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Crustal thickness in Vrancea area-Romania from S to P converted waves

Crustal thickness (CT) in Vrancea region (Romania) and adjacent area is investigated using 1294 S to P converted waves from the Moho discontinuity. A total of 269 local earthquakes in the depth range 99.8 to 171.1 km and recorded by 76 permanent and 46 temporary stations of the Romanian Seismological Network are used. Time difference between the converted wave and the direct P phase is corrected to a first order for epicentral distance and for the errors in focal depth, being finally inverted to CT. Greatest values for the Moho depth are observed for stations located in the Carpathians molasse foredeep and smaller values are observed in the Southern part of the Moesian Platform, for stations in the eastern part of Moldavian (East-European) Platform and in Dobrogea area, close to the Black Sea shoreline. In Vrancea epicentral area, an important CT variation is observed, from 42 km at MLR and 41.8 km at SIR, stations placed in the south-western part of the epicentral area, to 30.9 km at VRI, located above north-eastern part of the seismogenic volume. Stations CVO and OZU, placed in Transylvanian Basin in the proximity of the epicentral area, have CT values of 32.1 and 24.1 km, respectively. The results seem to support that a mantle delamination process is responsible for Vrancea intermediate depth seismicity.

Introduction

Vrancea zone is one of the most active intra-continental seismic areas in Europe (Fig. 1), with potential seismic hazard associated to a few intermediate depth earthquakes (1940, November, 10th, Mw=7.7, H=150 km;1977, March, 3rd, Mw=7.4, H=94 km;1986, August, 30th, Mw=7.1, H=131 km;1990, May, 30th, Mw=6.9, H= 91 km;1990, May, 31st, Mw=6.4, H=87 km). Surrounding Vrancea, the stations of the Romanian Seismic Network (Fig. 2) are placed in different tectonic units, i.e. Moldavian (East-European) Platform, Carpathian Arc and Moesian Platform. Attempts to explain the Vrancea seismicity cover almost the whole range of the actual existing geodynamic scenarios (see a synopsis in [START_REF] Mucuta | Constraints from Moho geometry and crustal thickness on the geodynamic origin of the Vrancea Seismogenic Zone (Romania)[END_REF]). However, both the nature of the sub-crustal seismic activity, which is confined to a near vertical volume, and the fine details tectonic structure in Vrancea and adjacent area are still open to various scientific debates [START_REF] Milsom | The Vrancea seismic zone and its analogue in the Banda Arc, eastern Indonesia[END_REF]. Frequently, a conspicuous phase located between P and S (Fig. 3) can be observed for events exceeding 100 km depth and recorded at epicentral distances less than 2°. The arrival time, particle motion and the frequency content (which is, at least in several cases, also intermediate between P and S) suggest that phase to be a S wave converted and transmitted as P on the Moho discontinuity (e.g. [START_REF] Båth | S-P conversion at the base of the crust[END_REF][START_REF] Smith | S to P Conversions as an aid to crustal studies[END_REF]. It is best observed at stations projected in the proximity of a nodal plane on the focal hemisphere, as it is also suggested by the relative amplitude ratios on synthetic seismograms obtained by the reflectivity method [START_REF] Wang | A simple orthonormalization method for the stable and efficient computation of Green's functions[END_REF]. Such converted phases have been extensively observed in various regions of the world and used to map the lithosphere-astenosphere boundary [START_REF] Sacks | The use of converted phases to infer the depth of the lithosphereastenosphere boundary beneath South America[END_REF], the crustal thickness [START_REF] Regnier | Crustal Thickness Variation in the Andean Foreland, Argentina, from Converted Waves[END_REF][START_REF] Narcía-López | Determination of crustal thickness benetah Chiapas, Mexico using S and Sp waves[END_REF]), the location of the upper slab-astenosphere interface [START_REF] Nakamura | Fine structure of deep Wadati-Benioff zone in the Izu-Bonin region estimated from S-to-P converted phase[END_REF], or the geometry of the upper boundary of the plates [START_REF] Ohmi | Seismic wave conversion near the upper boundary of the Pacific plate beneath the Kanto district, Japan[END_REF]. In this paper, the time difference between the converted phase (sp) and the direct p wave is corrected to a first order for epicentral distance and for the event depth by using the local velocity model (LVM) routinely used in earthquake location by the Romanian National Institute for Earth Physics (NIEP) [START_REF] Oncescu | Deep structure of Vrancea region, Romania, inferred from simultaneous inversion for hypocenters and 3-D velocity structure[END_REF]. By using a method to minimize the errors in focal depth, the corrected time difference values (sp -p) are inverted to evaluate the crustal thickness in (proximity of) Vrancea. The CT values are finally compared to the previous results provided by active seismic experiments in the area, by the receiver function analysis, by the inversion of the surface waves and to the values suggested by the astronomic quasi-geoid heights map.

Method

Let ij t be the observed minus computed (O-C) difference between the arrival of the converted sp phase and the direct P wave, manually picked at the j-th station for the i-th earthquake
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Especially for small epicentral distances, the errors in focal depth (routinely around 10-15 km) are shifting the computed sp-P time difference by a near constant value i C , which is approximately the same for all the recording stations (Fig. 4). Hence, to a first order, the difference
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(2) will be a characteristic of each j-th station, depending mainly on the Moho depth beneath the recording station. It can be evaluated from a weighted least-squared minimum
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where ij w are the values of the weights, NE is the total number of earthquakes and NS is the total number of stations which recorded a certain i -th event. Vanishing the first-order partial derivatives of (3) with respect to i C and j t , it follows the unknown values of j t are obtained by solving the linear system
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and
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where kj  is Kronecker's symbol.

The value of j t has been assumed to be the same for stations with close location and/or in very similar tectonic settings. In such case, a representative station located in the proximity of the centroid of the whole group has been selected. For each (group of) station(s), an average earthquake location was evaluated. Its coordinates is the arithmetic mean of latitudes, longitudes and depth values of all the events recorded by that (group) of station(s) (Table 1). Piercing points to Moho of p and sp waves were obtained for every (representative) station and for the corresponding average earthquake using the LVM with the Moho depth at 40

km. The values of j t were interpolated with the minimum curvature method in a grid of 81 (latitude) by 100 (longitude) cells, being assigned to the mid-point between p and sp piercing points. For every (representative) station and corresponding average event, the value of j t was converted to Moho depth (M_d) by a trial and error method. The value of 40 kms assigned to M_d into the LVM and used in (1) was slightly modified until j t value was reached. All the other parameters of the LVM remain unchanged. For the 52 (representative) stations (Table1), there is a linear correlation between the evaluated Moho depth and j t values (Fig. 5) which was used to obtain M_d for the rest of the grid points.

Data collection

Three sources of digital waveforms available at NIEP Data Center have been used

in this study. The first one is represented by the recordings of the Geotech S-13 network (white triangles in Figure 2) during 1982-1997, which produced 61 earthquakes for the analysis. That network had a 50 Hz sampling and a common time base for all the stations (most of them being equipped with vertical sensors only). A second source, which provided 186 events for the period 1997-2007, June 30th, is the K2 network [START_REF] Bonjer | Source-and site-parameters of the April 28, 1999 intermediate depth Vrancea earthquake: First results from the new K2 network in Romania[END_REF] (black triangles in Figure 2), with a variety 3-component instruments at 200 Hz sampling and individual GPS timing. The third source was Calixto 99 experiment (Figure 6) which provided another 22 events. Several waveforms have been obtained also from GFZ Data

Center, for the Romanian broad-band stations. All the existing recordings have been checked for the presence of conspicuous P and sp converted phases. In each case, a weight (good, fair and poor) has been ascribed to each sp / p reading, depending on the signal to noise ratio and to the presence of signal on both vertical and radial channels (where available). Only earthquakes showing sp phases at two or more stations (at least one of them with fair or good weight) have been selected and processed according to eq.( 1)-( 6). The computed values have been evaluated using TauP Toolkit [START_REF] Crotwell | The TauP Toolkit: Flexible seismic travel-time and raypath utilities[END_REF] for the LVM having the Moho depth at 40 km [START_REF] Oncescu | Deep structure of Vrancea region, Romania, inferred from simultaneous inversion for hypocenters and 3-D velocity structure[END_REF]. Event locations are provided by the updated Romplus catalogue [START_REF] Oncescu | The Romanian Earthquake Catalogue between 984-1997[END_REF].

Results and discussion

The above estimations of Moho depth have been compared to the results obtained in the area from receiver function analysis [START_REF] Diehl | The crustal structure beneath SE Romania from teleseismic receiver functions[END_REF][START_REF] Geissler | Upper mantle and lithospheric heterogeneities in central and eastern Europe as observed by teleseismic receiver functions[END_REF][START_REF] Tãtaru | Research on lithosphere structure in Romania by using receiver functions method[END_REF]. The values in Table 2 suggest that the errors in the Moho depth estimations in this study are around ±3 kms, with a noticeable difference at station E25 where the difference is around 10 km. There is a good agreement too in respect to the Moho depth at shot points G, H, K, L and M of the controlled seismic experiment VRANCEA99 (Hauser et al. 2001). For the shot points D, E, F, R, S, T (VRANCEA99, VRANCEA2001), the Moho depth estimated from sp conversions seems to be underestimated by around 7-8 km. The discrepancies could be due to lateral variations of P wave velocity, especially in the crust, or a failure of the interpolation technique. The minimum curvature method is assuming a continuous, smooth geometry of a thin elastic plate (e.g. [START_REF] Briggs | Machine contouring using minimum curvature[END_REF], which could not be valid in the presence of a few crustal faults (see Fig. 1).

Furthermore, most observations at CFR station (which provided the Moho depth in the area of shot points R and S) are of low quality, especially because the arrival of P wave at that station is routinely difficult to be identified accurately.

Greatest negative values of j t are obtained in Carpathians mollasse for-deep and Focsani Basin, similar to the features suggested by the quasi-geoid heights (Fig. 2). The geodetic values are related to the variations of the Newtonian potential on the Earth surface, mostly as a result of both density contrast between the crust / upper mantle, and to the Moho topography. In the southern part of the investigated area (proximity of Bucharest city), a clear increase of the j t values is observed from North to South, suggesting a decrease of crustal thickness toward Danube. This feature is in agreement to the results provided by surface wave dispersion [START_REF] Raykova | Surface waves tomography and non-linear inversion in the the southeast Carpathians[END_REF]. In the Eastern most part of the Figure 7, An important variation of attenuation have been reported here by [START_REF] Ivan | Attenuation of P and pP waves in Vrancea area -Romania[END_REF].

Stations CVO and OZU, located in Transylvanian Basin in the proximity of the epicentral area, have CT values of 32.1 and 24 km, respectively, in agreement to the value around 27.5 at the temporary station S07 of CALIXTO99 experiment [START_REF] Diehl | The crustal structure beneath SE Romania from teleseismic receiver functions[END_REF] and to [START_REF] Raykova | Surface waves tomography and non-linear inversion in the the southeast Carpathians[END_REF] observations in cell 15 f (28.5-33.5 km). However, shot points U and W (VRANCEA2001 experiment) provided here a Moho depth around 34 km and a strong reflector around 27 km depth has been assumed to represent a limit separating the middle / lower crust by [START_REF] Hauser | Seismic crustal structure between the Transylvanian Basin and the Black Sea, Romania[END_REF].

Converted phases can be also used to provide an estimation of focal depth. For example, the value of i C in eq.( 2) for the 2005/04/04 event (Figure 3) is -2.07 seconds. It suggests that the assumed depth of 141 km (Romplus catalogue) is overestimated by around 20 km (see Figure 4), in agreement with the depth provided by other agencies (i.e. 120 km / SOF /, 121.1 km / CSEM / and 115.5f / NEIC /)(see details in ISC Catalogue). Considering the observations in Figure 8 and the LVM with the Moho depth at 40 km, the rms values for (O-C) sp-p time differences are 2.45 s (for the focal depth at 141 km) and 0.77 s (for h=121 km).

The rms value is further decreased to 0.53 s for the LVM with variable Moho depth and h=121 km.

Conclusions

Converted waves appear to be an useful tool for investigating crustal thickness in Vrancea and adjacent areas. Most results are in good agreement to the values derived by various techniques (receiver function, active seismic experiments, surface wave dispersion). Proper identification of the converted sp phase can improve the accuracy of intermediate depth event location (especially the focal depth), better constraining the focal mechanism too. Including such waves into local tomographic investigations can substantially improve the resolution of the derived models. The thin crust obtained from converted phases in the epicentral area might support the mantle delamination as a possible geodynamic mechanism for Vrancea seismicity (e.g. [START_REF] Gîrbacea | Slab in the wrong place: lower lithospheric mantle delamination in the last stage of the Eastern Carpathian subduction retreat[END_REF][START_REF] Sperner | Slab break-offabrupt cut or gradual detachment ? New insights from Vrancea region (SE-Carpathians, Romania)[END_REF][START_REF] Gvirtzman | Partial detachment of a lithospheric root under the southeast Carpathians: toward a better definition of the detachment concept[END_REF]Knap et al. 2005;[START_REF] Fillerup | Mantle earthquakes in the absence of subduction? Continental delamination in the Romanian Carpathians[END_REF].
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  values are decreasing from East to West, possibly because of the presence of a crust fault (the Danube fault), approximately located along the longitude of 27.5°-28°E, between latitude 44 and 45° N (see also the tomographic results of Fan et al. (1998)). The j t values in Vrancea epicentral area indicate a strong lateral variation of crustal thickness. At MLR and SIR, located in the south-western part of the epicentral area, CT values are around 42 kms. At VRI station, located 6 above north-eastern part of the seismogenic volume, CT value is around 31 km.

Fig. 1

 1 Fig. 1 Main tectonic settings of Vrancea and adjacent area (simplified after Polonic (1996) and Oczlon (2006). Crosses indicate the epicenters of the intermediate depth events used in this study. A histogram of the focal depths is also presented. North, Central and South Dobrogea regions are indicated by ND, CD and SD, respectively. Shot points of previous seismic refraction lines are indicated by circles (VRANCEA99) and squares (VRANCEA2001) experiments. Diamonds show the location of some CALIXTO99 temporary stations. C-O Fault and P-C Fault are Peceneaga-Camena and Capidava-Ovidiu crustal faults, respectively.

Fig. 7 .

 7 Fig. 7. Moho depth estimations in Vrancea and adjacent area. Piercing points to Moho of sp and p waves are indicated by circles and squares, respectively. Figures indicate the average values of Moho depth obtained by Raykova and Panza (2006) in a cell grid of 1° x 1°.

Fig. 8 .

 8 Fig.8. Vertical component recordings of 2005/04/04 event (see Fig.3), aligned to the direct P arrivals. Converted sp phases (manually picked) are indicated by vertical bars. Computed sp arrivals for the LVM with the Moho depth at 40 km are indicated by arrows (for focal depth h=141 km) and by diamonds (for h=121 km). Triangles shown the sp arrivals for the variable Moho depth model and h=121 km.

  

  

  

  

  

  

  

  

Table 1

 1 Coordinates of the used stations, the number of sp/p phases observed at each

	station, average earthquakes and j t values (with standard errors). Representative stations
	for a certain group are bolded.
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