakes: the asymmetric distribution of the peak values of seismic
ground motion, and we have just shown that the sharp attenuation of the seismic motion
toward NW (Transylvanian Basin) affects mostly the high-frequency waves (> 1 Hz). This
finding has two fundamental consequences: (1) the first-order deterministic seismic zoning of
Romania proposed by Radulian et al. (2000) is only apparently in contradiction with the
macroseismic observations in Transylvania, and (2) the vulnerability (building eigenperiod)
factor seems to play an essential role in explaining the differences between the observed
damage in intra- and extra-Carpathians regions.

The frequency content (< 1.0 Hz) of the numerical simulations used by Radulian et al.
(2000) is representative primarily of the tall buildings (10-storey and higher). The severe
damage experienced in Bucharest because of Vrancea intermediate-depth earthquakes (e.g.,
the collapse of 32 tall buildings during the March 3, 1977 earthquake) is indeed explained by
the predominance, in the ground motion, of the period of oscillation around 1-1.5 s.
Our results show that similar periods control the seismic hazard in Transylvania, and,
since the predominant buildings here are of one to three storeys (eigenperiods in the range 0.1
- 0.3 s), as we could expect, the damage reported is quite low. Therefore, the discrepancy
between the shape of the observed isoseismals and the deterministic estimations of the peak
values toward NW is essentially due to the difference in the vulnerability (structural
characteristics of the buildings) between the back-arc region and the fore-arc region. The
strong attenuation of the high frequencies explains the low damage in the intra-arc region,
where the majority of buildings are of small height. The effect of the low frequencies is much
more important and evident in the extra-Carpathians area, and above all in Bucharest city,
where the greatest number of tall and old buildings is present. Collapses of tall buildings
caused by Vrancea earthquakes is reported exclusively in Bucharest, while for the other
localities situated in the Carpathians fore-arc region damage is reported mainly for small
height constructions (Lungu et al., 1999).
The source and the local site properties are important factors shaping the hazard
distribution pattern (Panza et al., 2001), but we consider that the seismic wave attenuation in
the upper mantle together with the difference in vulnerability are the most plausible causes of
the observed striking asymmetry of the macroseismic shape in the NW-SE direction.
The unusually small attenuation at low frequency has important consequences on the
seismic hazard assessment not only in Romania, but in the neighboring countries as well
(e.g., Bulgaria, Rep. of Moldova, Ukraine and even Russia). This essential effect is not at all
noticeable in the probabilistic maps (Musson, 2000), while it is well represented in the
deterministic maps (Radulian et al., 2000).
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Table 1. Intermediate-depth Vrancea earthquakes considered in this study

Lon.
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3.6
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1999/06/20
1999/06/29

Fig. 1. Location of Vrancea zone and seismic stations on the Romanian territory. Vrancea epicentral
area is represented as a dashed ellipse area. The epicenters of the two selected earthquakes are plotted
as stars. The stations, whose records has been selected as examples, are evidenced by full triangles.
The CALIXTO'99 stations are plotted as empty triangles. The solid diamonds are the Romanian
telemetered stations. The full reversed triangles are the digital accelerometer stations (University of
Karlsruhe).

1999/06/20

1999/06/29

Fig. 2. Fault-plane solutions, for the studied earthquakes, obtained using first P-wave polarities. The
solutions are well constrained. The position, on the focal sphere, of the two stations, whose records
are shown in Fig. 3, is given by the labeled diamonds.

1999/06/20

1999/06/29

Fig. 3. Synoptic representation of examples of seismograms (velocigrams) typical for a back-arc
station (SOS - 107 km epicentral distance and C07 - 129 km epicentral distance) and fore-arc station
(Fll - 107 km epicentral distance). The Vrancea events considered, listed in Table 1, have markedly
different fault plane solutions.
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Fig. 4. The same seismograms shown in Fig. 3, but low-passed filtered with cutoff at 1 Hz.
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Fig. 5. Representation of the peak ground velocity distribution for 1999/06/20 (a and b) and
1999/06/29 (c and d) earthquakes. Maps a and c are based on 15 Hz cutoff frequency records, while
maps b and d are based on 1 Hz cutoff frequency records. The scale refers to the amplification factors
(powers of 2) relative to VRI station, selected as reference station. The empty circle is the epicenter.
For low frequencies (< 1 Hz), the fault plane solution controls the orientation of the area of relative
minimum close to the epicenter (b and d). This effect is still visible at high frequencies (1 < f < 15
Hz), but only for event the of 1999/06/20 (a), (see also Fig. 2).
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