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Abstract

Our study presents an application of the deterministic approach to the particular case of

Vrancea ntermediate-depth earthquakes to show how efficient the numerical synthesis is in

predicting realistic ground motion, and how some striking peculiarities of the observed intensity

maps are properly reproduced. The deterministic approach proposed by Costa et al. 993 is

particularly useful to compute seismic hazard in Romania, where the most destructive effects are

caused by the intermediate-depth earthquakes generated in the Vrancea region. Vrancea is unique

among the seismic sources of the World because of its striking peculiarities: the extreme

concentration of seismicity with a remarkable invariance of the foci distribution, the unusually

high rate of strong shocks (an average frequency of 3 events with magnitude greater than 7 per

century) inside an exceptionally narrow focal volume, the predominance of a reverse faulting

mechanism with the T-axis almost vertical and the P-axis almost horizontal and the more efficient

high-frequency radiation, especially in the case of large earthquakes, in comparison with shallow

earthquakes of sirnilar size.

The seismic hazard is computed in terms of peak ground motion values characterizing the

complete synthetic seismograms generated by the modal summation technique on a grid covering

the Romanian territory. Two representative scenario earthquakes are considered in the

computation, corresponding to the largest instrumentally recorded earthquakes, one located in the

upper part of the slab (M, = 74; h = 90 km), the other located in the lower part of the slab (Mv

7.7; h = 150 km).

The seismic hazard distribution, expressed in terms of Design Ground Acceleration

values, is very sensitive to magnitude, focal depth and focal mechanism. For a variation of 03

magnitude units the hazard level generally increases by a factor of two. The increase of the focal

depth leads to stronger radiation at large epicentral distance (I 00 - 200 km), and smaller radiation

in the near-epicenter area. Certainly, the structural modeling is another essential factor in shaping

the hazard distribution pattern. We consider in this paper the influence of the lateral variation of

the upper mantle structure, suggested by the new tomography results in Vrancea region (Martin et

al., 2002). Our results suggest that the deterministic modeling is a more sensitive way of

constraining source parameters (magnitude, depth and focal mechanism) than the usual seismological

methods and3 that it can be used to improve the knowledge about the seismological prameters of the

historical events.



Introduction

The deterministic approach proposed by Costa et al. 1993) has been successfully applied to

compute seismic hazard in many countries, see for example the special volume 157 of Pure and

Applied Geophysics (AA.VV., 2000) dedicated to assess the Seismic Hazard of the Circum-

Pannonian region.

One of the important advantages of this method, against the traditional ones, is represented

by the possibility to analyze how specific source and path properties control the seismic hazard

distribution. This is even of higher significance for Romania, where the seismic hazard is mostly

due to the subcrustal earthquakes located in the Southeast Carpathians (Vrancea region) and

where standard procedures for seismic hazard assessment are not suitable (e.g., Musson, 2000).

The modeling of the ground motion attenuation by empirically-derived simplified "functions",

like in probabilistic approaches, is obviously inappropriate for Vrancea intermediate-depth

earthquakes, since observation and theoretical arguments show that the peak ground motion

values are significantly higher at epicentral distances of the order of 100-200 km than in the

epicenter area.

Vrancea is a well-defined seismo-active area of Europe, located at the sharp bend of the

Southeast Carpathians (Fig. 1), concentrated in an unusually narrow, near-vertical focal volume,

embedded in the upper mantle at intermediate depths 60 - 220 km). Although the active focal

volume is exceptionally reduced and isolated and the subduction process is supposed to be in a

relic stage at present, a high rate of seismicity is generated here (an average frequency of 3 shocks

with moment magnitude greater than 7 per century). Another particularity, possibly unique, of

this seismic region is the extremely efficient transmission of the seismic energy from the focus to

the Earth surface. To our knowledge, there is no other area in the World with such destructive

effects caused by intermediate-depth or deep events, like Romania and its neighboring countries.

The strongest earthquakes (Mw > 7 that occurred in the last century 1908, 1940, 1977, 1986)

caused many casualties and large damage over a wide part of the European territory. The death

toll of the Vrancea 1977 event was of 1560 victims and 11320 injured, 32 high reinforce-concrete

buildings collapsed in Bucharest and two towns (Giurgiu and Zinmicea, located at more than 200

km from the epicentral area) were practically destroyed. Heavy damages were reported also in the

neighboring countries.
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Peculiarities of the Vrancea source

The first striking peculiarity of the Vrancea source is the extreme concentration of the

seismic active volume. The epicentral dstribution of the Vrancea earthquakes with magnitude M,

3 occurred between 1980 and 1999, plotted in Fig. 2 is elongated parallel to the Carpathians arc

on a NE-SW direction and affects an area smaller than 3000 km2 . In Fig. 3 we represent the

distribution of the earthquake foci for two separated 10-year time intervals: 1980-1989 and 1990-

1999, for events with magnitude M, 3 on two vertical cross sections: one parallel (N 30' E)

and the other perpendicular (N 1200 E) to the Carpathians chain. The two independent sets of

earthquakes lead practically to the same geometry of the seismic active volume, despite the fact

that the first time interval includes the strong event of 30 August 1986 (M = 7 , h = 131 km),

located in the lower part of the slab, and the second time interval contains the strong event of 30

May 1990 (M, = 69, h = 90 km), located in the upper part of the slab. A slight relative increase

of the seismicity is noticed in the upper part of the slab 80-90 km depth), and in the lower part of

the slab 120-150 km), as shown by the distribution with depth of the seismic activity (Fig. 4 A

reduction of seismicity around the depth of 100 km is visible in the NE400SW vertical cross

section, especially in the 1990-1999 time interval. This variation in seismic activity is only

partially explained by the numerical modeling of Ismail-Zadeh et al. 2000), who computed the

depth distribution of the average seismic energy release in Vrancea for a model of a slab

gravitationally sinking in the mantle. However, their result suggests rather a continuous

distribution of the seismicity along the slab. The sharp cut off in seismicity at 60 km and 18 km

of depth is probably caused by a transition in the physical and heological parameters of the

lithosphenic material at these depths. An isolated earthquake occurred on 16 May 1982 at 218 km

depth (M, = 41), and this is in agreement with the most recent tomographic images indicating

the presence of a high-velocity body of significantly larger volume than that delimited by the

earthquakes foci (Martin et al., 2002).

Another remarkable feature of the Vrancea intermediate-depth earthquakes is the

predominance of a specific focal mechanism: all the major earthquakes (M,. > 7 are

characterized by a reverse faulting mechanism with the T-axis almost vertical and the P-axis

almost horizontal (Fig. 5). Consequently, we can naturally define for our computations (as a first

approximation) a homogeneous seismic zone with a typical focal mechanism.

The analysis of the scaling properties of the Vrancea source using broadband records at

teleseismic, regional and local distances (Gusev et al., 2001) over an extended magnitude range

Q M, 75), outlines a rough similarity with the scaling laws typical for crustal events (e.g.,

Thatcher and Hanks, 1973). However, there is a significant deviation at the largest magnitudes,
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implying a more efficient high-frequency radiation in the case of intermediate-depth events as

compared with shallow events, and higher stress drops. For magnitudes larger than 65, if we fix

the seismic moment value, the comer frequency (related to source dimension) for a Vrancea

intermediate-depth event is one order of magnitude higher than te corresponding comer

frequency for a standard shallow event.

Since for seismic hazard purposes, the interest is focused on high frequency radiation of

the largest shocks, we shall use in our computation a modified version of the scaling curves

proposed by Gusev 1983) for sha Ilow earthquakes (Fig. 6, which fits te scaling for the Vrancea

largest earthquakes (Gusev et al., 2001).

Using this scaling, Moldoveanu and Panza 1999) succeeded to reproduce, for periods

greater than I s, the recorded ground motion in Bucharest (capital of Romania) due to Vrancea

May 30, 1990 event Mw = 69), at a very satisfactory level for seismic engineering.

Computation method

The numerical synthesis of the ground motion, taking into account the source, the wave

propagation path and the local site geology, represents the key element for reliable ground motion

predictions. The hazard is computed in terms of maximum displacement (dmax), maximum

velocity (V,,,,,) and Design Ground Acceleration (DGA) using a deterministic approach (Costa et

al., 1993). The DGA is equivalent to the Effective Peak Acceleration (EPA), defined as the

average spectral acceleration in the period interval from 0.1 s to 0.5 s, ivided by 25. Complete

P-SV-waves and SH-waves seismograms are generated by the modal summation technique

(Panza, 1985; Panza and Suhadolc, 1987; Florsh et al., 1991; Panza et al., 2001) on a regular grid

covering the whole Romanian territory. The synthetic signals are computed with the cutoff

frequency of I Hz.

The computation method requires two sets of input parameters, one related to sources, the

other to structure modeling. Due to the extremely narrow area of projection on the Earth surface

of the focal volume (Fig. 2 we assume that the focal depth influence on the ground motion

characteristics is much more important than te influence of the epicenter location. Therefore, we

set the epicentral coordinates roughly in the center of the epicentral aea 45.6' N latitude and

26.6' E longitude). According to the possible segmentation of the subducting slab, we choose two

representative foci, one located in the upper part of the slab (h = 90 km), corresponding to the

earthquake of March 4 1977 (M = 74 - source 1) and the other located in the lower part of the

slab (h = 150 km), corresponding to the earthquake of November 10, 1940 (M,, = 77 - source 2.
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Since the observed focal mechanisms are close to each other (Fig. 5) and agree with the

generally observed reverse faulting, we consider a common fault plane solution for both scenario

earthquakes:

strike = 225',

dip = 60',

rake = 80'

The synthetic seismograms computed for a point source model, with a conventional unit

of the seismic moment (107 Nrn), are scaled to the proper seismic moment, using the scaling

curves modified after Gusev's 1983) curves (Fig. 6. More specifically, if we denote by AaO the

standard stress drop (with typical average value of the order of 30-50 bar), for a non-standard

stress drop value Acy = q AuO, we assume, as a first approximation, that the observed spectrum

can be calculated from the spectrum of a typical event with the seismic moment MO = M/q. If,

instead of q, we use the parameter = g (q = g (Ac;j/Aao), then to account for the non-standard

stress drop value, we take the regular spectrum for A = M - 2/3) 5 and multiply the result by

I 08.

For te definition of the structural model, Radulian et al. 2000) prepared a set of 14

regional polygons that roughly follow the contact between the main different tectonic units and

cover the whole Romanian territory. For each polygon, an average layered structure is specified.

If the propagation path crosses some structural units' boundary, the structure at the receiver is

considered in the computations as representative for the whole path.

Seismic hazard

The seismic hazard in terms of DGA corresponding to the sources I and 2 is plotted in Figs.

7 and 8, respectively. The DGA values are estimated by calibrating the computed design response

spectrum (5% critical damping) with the observed design response spectrum characteristic for

Vrancea earthquakes at frequencies below I Hz (Radulian et al., 2000). The DGA values decrease

by a factor of two if we use, as input, the magnitude and the depth associated with the 1977 event

(M, = 74, h=90 km), instead of the values associated with the 1940 event M = 77 and h = 150

km). For the deeper focus the attenuation is smaller at greater distance from the epicenter. The

focus depth has an opposite effect in the epicentral area, where the DGA values are relatively

higher for the shallower earthquake. A characteristic effect of the intermediate-depth earthquakes

is the near-epicenter local minimum.
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The historically-based 'intensity maps (Figs. 9 and 10) show the sameeffect in the near-epicenter

area. he NE-SW elongated area of maximum acceleration values, located southeastward of the

epicenter, is also well reproduced. The second maximum predicted by the computed hazard map to

the northwest of Vrancea ('in the Transylvanian depression) and to the northeast of Vrancea (in the

Moldavian platform), is not echoed in the size of the historical intensities (at least one degree of

MSK-64 intensity difference). We can formulate three possible explanations for these differences: )

some important lateral nhomogeneities in the mantle, with a strong attenuation to the NW, which we

did not considered; (ii) differences in the vulnerability; (iii) our modeling is not able to capture

some crucial source aspect (source directivity or source complexity, for xample).

Maps of other seismic hazard parameters of practical use for the design of earthquake-safe

structures, such as peak ground displacement and velocity have been compiled (Radulian et al.,

2000). The peak-ground motion parameters obtained in Bucharest city (which is particularly

affected by Vrancea earthquakes) are: DGA = 023 g, v,�,a. = 27 cm/s, d.,, = 18 cm for 1977

shock and DGA = 052 g, vna, = 105 cm/s, d., = 42 cm for 1940 shock. For the shock of 1977,

one acceleration record is available in Bucharest (the only acceleration data available until the

1977 shock occurred; after this major event, the Romanian strong otion network has been

significantly developed). The observed values, DGA = 020 g, v., = 65 cm/s, d., = 15 cm, are

in good agreement with the synthetic values.

To compute the DGA values, we selected the most conservative response spectra among

those especially determined for the Romanian intermediate-depth earthquakes (Lungu et al.,

1995): the design response spectrum specific for the Moldova region. When using the design

response spectrum representative for the Bucharest area (soft soil) in the city the synthetic DGA

for the 1940 event is around 0.25g and, if we consider the expected rduction of peak velocity

and displacement of about 40%, due to non-linear phenomena in the uppermost sedimentary

layers (Marmureanu et al., 1999) the synthetic vm,,� and d,,.,, are around 60 cm/s and 25 cm,

respectively.

In our previous computations (Radulian et al., 2000), we considered a uniform structure

for the upper mantle over the entire investigated territory (we shall denote it in the following as

structure 1). Starting from the recent tomography results in Vrancea region (Martin et al., 2002),

which outline significant lateral nhomogeneity in the upper mantle across the Carpathian arc, we

modify the structure parameters to characterize a 'shield' type upper mantle and a 'tectonic' type

upper mantle in the Carpathians foredeep and in the Carpathians back-arc area, respectively. The

lithospheric structure is kept unchanged everywhere, with respect to the omputations of Radulian

et al. 2000).
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We consider the following variants of structure I variant 1): variant 2 where the seismic

wave velocities in the low velocity channel are increased from v = 425 km/s to 440 km/s is

assigned to the structural polygons located outside the Carpathians arc; variant 3 where the

seismic wave velocities in the low velocity channel are decreased from v = 425 km/s to 415

km/s, is assigned to the structural polygons located inside the Carpathians are. They correspond to

a 3 and, 2 P-wave velocity contrasts, respectively, as revealed by the tomographic image

(Martin et al., 2002). Fig. I I shows the resulting changes in DGA, with respect to the values

given by Radulian et al. 2000). Similar results are obtained for peak ground displacement and

velocity. The effects are concentrated into two patches lying to the SE and NW sides of the

Vrancea region, which coincide with the patches of maximum DGA values in Figs. 7 and 8 A

decrease is observed toward SE, while the new DGA values tend to slightly increase toward NW.

For the rest of the territory, the changes are less than 5% (white areas on the maps). The

variations do not exceed 100% and they do not change significantly the previous (Radulian et al.,

2000) hazard distribution, which is based on classes differing by 100%.

In variant 4 we modified not only P- and S-wave velocity, but also the Qs values, from

100 to 300 (and correspondingly the Qp values), in the low velocity channel beneath the 'shield'

region. With respect to variant 1, we observe a smaller reduction of the values in the SE patch,

and an increase of the DGA toward NE and SW, especially at larger distance (Fig. 12). This last

result well reproduces the observations.

A common feature to all variants is that the effects are higher at larger distances from the

epicenter, when the source is deeper.

Conclusions

We present an application of the deterministic approach proposed by Costa et al. 1993 to

the very particular case of Vrancea intermediate-depth earthquakes. Our analysis shows that the

numerical synthesis of the ground motion is a key element for its realistic prediction. One of the

basic assumptions of the traditional probabilistic approach is the epifically-derived laws for the

ground motion attenuation, which proves to be totally inadequate for subcrustal source. Instead,

the deterministic approach shows how crustal and upper mantle structural parameters affect

attenuation, since the ground motion is not derived from overly simplified attenuation

"functions", but rather from synthetic time histories.

Our analysis, based on two typical cases corresponding to the largest instrumentally

recorded Vrancea earthquakes, one at relatively shallow depth (March 4 1977, h = 90 km, M
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7.4), the other deeper (h = 15 k, M, = 77), outlines the significant role played by the focal depth

in the seismic hazard distribution pattern. First, a strong reduction in the PGA values is obtained in

the epicentral area (Figs. 6 and 7 which is more important when the hypocenter is deeper. Second,

the attenuation is smaller at large distance for the deeper focus, than or the shallower one. Our

results agree with the available observations, which report unusually high peak ground motion values

at large distances (in Bulgaria or Rep. Moldova, for example), frequently higher than the near-

epicenter ones.

Besides focal depth, the seismic hazard level is highly sensitive to the variation of the

earthquake magnitude (rougWy a factor of two in PGA for a variation of 0.3 in magnitude units). The

present results suggest that perhaps our modeling is a more sensitive way, mainly for intermediate-

depth events, of determining magnitude, depth and focal mechanism than the usual seismological

practice and that it can be used to iprove the retrieval of the source arameters of the historical

events.

The recent tomographic image of the Vrancea area (Martin et al., 2002) outlines significant

lateral variations in the upper mantle structure: lower velocity values toward NW, and higher

velocity values toward SE relative to a standard reference model. A new computation is made in

the present paper to determine how much this lateral inhomogeneity is modifying the seismic

hazard distribution. Two cases are considered: (i) change in velocity only (variants 2 and 3 and

(ii) additional change in Q values (variant 4. The changes are limited to the low velocity channel

which ranges from 50-100 km to 220-250 km of depth. In all cases, the new seismic hazard

values differ by less than 15%, in comparison with the previous ones, btained with variant (no

lateral variation in the upper mantle structure). Even if the changes are not critical for practical

purposes, they outline the important role played by the upper mantle, low velocity channel in

distributing the peak ground motion values due to intermediate-deptb events. The 'shield'

character of the Carpathians outer-arc region partly explains the strong elongation of the

macroseismic effects in the NE-SW direction. The presence of the low velocity channel seems to

be, to some extent, 'responsible' for the high computed values in the northwestern part

(Transylvania), which are significantly higher in comparison with historically-based intensity

maps (the infori-nation for this part of the Romanian territory is extremely scarce, however). If the

seismic energy toward NW is less efficiently transmitted than our computations indicate, or if it is

mainly a vulnerability problem, remains still a question for future investigation. The recent

significant increase of instrumental data for the Vrancea region offers an excellent background to

elucidate this problem.
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Strong earthquakes are very rare phenomena and this makes the preparation of a

sufficiently large database of recorded strong ground motion signals, that could be analyzed in

order to define generally valid ground motion parameters, to be used in seismic hazard

computations very difficult (practically impossible in the near future). Our result represents a

good example of the possibility to produce important information for seismic risk mitigation

using what is available now, and to improve scenarios as new data become available.
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Figure captions

Fig. 1. Location of the Vrancea area.

Fig. 2 Epicentral distribution of the Vrancea earthquakes which occurred between 1980 and 1999
(M, 3.

Fig. 3 Vertical cross-sections with the ypocentral distributions for events with magnitude M, >
3 generated in two separate 10-year time intervals: (a) 1980 - 1989; (b) 1990 - 1999. The
reference point is 45.5 N, 26.5E).

Fig. 4 Distribution of focal depth for earthquakes with magnitude M,,,, �" 3 which occurred in
1980 - 1999 time interval. Earthquake hypocenters are from the Romanian catalog (Oncescu et
al., 1999).

Fig. 5. Typical focal mechanisms for the latest Vrancea strong earthquakes. The polygon
schematically represents the Vrancea epicentral area.

Fig. 6 Spectral scaling curves for shallow events (Gusev, 1983) - dashed lines, and modified for
deep events - solid lines.

Fig. 7 Seismic hazard corresponding to the 1977 source (M'. = 74; h = 90 km). DGA is
expressed in units of gravity acceleration (g). Star - epicenter.

Fig. 8. Seismic hazard corresponding to the 1940 source (M" = 77; h = 150 km). DGA is
expressed in units of gravity acceleration (g). Star - epicenter.

Fig. 9. Isoseismal map of the November 10, 1940 earthquake (Demetrescu, 1941). Star -
epicenter.

Fig. 10. Isoseismal map of the March 4 1977 earthquake (Radu et al., 1979). Star - epicenter.

Fig. 11. DGA variation relative to the initial modeling, variant 1 (Radulian et al., 2000). New
computations are made for variants 2 and 3 (lateral variation of the seismic velocities in the low
velocity channel). (a) shallower source M, = 74; h = 90 km); (b) deeper source (M, = 77; h =
150 km). White areas mean practically no changes relative to the values obtained with variant ;
negative/positive values mean increase/decrease of the DGA with respect to variant .

Fig. 12. DGA variation relative to the initial modeling, variant I Radulian et al., 2000). New
computations are made for variant 4 (lateral variation of the seismic velocities and Q in the low
velocity channel). (a) shallower source (M,,,, = 74; h = 90 km); (b) deeper source M,, = 7.7; b =
150 km). White areas mean practically no changes relative to the values obtained with variant ;
negative/positive values mean increase/decrease of the DGA with respect to variant .
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