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ABSTRACT

Several source parameters (source dimensions, slip, particle velocity, static and dynamic
stress drop) are determined for the two moderate-size October 27", 2004 (My=5.8) and May
14™ 2005 (Mw=5.2), and the two large August 30", 1986 (My=7.1) and March 4" 1977
(Mw=7.4) Vrancea intermediate-depth earthquakes. For this purpose, the empirical Green’s
functions method of Irikura (1983, 1986, 1999) is used to generate synthetic time series from
recordings of smaller events (with 4 < My < 5) in order to estimate several parameters
characterizing the so-called strong motion generation area (Miyake et al., 2003). The
parameters are obtained by acceleration envelope and displacement waveform inversion for
the 2004, 2005 and 1986 events and MSK intensity pattern inversion for the 1977 event
using a genetic algorithm. The strong motion recordings of the analyzed Vrancea
earthquakes as well as the MSK intensity pattern of the 1977 earthquake can be well
reproduced using relatively small strong motion generation areas, which corresponds to
small asperities with high stress drops (300 — 1200 bar) and high particle velocities (3 — 5
m/s). These results imply a very efficient high-frequency radiation, which has to be taken into
account for strong ground motion prediction, and indicate that the intermediate-depth
Vrancea earthquakes are inherently different from crustal events.

INTRODUCTION

The Vrancea district, located in the South-Eastern part of the Carpathian arc, is affected by
the occurrence of frequent and strong intermediate-depth earthquakes. The peculiarity
regarding these earthquakes is the fact that they are all generated within a narrowly confined
focal volume, whose epicentral area is limited to an extent of approximately 30 x 70 km?.
The depth range is limited to a vertical stripe ranging from around 80 to 200 km. The
observed focal mechanisms of Vrancea earthquakes (e.g. Oncescu and Bonjer, 1997) as
well as the results of a stress inversion by Plenefisch (1996) indicate a thrust regime with
vertical extension and horizontal compression. Two types of fault mechanisms are observed.
The prevalent type is characterized by a NE-SW striking fault plane and perpendicular
maximum compression. All Vrancea events with My = 7 which occurred during the last
century show this kind of mechanism. Fewer events have a NW-SE striking fault plane with
maximum compression in the NE-SW direction.

The strong seismicity at intermediate-depth beneath Vrancea is associated with a subducted
and partially detached slab. The Vrancea earthquakes are interpreted as events within a not
yet completely detached slab segment, in a vertical position (e.g. Sperner et al., 2001). This
interpretation is compatible with the observed thrust fault mechanisms and is strongly
supported by a recent regional tomography study by Martin et al. (2006), which images the
slab and shows clear indications that the seismicity is confined to the slab. Wenzel et al.
(1999) show that the seismic energy release rate of the Vrancea seismogenic zone is the
fourth highest in Europe. Four major shocks with moment magnitudes larger than 6.5
occurred during the last century, namely on November 10, 1940 (My = 7.7), March 4, 1977
(Mw = 7.4), August 30, 1986 (My = 7.1) and May 30, 1990 (My = 6.9).
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Especially the former two led to disastrous consequences on Romanian territory. Bucharest
was affected by seismic intensities of VIII and VII during the 1977 and 1986 earthquakes,
respectively.

We use the empirical Green’s functions (EGF) method of Irikura (1983, 1986, 1999) to get
more insight into the source parameters (source dimensions, slip, slip velocity, static and
dynamic stress drop) of the two moderate earthquakes of October 27" 2004 and May 14"
2005 as well as the large shocks which occurred on August 30" 1986 and March 4™ 1977.
Whereas the strong motion database for the latter two events is rather sparse (especially for
the 1977 event, where only one single observation in Bucharest exists), especially the case
study of the October 2004 event is very promising, as the number of high-quality strong
motion recordings for this earthquake is by far the largest as ever recorded in Romania.

Among the above-mentioned source parameters, stress drop is of high interest in view of
seismic hazard assessment, as it is a key parameter in the estimation of strong ground
motion. Following Brune (1970), the dynamic stress drop controls the high frequency level
(i.e. beyond the corner frequency) of ground acceleration. This is especially important for
earthquake engineering applications, as for large earthquakes, almost the entire frequency
band of interest to this discipline lies beyond the corner frequency. The dynamic stress drop

Ao, can be linked to the average particle velocity on the fault (zy by (Kanamori, 1994):

Ao, =C, 2y, (1)

Vs
where C, is a non-dimensional constant of the order of 2, u is the shear modulus and vs
the shear wave velocity. The static stress drop, on the other hand, can be related to the

strain change D /L (with D being the average displacement on the fault and L the
characteristic source dimension):

D
AO'S = CS,UT , (2)
L
where C; is a non-dimensional constant whose value depends on the source geometry and

the choice of L (Kanamori and Anderson, 1975).

In this study, synthetic time series (acceleration, velocity and displacement) are computed
for the moderate to large Vrancea earthquakes mentioned above in a broadband frequency
range (about 0.4 — 12 Hz) from smaller events using the EGF-method of Irikura and
compared with observed records. As there is only one observation available for the 1977
event, instrumentally determined intensity is compared with the observed macroseismic
intensity (MSK) pattern. Minimizing the cost (misfit) between observations and simulations
enables us to find suitable models for the strong motion generation area (SMGA, Miyake et
al., 2003). A genetic algorithm is used to find acceptable solutions.

DATABASE

All the records from the small earthquakes used as EGF events as well as from the two
considered mainshocks which occurred in 2004 and 2005 (the two moderate ones) were
gathered by the accelerometer network installed by the Collaborative Research Center 461
(CRC 461) 'Strong Earthquakes: A Challenge for Geosciences and Civil Engineering’ of the
University of Karlsruhe in cooperation with the National Institute of Earth Physics (NIEP) in
Bucharest. The network (Bonjer and Grecu, 2004) is operative since 1997 and consists of 44
digital Kinemetrics K2 instruments, mostly located in free-field conditions. The recordings
from the 1986 earthquake as well as from the 1977 event (one recording only) are analogue
observations from an SMA-1 network operated by NIEP (Oncescu et al., 1999a) which have
been digitized.
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Figure 1: Topographic map of the Carpathian area. The Vrancea seismogenic zone is
situated in the bend of the arc. The epicenters of the utilized earthquakes are
marked by stars (big stars for the TARGET events) and the fault plane solutions
of the events are also indicated (the corresponding EGF earthquakes are lined up
in a column with the respective TARGET event). The K2 accelerometers which
provided data for this study are depicted as inverse triangles.

In total, acceleration data from six EGF events (4.0 < My, < 5.0) are used to model the 1986,
2004 and 2005 TARGET earthquakes. The 2004 event is itself used as EGF in order to
simulate the 1977 TARGET earthquake. The hypocentral coordinates, origin times and
depth information of the EGF earthquakes as well as of the TARGET events is listed in
Table 1. The October 2004 earthquake is referred to as TARGET-1, the August 1986 event
as TARGET-2, the 1977 one as TARGET-3 and, finally, the May 2005 earthquake as
TARGET-4. The EGF earthquakes were chosen following the conditions that the focal
mechanisms should be as similar as possible to the one of the TARGET and they should be
located at approximately the same depth.

Fig. 1 shows the epicenters and the locations of the stations used in this study. Additionally,
the focal mechanisms of all earthquakes are displayed. Each analyzed TARGET earthquake
is marked by a large star, and the focal mechanisms of the EGF event(s) associated with it
are lined up in a column with the TARGET’s focal mechanism. The fault plane solutions of
the main shocks are taken from the Harvard CMT catalogue, whereas those of the EGF
earthquakes are from the ROMPLUS catalogue (Oncescu et al., 1999b). The data recorded
from the K2-network have been sampled with 200 samples/s, whereas the analogue SMA-1
recordings were digitized with a sampling rate of 100 samples/s. As a part of the digitization
process, the SMA-1 records have been Ormsby filtered (for most stations between 0.125-24
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Table 1: Hypocentral coordinates, moment magnitudes and origin times of the events used
in this study. The smaller earthquakes used to generate the synthetics are marked
by the identification code EGF whereas the respective large event is referenced to
as TARGET. The information shown in this table was gathered from the
ROMPLUS-catalogue (Oncescu et al., 1999a).

Event ID Date Origin Time | Lat[] | Long []] | Depth [km] | My
EGF1-200209 2002/09/06 | 05:04:02 | 45.64 | 26.43 105 4.1
EGF1-200211 2002/11/03 | 20:30:23 | 45.74 | 26.86 90 4.0

EGF2-19991108 | 1999/11/08 19:22:52 | 45,55 | 26.35 138 4.6
EGF2-19991114 | 1999/11/14 | 09:05:59 | 45.52 | 26.27 132 4.6
EGF2-200004 2000/04/06 | 00:10:39 | 45.75 | 26.64 143 5.0
EGF3-200410 2004/10/27 | 20:34:36 | 45.78 | 26.73 99 5.8
EGF4-199907 1999/07/13 13:10:58 | 45.70 | 26.49 132 4.0
TARGET-1 2004/10/27 | 20:34:36 | 45.78 | 26.73 99 5.8
TARGET-2 1986/08/30 | 21:28:37 | 45.52 | 26.49 132 7.1
TARGET-3 1977/03/04 19:21:54 | 45.77 | 26.76 94 7.4
TARGET-4 2005/05/14 | 01:53:21 45.68 | 26.54 140 5.2

Hz, but for some, as e.g. CFR, only between 0.125-15 Hz). Thus, in view of the frequency
constraints imposed by the digitization process, any analysis performed with the SMA-1 data
is restricted to frequencies lower than 12-15 Hz. In order to create a consistent database, the
digital K2-recordings are downsampled to a sampling frequency of 100 Hz.

Only the horizontal components of the S-wave are used, as the strongest part of the shaking
is usually found there. The data are rotated and, for the inversions, we finally used 15 s SH-
wave signal windows that start 2 s before the S-wave onset, the latter one being picked on
the velocity traces. A key point in using small earthquakes as EGFs to simulate larger ones
is their signal-to-noise (SN) ratio, as only a frequency range with acceptable SN-ratio should
be used in order to avoid scaling up noise instead of signal energy. The SN-ratio of the K2-
data is, as a rule, larger than two up to frequencies between 20-25 Hz, although the most
relevant part of the signal energy is associated with frequencies smaller than about 12 Hz.
Records with unclear S-wave onset or unacceptable SN-ratio are removed from the dataset.
Regarding the SMA-1 digitized data, no SN-ratio analysis is feasible, as these records do not
include any relevant pre-event noise.

In total, 22 records (12 from EGF1-200209 and 10 from EGF1-200211) recorded at 14
locations were included in the inversion of TARGET-1, 14 records (5 from EGF2-19991108,
5 from EGF2-19991114 and 4 from EGF2-200004) recorded at 6 locations were used for
TARGET-2 and 6 records from EGF4-199907 for the inversion of TARGET-4. Concerning
the inversion of TARGET-3, acceleration data from the October 2004 event (TARGET-1 and
EGF3-200410) at 33 locations was used. The considered frequency range (based on a
signal-to-noise ratio analysis of EGF-C200410) was 0.2 — 12 Hz.



International Symposium on Strong Vrancea Earthquakes and Risk Mitigation 107

METHODOLOGY
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Figure 2: lllustration of the EGF technique of Irikura (modified after Oth et al., 2007).

Irikura’s method is based on the self-similarity hypothesis, which in general assumes
constant stress drop over a wide magnitude range. Detailed descriptions of the technique
are given in Irikura (1983, 1986, 1999), Miyake et al. (2003) and Oth et al. (2007), and | refer
the reader to these publications for a thorough discussion of the method. In brief, the fault
plane of the large earthquake (TARGET) is constructed from N subfaults of identical size
(see Fig. 2), and N is determined by the following scaling laws (lrikura, 1999):

%—sz Nandg—CN 3)

w t

r

where |, w, d and t, denote the length, width, displacement and rise time of the EGF event

and L, W, D and T. are the same parameters for the TARGET event. C is the stress drop

ratio (dynamic and static) between the TARGET and EGF earthquake. In terms of seismic
moments M, (TARGET) and m, (EGF), this means:
MO

Cm,

The source model on which the methodology is based is an extended area with
homogeneous slip and rise time (e.g. Kamae and Irikura, 1998; Miyake et al., 2003). A
physical interpretation for this source model has been given recently by Miyake et al. (2003),
who, following the analysis of twelve crustal earthquakes in Japan, came to the conclusion
that the SMGA is equivalent to an asperity within a larger rupture area, where the
background slip area shows practically no stress release. The advantages of the method are
that it neither requires the knowledge of the explicit shape of the slip velocity time function
nor the direct estimation of path and site effects (as long as linear soil behavior is a valid
approximation, which is considered to be reasonable in our case as the peak accelerations
do not exceed 0.2 — 0.3 g, e.g. Su et al., 1998). On the other hand, it is not always easy to
find an appropriate smaller event to be used as EGF, as it should have approximately the
same location and focal mechanism and must be recorded at the same site as the target
earthquake to be synthesized.

N =

“)

Estimation of Spectral Scaling Parameters Cand N

For TARGET-1, -2 and -4, where enough waveform data are available, the scaling
parameters C and N can be derived from the spectral ratios between the TARGET and EGF
spectra (e.g. Miyake et al., 2003; Oth et al., 2007). In frequency domain, the seismic ground
motion Fourier amplitude spectrum (FAS) can be described by:
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U(f)=S(f)-P(f)-G(f), (&)

where U(f) is the observed spectrum, S(f) the source, P(f) the path and G(f) the site
contributions. For the TARGET and EGF earthquakes, the path and propagation effects are
assumed to be the same, as mentioned earlier. If the source contributions show the »®
shape (Brune, 1970, 1971), the spectral ratio between TARGET (U(f)) and EGF (u(f)) is:

1+ f;
U(f):MO‘ fer
u(f) my o, f7 ©

2

Cc,T
where fcr and fg e denote the respective corner frequencies. This ratio tends to a constant
level both in the low and high frequency limits, which, as can be shown (see e.g. Oth et al.,
2007), have the respective values CN° and CN. Thus, C and N can be derived from the
spectral ratios. The results of this procedure are graphically displayed in Fig. 3 and listed in
Table 2. For TARGET-3, the situation is complicated by the fact that there is only one strong
motion observation available, which makes it impossible to provide a reasonable estimate of
C and N from the spectral ratios. In view of the results obtained for the other TARGET
earthquakes, C is set to 1 and N=6 is derived from Eqg. (4). The result obtained in the
inversion for this event can be cross-checked in several ways, which are discussed later.

Table 2: Parameters My/my, fc 1, fce, N and C obtained from the spectral ratio analysis.

Event ID Z—: fer[Hz] | fce[Hz] | N C Num. stat.
TARGET-1/EGF1-200209 211 1.7 8.3 5 |17 12
TARGET-1/EGF1-200211 651 1.6 10.8 7 | 1.9 10

TARGET-2/EGF2-19991108 | 8144 0.3 4.0 16 | 2.0 5
TARGET-2/EGF2-19991114 | 7134 0.3 4.9 17 | 1.5 5
TARGET-2/EGF2-200004 914 0.3 3.1 11 | 0.7 4
TARGET-4/EGF4-199907 57 1.1 3.4 3 | 2.1 4

Inversion Procedure — The Genetic Algorithm

The SMGA is characterized by seven parameters: stress drop ratio C, scaling factor N,
length L, width W, rise time T, and rupture initiation point along strike and along dip. As C
and N have already been determined, the number of free parameters is reduced to five
(strictly speaking, the rupture and shear wave velocities would be additional parameters,
which we regard as fixed, as otherwise the inversion results would be poorly constrained —
different ratios of rupture to shear wave velocity were tested). Thus, the problem which shall
be solved is a non-linear one depending on five controlling parameters. A good way to
approach it is to evaluate many different trial models regarding a certain criterion and to
exploit for instance the concept of the genetic algorithms (e.g. Goldberg, 1989) in order to
find the minimum cost solutions for the SMGA source model of each TARGET earthquake.
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Genetic algorithms work in three main steps:
e Natural selection (the fittest members of the population, i.e. those with lowest cost,
survive, while those with highest cost die off)
e Mating and crossover (the survivors mate in pairs and produce offspring which carry
the mixed traits of the parents)
e Mutation (random changes are included in the genetic information of the offspring)

The algorithm used is described in detail in Oth et al. (2007). For TARGET-1, -2 and -4, the

cost function to be minimized is given by the L2-norm of the acceleration envelopes e and
displacement waveforms u (frequency range 0.5 — 12 Hz for TARGET-1 and -4, 0.4 — 12 Hz

for TARGET-2):
Z (u(’b“‘ - usyn )2 Z (e{)hs - es‘yn )2

3| = 4 (7)
2 2 2 2
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Figure 3: Spectral ratios in order to determine the scaling factors C and N. Top row:
TARGET-1/EGF1-200209. Middle row: TARGET-2/EGF2-19991114. Bottom row:
TARGET-4/EGF4-199907. The left column shows the logarithmic average with
standard deviations and the theoretical curve fit, whereas the right column depicts
the spectral ratios at the individual stations.
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For TARGET-3, as already mentioned above, a waveform-based inversion is not possible.
Therefore, we used the technique of Sokolov (2002) to determine instrumental intensities
from each set of simulations (at 33 locations, using EGF3-200410 respectively TARGET-1
as EGF earthquake) and compared these simulated intensities with the observed
macroseismic intensity map (Radu et al., 1979) using the L1-norm:

cost = Z(|Intensity0bse,w , — Intensity

simulated

). ®)
records

The frequency range utilized in this inversion was 0.2 — 12 Hz. The observed recording at
station Incerc in the city of Bucharest as well as the results of the inversion for TARGET-1
are used as additional information to check the plausibility of the obtained results for
TARGET-3. First, the subelement size for TARGET-3 should be approximately identical to
the SMGA size of TARGET-1. Second, the intensity derived SMGA source model should, if it
is correct, also be able to explain the first-order characteristics of the observed recording of
TARGET-3. As we show below, both these requirements are indeed fulfilled. As the
inversion is not based on waveform data and the intensity computation after Sokolov (2002)
relies on the FAS (thus, no phase information is included in the inversion), we enforced one
further constraint: the aspect ratio of the SMGA was fixed, once to be a square, once to have
an aspect ratio L:W=1:1.5.

RESULTS AND DISCUSSION

The search ranges for the parameters were set to 0.5 — 15 km for L and Wand 0.01 — 2 s for
T, during the inversion for the source parameters for TARGET-1 (M, = 5.8) and TARGET-4
(Mw =5.2), 1 — 40 km for L and W and 0.05 — 5 s for T, during the inversion of TARGET-2
(Mw =7.1) and 2.5 — 60 km for L (W was computed from the enforced aspect ratio) and 0.05
— 5 s for T, during the inversion of TARGET-3 (My, = 7.4). All subfaults were searched for the
rupture starting point location. For TARGET-1 and -2, we performed a combined inversion
with all respective EGF-events. The inversion results with lowest cost values are
summarized in Table 3. For TARGET-1 and -4, the lowest cost was found for a ratio of
rupture to shear wave velocity of vg/vs=0.9, whereas for TARGET-2, the lowest cost was
found for vg/vs=0.7 (we tested vr/vs=0.7, 0.8 and 0.9, with vs=4.5 km/s). For TARGET-3, the
inversion was run with vg/vs=0.9 only in view of the results for TARGET-1 and the fact that
the intensity-based inversion is computationally more time consuming. The genetic algorithm
was run 5 times for each vg/vs to check the stability and uniqueness of the solution.

Table 3: Lowest cost SMGA models resulting from 5 consecutive runs of the genetic
algorithm for each target event with vg/vs=0.7, Vg/vs=0.8, Vr/vs=0.9 for TARGET-1,
-2 and -4. For TARGET-3, the algorithm was run 5 times with vg/vs=0.9 in view of
the results obtained for TARGET-1. The position of rupture initiation is given as
normalized value in the interval [0 1] for TARGET-1 and -2, as these events have
been inverted using several EGFs, whereas it is given absolutely for TARGET-3

and -4.
pos. along pos. along

TARGET | vr/vs | L[km] | W[km] | T;[s] strike dip

1 0.9 1.16 1.78 0.11 0.3 0.7

2 0.7 | 12.84 | 12.60 | 0.26 0.4 1.0

3
(square) 0.9 8.13 8.13 0.96 1 4

4 0.9 3.04 3.67 0.08 1 3
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Waveforms and Intensity Pattern

Several waveform examples in order to illustrate the fit between simulated (with the lowest
cost models given in Table 3) and observed time histories are shown in Fig. 4 (TARGET-1).
In general, the fit ranges from fair to very good, even though in some cases the peak
amplitudes are slightly misestimated (with a maximum factor of about 2). The outcome of the
macroseismic intensity inversion for TARGET-3 is shown in Fig. 5, where the observed
isoseismals are depicted as black lines. Although the scatter is rather large, the main
features can be reproduced acceptably well. If only the simulated intensities were known,
one would probably draw a continuous isoseismal line of value VIII around the epicentral
area and Bucharest instead of separate patches. Only the small patch of intensity VI
around Craiova cannot be reproduced with our data.
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Figure 4: Waveform examples simulated for TARGET-1 (using EGF-200209) with the lowest
cost SMGA source model. For each station, the observed (top) and simulated
(bottom) acceleration (left) and displacement (right) 15 s SH-waveforms are
displayed. Each set of corresponding observations and simulations is scaled to the
same maximum value.
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Figure 5: Comparison of simulated and observed intensities (MSK) for TARGET-3. The
isoseismals of the observed intensity pattern are shown as black lines. The value
of the simulated intensity is written close to each station. The epicenters and focal
mechanisms of TARGET-3 and EGF-200410 (resp. TARGET-1) are additionally
displayed.

Uniqueness of the Solutions

For TARGET-1, -3 and -4, the solutions from several runs of the algorithm were very similar
and thus, for these events, the inverted solutions can be regarded to be well constrained.
This is not the case for TARGET-2 with vg/vs=0.9, as can be seen from the histogram plots
for the 750 best solutions found in 5 runs shown in Fig. 6. On the left side, the histograms for
vr/vs=0.8 are shown, whereas on the right hand side, the ones for vr/vs=0.9 are depicted.

Clearly, for vg/vs=0.9, the width W and rupture initation point along dip present at least three
possible values, whereas the rise time shows a second peak around 1.3 s. Interestingly, the
rupture length and rupture starting point along strike are well constrained. On average, the
costs of the best models for vg/vs=0.9 are about 10-15 % higher than the cost of the best
ones for vg/vs=0.8, which leads to the conclusion that the former models are less probable.
Yet, the differences in cost are not large enough to strictly rule them out, and this ambiguity
for TARGET-2 has to be kept in mind during the oncoming discussion.

Physical Interpretation and Discussion

The lowest cost SMGA source models for the four earthquakes treated in this article are
depicted schematically in Fig. 7. The SMGA dimensions and rise times obtained during the
inversion for TARGET-1 and -3 are remarkably small (around 2 km? for TARGET-1, 65-90
km? for TARGET-3). For TARGET-2 and -4, they are somewhat larger (approximately 160
km? for TARGET-2 and 12 km? for TARGET-4). The rise times are very small for all four
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analyzed Vrancea earthquakes, which directly leads to the conclusion that all of these
events show a high particle velocity.
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Figure 6: Histograms of the 750 best solutions found during 5 runs of the genetic algorithm
for the SMGA parameters of TARGET-2. Left: Histograms for vg/vs=0.8. Right
Histograms for vg/vs=0.9. The white bars indicate the distribution of the starting
models in the initial generation of the 5 runs.

Regarding TARGET-3, it is encouraging to see that the lowest cost SMGA model can
explain the observed record at station Incerc (named INB in this study) quite well (see Fig.
8). Moreover, the SMGA size for TARGET-1 is in good agreement with the subfault size of
TARGET-3. First, this is a good indication that it was not a completely false estimate to use
the stress drop ratio C = 1 between these two events. Secondly, it should be emphasized at
this point that the waveform inversion for the SMGA parameters of TARGET-1 and the
intensity pattern inversion performed for TARGET-3 both provide information on TARGET-
1’s SMGA which is essentially independent of each other and leads to very similar SMGA
sizes and rise times for the October 2004 earthquake (once as the main shock, once as the
subevent). Thus, these results are indeed consistent with each other. Radulian et al. (2007)
determined similar dimensions for this event’s asperity from the pulse width of the source
time function after deconvolution of an empirical Green’s function.

Miyake et al. (2003) interpreted the SMGA to be equivalent to an asperity in the stress-free
field based on a dataset of crustal earthquakes where low-frequency slip inversions were
available. Such slip inversions do unfortunately not exist for the intermediate-depth Vrancea
earthquakes. In order to estimate the spatial extent of the total rupture plane, the only source
of information that we can rely on is the aftershock distribution. The dimensions of the total
rupture area are needed in order to estimate which part of the seismic moment is released
by the SMGA compared to the background slip area. For TARGET-2 (1986), Oncescu
(1989) proposed an asperity of about 160 km? within a total rupture area of about 700 km?,
the latter one having been estimated by the occurrence of aftershocks. The size of our
lowest cost SMGA is surprisingly close to this asperity size estimate. For TARGET-1 (2004),
the situation is complicated by the fact that very few aftershocks occurred (Bonjer, pers.
comm., 2006), which makes it impossible to estimate the extent of the rupture using this
information. For TARGET-3 (1977), Hartzell (1979) and Rékers and Miiller (1982) proposed
fault plane dimensions ranging around 2000 km®.
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If we follow the interpretation of Miyake et al. (2003), the SMGA is considered to be an
asperity within a larger background slip area which is assumed to have no stress drop.
Based on the work of Madariaga (1979) and Boatwright (1988), they proposed to estimate
the stress drop of the SMGA with the following equation, assuming a single asperity model:

7 M
AO—SMGA:B'R_’E’

where M, is seismic moment of the earthquake, R is the radius of the equivalent circular total
rupture plane and ris the radius of the equivalent circular SMGA. Formula (9) means nothing
else than computing the stress drop for a circular crack of radius r with a seismic moment
reduced by the factor r/R to account for the moment release due to the background slip. We
can then (with this reduced seismic moment) use the definition » = x4 - A- D , with A being

(9)

the fault (or asperity) area and D its average displacement, and the rise time T, to compute
estimates for the slip and slip velocity within the SMGA.
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Figure 7: Sketches of the lowest cost SMGA models for the four Vrancea earthquakes
analyzed. The relative dimensions are scaled correctly and the rupture initation
location is depicted by a star. Note the very similar size of the subfault of the
March 1977 (TARGET-3) and the SMGA of the October 2004 (TARGET-1)
events.

With the SMGA- and total rupture area estimates discussed above, the approximate values
listed in Table 4 have been computed (assuming x =7-10" N/m? ). The stress drop for the

October 2004 event has been deduced from the one of the March 1977 event (remember
that we set their stress drops to be equal). From this stress drop estimate and the SMGA
size, a total fault plane area of approximately 30 — 40 km? can be deduced for the October
2004 earthquake.

Two major interesting conclusions arise from these results. First, the March 1977 as well as
the October 2004 earthquakes seem to show 2 — 3 times larger (static) stress drops than the
August 1986 event. The second striking feature is the fact that all the events analyzed seem
to be similar from the dynamic point of view, as they depict almost identical particle velocities
and thus (see Eq. (1)), almost identical dynamic stress drops ranging around 1kbar. These
large particle velocities are responsible for the strong high-frequency radiation. These stress
drops and particle velocities are about one order of magnitude larger than for crustal
earthquakes. Miyake et al. (2003) showed that the SMGA is equivalent to an asperity of
about 100 bar stress release for crustal earthquakes.



International Symposium on Strong Vrancea Earthquakes and Risk Mitigation 115

These large stress drops and particle velocities should also be taken into consideration
when assessing seismic hazard, as they imply a higher energy release than for typical

crustal earthquakes.
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Target

Sim 20041027

Figure 8: Comparison of acceleration (left) and displacement (right) observed (top) and
simulated (bottom) EW component waveforms at station Incerc (named INB) of

TARGET-3.

A final interesting issue is the strong damage produced in Bucharest city during the 1977
earthquake, whereas the city was not that heavily harmed during the 1986 event. As can be
seen from Fig. 7, the directivity effect towards Bucharest within the SMGA is larger for the
1977 earthquake than for 1986, but it may be questioned whether this effect alone and the
somewhat higher magnitude in 1977 is enough to explain the quite large differences in
macroseismic intensities. As the 1977 earthquake apparently showed a larger stress
release, this might also be a decisive component contributing to the differences in intensity
level. As the SMGA size for the October 2004 earthquake is exceptionally small, directivity
effects are probably less relevant for this event.

Table 4: Approximate stress drop, particle velocity and slip estimates for the lowest cost
SMGA models for TARGET-1, -2 and -3. For TARGET-4, there is no information
on background fault dimensions, which makes it impossible to provide an estimate

for these parameters.

Event ID ACgyq, [Par] | (U) [m/s] D [m]
TARGET-1
(October 2004) 900 - 1200 3.5-4.5 08-1.0
TARGET-2
(August 1986) 300 4.0 2.2
TARGET-3 (March 900 3.5 5.0
1977) 1200 3.0 e s
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Figure 9: Left: Scaling of the SMGA size with seismic moment. Right: Scaling of the rise time
with seismic moment. The black line represents the scaling for crustal asperities as
given by Somerville et al. (1999) (the grey dotted lines indicate sizes a factor of 2
and 10 smaller/larger than this scaling). The black dots depict the best solutions for
the four Vrancea earthquakes treated in this work. As the results for the 1986
(TARGET-2) earthquake are ambiguous, the different 'best’ solutions with similar
cost are plotted with open triangles. The results for Japanese interplate
earthquakes (Suzuki and lwata, 2005) are shown by open circles.

The scaling behavior of the SMGA size and rise time with seismic moment is graphically
displayed in Fig. 9. The black line in these figures represents the scaling relations empirically
determined by Somerville et al. (1999) for crustal earthquakes from low frequency finite-fault
rupture models. As can be seen, the SMGA dimensions are smaller by a factor up to 10 for
the four Vrancea earthquakes treated in this study. Only the 2005 earthquake (TARGET-4)
shows an SMGA size a bit larger than expected for a crustal SMGA (Miyake et al., 2003,
show that the SMGA of crustal earthquakes closely follows the scaling of Somerville et al.,
1999). The rise time is systematically smaller than the one expected for crustal earthquakes
by a factor of 2-8, which indicates that the particle velocity will also be larger. Miyake et al.
(2003) conclude that the crustal SMGA, which obeys Somerville et al.’s (1999) scaling
relations, corresponds to a 100 bar (static) stress drop asperity. Thus, if, on average, the
SMGA size of Vrancea earthquakes is smaller by a factor of about 5, the static stress drop
will be, on average, larger by roughly an order of magnitude. Consequently, even though
four earthquakes are of course not a very large dataset (nevertheless, it is the largest
dataset of moderate to strong Vrancea earthquakes in terms of high-quality recordings ever
analyzed), the results presented here lead to the conclusion that the intermediate-depth
Vrancea earthquakes are inherently different from crustal ones.

Do intermediate-depth earthquakes in other areas of the world show similar source
characteristics? Suzuki and Iwata (2005) present SMGA parameters from a very similar
study than the one performed in this work for ten japanese interplate earthquakes (with
depths ranging between 30 and 50 km, which is shallower than the Vrancea events, but yet
larger than for typical crustal earthquakes), which are included as a means of comparison in
Fig. 9. These earthquakes seem to show a very similar scaling behavior of the SMGA,
although the scatter (especially in the rise time estimates) is also rather large. Within the
uncertainity ranges, the results obtained for the four Vrancea earthquakes can be regarded
to be compatible with the ones of Suzuki and Iwata (2005). Thus, there is a line of evidence
which leads to the conclusion that the scaling of the SMGA’s (respectively asperities) for
intermediate-depth and subcrustal interplate earthquakes seems to be different of the one
for crustal earthquakes. The former ones show a larger particle velocity and static stress
drop, and these facts have to be taken into account when performing strong motion
simulations and when assessing seismic hazard from this type of earthquakes.
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CONCLUSIONS

The empirical Green’s functions method of Irikura was used to gain more insights into the
source processes of intermediate-depth Vrancea earthquakes. In this study, the largest
number of high quality strong motion data ever available for a source study of Vrancea
earthquakes has been used to determine source models for the moderate size October 27"
2004 (My = 5.8) and May 14" 2005 (My = 5.2) and the two large March 4" 1977 (My = 7.4)
and August 30" 1986 (Mw = 7.1) events. The application of Irikura’s method to Vrancea
earthquakes leads to small strong motion generation areas. According to the definition of
Miyake et al. (2003), these areas (inside of which constant slip and slip velocity is supposed)
are interpreted as asperities within a total background fault plane with practically no stress
drop. Therefore, for a given seismic moment, a smaller strong motion generation area and
rise time is equivalent to higher stress drops and particle velocities. Our results show stress
drop and particle velocity values within these asperities ranging between 300 and 1200 bar
and 3 and 5 m/s respectively. Crustal earthquakes usually show stress drop values between
10 and 100 bar and particle velocities lower than 1 — 2 m/s (e.g. Kanamori, 1994). Miyake et
al. (2003) presented evidence that the strong motion generation areas of crustal
earthquakes show a stress release of about 100 bar. Thus, the events treated here are
inherently different. The large particle velocities imply a particularly efficient high-frequency
radiation. These facts are of high importance for strong ground motion prediction for large
earthquakes in the area and have to be taken into account when assessing Romania’s
seismic hazard.
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