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Abstract 

A set of shear-wave velocity models of the lithosphere-asthenosphere system in the southeast 

Carpathians is determined by the non-linear inversion of surface wave group velocity data, 

obtained from a tomographic analysis. The local dispersion curves are assembled for the 

period range 7 s - 150 s, combining regional group velocity measurements and published 

global Rayleigh wave dispersion data. The lithosphere-asthenosphere velocity structure is 

reliably reconstructed to depths of about 250 km. The thickness of the lithosphere in the 

region varies from about 120 km to 250 km and the depth of the asthenosphere between 150 

km and 250 km. Mantle seismicity concentrates where the high velocity lid is detected just 

below the Moho. The obtained results are in agreement with recent seismic refraction, 

receiver function, and travel time P-wave tomography investigations in the region. The 

similarity among the results obtained from different kinds of structural investigations 

(including the present work) highlights some new features of the lithosphere-asthenosphere 

system in southeast Carpathians, as the relatively thin crust under Transylvania basin and 

Vrancea zone. 
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Introduction. The southeast Carpathians are located between the Afro-Arabian and Eurasian 

plates. The region consists of a set of tectonic units and it is characterized as a west-directed 

subduction zone (Nemcok et al., 1998). According to Doglioni et al. (1999) west-directed 

subduction zones constitute very interesting tectonic features and they present strong 

differences with respect to classic subduction zones. They form very rapidly and they have a 

very short life: an age usually less than 50 Ma. The evolution of the highly arcuate 

Carpathians is driven by the interrelated processes of subduction, slab roll-back, plate 

boundary retreat into a continental embayment, asthenospheric up-welling, and lateral 

extension (Tomek et al., 1996). Moreover, one of the most interesting seismic zones is located 

in the region: the Vrancea zone, where the epicenters of strong intermediate-depth 

earthquakes are located within the area of only about 40 km × 80 km (Oncescu et al., 1998). 

In this paper we report on a surface waves tomography study of the region, based upon 

regional and global dispersion data, and we discuss the shear-wave velocity structure, to the 

depth of 250 km, obtained by their non-linear inversion. 

 

Data processing and methods. This study is part of a regional tomography investigation 

made in the Mediterranean area (Panza et al., 2002, 2003; Raykova and Panza, 2002; 

Raykova et al, 2004). The regional group velocity measurements are obtained by frequency-

time analysis (Keilis-Borok, 1989 and references therein) of records from seismic stations 

located in central and southeast Europe. In the present study, a surface wave tomography 

method (Yanovskaya and Ditmar, 1990; Yanovskaya, 1997) is applied to estimate lateral 

variations in group-velocity distribution at different periods in the range 7 s – 80 s. The 

method evaluates the resolution of the data, as well, and this makes additional tests as check 

board or similar techniques not necessary. Fig. 1 shows the group velocity tomography map 

for Rayleigh waves with the period of 25 s. The data set at this period has a lateral resolution 
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better than 200 km for almost the whole studied region, as it is shown in the figure. At each 

period, the local values of group velocity are calculated on a predetermined grid. The size of 

grid cells is 1 degree by 1 degree, according to the lateral resolution of our data set and a 

priori independent constraints deduced from existing publications. The local dispersion curves 

are assembled at each grid knot and are extended with long period dispersion data (80 s – 150 

s) available from global studies (Ritzwoller and Levshin, 1998; Ritzwoller et al., 2002). 

We consider twenty seven cells (see fig. 1) in the following non-linear inversion of the group-

velocity data. The cellular dispersion curve is calculated as the average of the local curves at 

the four corners of the cell (table 1) and the standard deviation at selected periods is 

estimated. Shear-wave velocity models are retrieved from the cellular dispersion curves 

employing the non-linear inversion method known as “hedgehog” (Panza, 1981 and 

references therein). The method is based on the trial-and-error technique that samples a 

predetermined volume of the parameter’s space, defining possible plane-layered Earth 

models. One of the key parameters in the inversion is the absolute value of the single point 

error at each specified period. The single error is estimated as the sum of the r.m.s. of the 

measurement error and the standard deviation of the cellular dispersion curve at each period. 

The measurement error is determined as the standard deviation of the measurements of group 

velocity along similar wave paths. The r.m.s. value for the whole dispersion curve is 

estimated as 65 % of the single error’s sum at all specified periods. The value of the group 

velocity at 80 s is the average between our measurements at this period and global published 

measurements. The single point error at this period is the r.m.s. of the error of both 

measurements. A priori and independent information, wherever it is available, like seismic, 

geophysical and geological data, derived from previous studies in the region (Sollogub et al., 

1980; Dachev, 1980; Raileanu et al, 1994; Nemcok et al., 1998), is used in the 

parametrization of the inversion. The physical properties of the layers to the depths of about 

6-8 km are fixed according to this information in order to optimize the resolving power of the 
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data. The velocity structures are parameterized in the depth range from 6-8 km to 350 km, in 

agreement with the resolving power of our data set, estimated from the depth distribution of 

the partial derivatives (Urban et al., 1993) of the group velocity curves with respect to the 

shear-wave velocity. The deeper structure is fixed accordingly with already published models 

(Du et al., 1998).  

For each cell, because of the well-known non-uniqueness of the inverse problem, a set of 

models fits the observational data, with an equivalent level of reliability. An optimized 

smoothing method, developed at the Department of Earth Sciences of the University of 

Trieste, is used to define the representative cellular model by a formalized criterion, based on 

operational research theory (Bryson and Ho, 1975; De Groot-Hedlin and Constable, 1990). 

We used the so-called Local Smoothness Optimization (LSO) that fixes the cellular model as 

the one that has minimal divergence in velocity between neighboring cells. The LSO 

algorithm depends strongly on the choice of the starting cell. The research starts from the cell 

that satisfies the analogous objective criterion – one with minimal divergence between the 

accepted velocity models, i.e. inside such cell the solutions are the most dense in the 

parameter space. 

Starting from this cell, the algorithm takes, as representative model, the solution that has the 

smallest difference in velocity with respect to the models in the neighboring cells. Once the 

representative model is chosen it is kept fixed for the further calculations. The search 

continues in the direction of the neighboring cell that has the most dense set of models. The 

calculations continue through the whole considered region in a sequence that points to the 

most dense not-explored cell and provides an objective, formally defined, selection of 

representative models. 

The models selected by LSO are appraised according to known geophysical constrains, since 

the non-linear inversion and the smoothing algorithm give us only a mathematical solution. 

The explored parameter space, in some cases, exceeds physical boundaries, that could be 
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fixed a priori, as for example the maximum average crustal velocity of 4.1 km/s or the 

maximum average upper mantle velocity of 4.80 km/s, and the range of the variability for 

these velocities is restricted accordingly. Furthermore the optimization algorithm LSO may 

select a model not fully consistent with well-accepted models. An example of this situation is 

given by cell 16e (Vrancea cell, fig. 1) where LSO chooses a solution that is characterized by 

a thin crust not consistent with other independent observations. Nevertheless, among the 

hedgehog solutions for this cell, there is one with the mantle part equal to the one selected by 

LSO while its crustal structure agrees with the existing and well-accepted crustal models. 

Thus we can choose and keep this solution fixed and run the optimization again. As a result 

we obtain, in all other cells, the same results as in the first iteration, which is a nice indication 

of the robustness of our model.  

Since the Vrancea region has a very particular structure, an additional appraisal of the chosen 

solution for this cell is shown in fig. 2. The figure represents the seismic energy distribution 

with depth in different time and magnitude intervals. The ISC (2004) on-line bulletin is used 

as the source of the earthquake parameters. The relation between the different kinds of 

magnitudes and Ms as well as the relation between earthquake energy and Ms is taken from 

Peishan and Haitong (1989). Several compilations of events have been considered: a) - all 

events with Ms ≥1.3 from ISC on-line bulletin for the period 1904 – 2004 (fig. 2, thin black 

line); b) - the earthquakes with fixed, non-instrumental defined focal depths, are removed 

from compilation (a) (fig. 2, thick black line); c) - the weak events (Ms ≤ 3.0) that can be 

considered not complete since they do not follow the Gutenberg-Richter relation are removed 

from compilation (b) (fig 2, red bars). All three distributions show a high energy peak at 

depths of 150 km – 160 km, in excellent agreement with the bottom of the high-velocity 

seismogenic mantle layer (4.6 km/s – 4.8 km/s) defined by our study, and a fast decrease of 

energy release in the relatively low-velocity deeper layer (4.0 – 4.55 km/s). The recent 

seismicity in the region, measured with a well-designed seismic digital network (Tataru et al., 
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2005) shows a rather homogenous distribution of the seismic energy in the depth interval 60 

km – 170 km and most of the recent events are concentrated at depths tracing out the top (~90 

km) and the bottom (~150 km) of the high-velocity layer shown in our model.  

The results of the non-linear inversion and LSO, consistent with the appraisal process against 

well-known features, are shown in fig. 3. For each cell we show: the set of obtained solutions 

(black lines), the chosen cellular model (thick red line), and the parameter’s space, explored 

during the inversion process (gray area). Figure 4 shows a mosaic of the chosen models in 

each cell: the value of the shear-wave velocity is color coded for easier visualization of the 

velocity structure. The range of variability of the interfaces and the velocity and its range of 

variability is given for most of the parameterized layers (values are omitted in fig. 4 for 

graphical reasons, but are given in table 1). Both velocity and depth ranges of the chosen 

cellular solutions are given in table 2. A three dimensional cartoon view (from the west) of the 

shear-wave velocity model and the relief of the southeast Carpathians are shown in figure 5. 

 

Results and discussion.  

The tomography maps of the Carpathians domain at different periods show features that are 

common to other west-directed subduction zones (Gonzalez et al., 2000 and 2004; Pinat, 

2005; Vuan et al., 2005a and 2005b). We observe a low velocity anomaly in correspondence 

of the east Carpathians in the maps at 20 s and 25 s (fig. 1). Such anomaly reduces at 30 s, and 

it is barely visible at 35 s and 40 s. The anomaly completely disappears at 50 s. The low 

velocity anomaly corresponds to the subduction zone that can be seen along the east 

Carpathians chain. The Carpathians domain represents an unlike subduction zone with 

absence of the ocean basin. Nevertheless, in the period range 25 s – 30 s, there are high 

velocity anomalies located west of the Carpathians, in correspondence of the Pannonian basin: 

evidence of the presence of back-arc basin with thinned continental crust, formed by lateral 

extension and asthenospheric up-welling in the region (Tomek , 1996; Doglioni et al., 1999). 
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The group velocity patterns indicate the presence of lateral heterogeneity in shear-wave 

velocities, and the comparison of the group velocity distributions at different periods gives an 

idea of the shear-wave velocity distribution with depth. However, the results of the surface 

wave tomography give only a general view of the shear wave distribution around the depth of 

optimum sampling of each considered period (about 0.4 the wavelength). To obtain a picture 

of the shear-wave velocity depth distribution the inversion of the local dispersion curves is 

necessary. 

The shear-wave velocity structure of the southeast Carpathians domain obtained by non-linear 

inversion and LSO selection of the representative models for each cell is shown in fig. 4. The 

depth distribution of the regional seismicity (ISC, 2004: on-line bulletin from 1904 to 2004, 

magnitude higher or equal to 3.0) is plotted in the figure as red dots. A high velocity lower 

crust is observed, not only at the corner of the Carpathians arc (cell 16e) but also at both sides 

of the chain: cells 12e, 14e, 17e, 12f, 13f, 17f, 12g, 16g, 13h, 14h, and this fact is in 

agreement with recent seismic refraction investigations in the region (Hauser et al., 2001; 

Martin et al., 2005). Mantle seismicity concentrates where the high velocity lid is detected just 

below the crust. The lithospheric thickness is about 120 km – 150 km. The asthenosphere is 

observed at depths of 150 km – 250 km, and at the northern part of the studied region it is 

relatively fast. The velocity of shear waves is about 4.5 km/s in the depth range 35 km – 240 

km in cells 12d, 13d, 14d, 12e, 13e and 14e that can be interpreted as the roots of the 

southwest Carpathians. The shear-wave velocity model (fig. 4 and fig. 5) evidences the 

presence of a high velocity mantle body that occupies a large volume in the east Carpathians 

(cells 17d, 16e, 17e, 14f to 17f, 13g to 15g, 14h) and the bottom of this body is well resolved 

at depths of 130 km – 180 km. A relatively low velocity asthenosphere (~4.35 km/s) and a 

thin lid (~ 90 km) are observed in cells 12g and 12h that are located in the northeast part of 

the Pannonian basin, where the highest heat flow is observed - about 100 nW/m2 (Cermak and 
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Hurtig, 1977, Hurtig et al., 1991). This result confirms the hypothesis of some authors 

(Stegena et al., 1975) for the existence of upper mantle sources of this high heath flow. 

The pertinent cellular models are superimposed to the recently published P-wave seismic 

refraction profile VRANCEA99 (Hauser et al., 2001) in Fig. 6. The values of the cellular S-

wave velocities are transformed to P-wave velocity using the standard Poisson ratio of 0.25. 

The similarity of the velocity values in the corresponding layers of the two models is quite 

remarkable. There is some disagreement between the layer boundaries that can be explained 

by the difference in the nature of the measurements made in the two studies: seismic 

refraction gives, with high precision, the structure, but over a very limited space – only in the 

proximity of the investigated profile, whereas surface wave tomography and subsequent non-

linear inversion provides an average cellular velocity model of the sampled area (in our case 1 

degree by 1 degree). According to the results of Hauser et al. (2001) a thinned lower crust and 

a low velocity zone in the uppermost mantle in the central part of the profile is an indication 

of possible crustal delamination and partial melting in the upper mantle. These features are 

strongly supported by our results: the velocity model in cell 16e has a thin (about 12 km) 

high-velocity lower crust, thinner (with respect to the results of Hauser et al., 2001) crustal 

thickness (33 km – 37 km) and relatively low velocity in the upper mantle (Vp between 7.7 

km/s and 8.05 km/s). Similar results are obtained by an interactive sequence of linear 

inversions of velocity and thickness of the model layers by Raykova (2005). 

As further validation of our model, the depth of the Moho in our models is compared with the 

interpolated Moho map by Martin et al. (2005) that is based on recent seismic refraction and 

receiver function analysis (see fig. 7). Most of the results coincide, but some disagreement is 

observed for a few cells: 13e, 14g, 15g, 15f, 16e, and 16d. The disagreement in cells 13e, 14g 

and 15g is, most probably, due to the fact that the cells are far from the profiles and the 

location of the stations, used for the receiver function analysis. Our results for the depth of the 

Moho for the cell 15f, are shallower than the values indicated by Martin et al. (2005), but 



 9

these authors, considering a shallow Moho depth (27 km – 37 km) as unrealistic, neglect the 

results they obtained from stations inside the Transylvania basin. The existence of a relatively 

shallow Moho inside the Transylvania basin is well in agreement with our results and it is 

confirmed by the results of the seismic refraction study along the profile VRANCEA2001 

(Hauser et al., 2002). The depth range of the Moho depth in cell 16e is in agreement with the 

results of Hauser et al. (2001) along the VRANCEA99 profile and the thickness of the crust 

for the cell 16d is in the range of the results obtained from the receiver function analysis for 

the Moesian platform (27.7 km – 36.7 km) by Martin et al. (2005). 

The same authors show the results they obtained from P-wave travel time tomography along a 

line, which crosses cells 14g, 15f, 16e, 17d. In Martin et al. (2005) cross-section, which 

represents the velocity perturbations from the surface to the depths of 250 km, several zones 

with high and low P-wave velocities are visible, but these results cannot be compared easily 

with ours because the reference model used in the P-wave tomography is not given. A high 

velocity body located in cell 16e is seen at depths from 80 km to more than 250 km, while the 

high velocity mantle body in our models is seen at depths between 70 km to 170 km, very 

well correlated with the seismic energy-depth distribution, shown in fig. 2, and it extends 

along all crossed cells (fig. 6). The low velocity bodies 2 and 3 (see fig. 8) detected by Martin 

et al. (2005) in the mantle at depths from 140 km to 230 km (body 2) and from 25 km to 70 

km (body 3) coincide nicely with the relatively low velocity layers in the cellular models 15f 

(Vs ~ 4.3 km/s, at depths from 170 km to 240 km) and 17d (Vs ~ 4.5 km/s, at depths from 30 

km to 70 km). In general the P-wave tomography and the procedure used in the present study 

produce models that have similar distribution of low and high velocity anomalies.  
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Conclusions.  

The shear-wave velocity model for the southeast Carpathians is derived by a procedure 

(frequency-time analysis, surface wave tomography, non-linear inversion and optimized 

smoothness algorithm) applied to a new set of data: new measurements of group velocity, 

published regional and global measurements, structural information from different 

geophysical and geological methods. Independent information deduced from seismicity 

distribution studies, seismic refraction and reflection investigation, P-wave travel time 

tomography, and receiver function analysis has been used, as appropriate, to optimize the 

resolving power of the dispersion data, to constrain the parameter’s space in the inversion, 

and to evaluate the reliability of some of the models chosen by LSO. The assembled three-

dimensional velocity model not only confirms most of the main features of the known 

velocity structure in the region, and it well agrees with the results from recent structural 

investigation in the parts of the region that are common to the different studies, but it also 

evidences some new features and new details in the velocity structure: (1) a relatively thin 

crust (less than 40 km thick) under the Vrancea zone and the inner part of Carpathians 

(Transylvania basin), (2) a high-velocity lower crust in most of the region, (3) an average lid 

thickness of about 150 km, (4) a high velocity body in the upper mantle in the depth range 

from 70 km to 180 km that extends along almost all the eastern Carpathians and (5) well 

defined lithospheric roots in the south-western Carpathians. 
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 Table captions. 

 

Table 1. Cellular group velocity values at different periods with the absolute values of single 

point errors and of the r.m.s. values for each cellular curve. The absolute single point error is 

the r.m.s. of the measurement error (estimated as differences in the measurements of group 

velocity along similar wave paths) and standard deviation of the cellular dispersion curve 

(estimated as average of the four corner local dispersion curves) at each period. The velocity 

at the period of 80 s is estimated as the average between our measured data and published 

global data. 

 

Table. 2. Range of variability of the parameterized thickness and shear-wave velocity for 

each layer of the cellular chosen solution. The values of thickness are rounded off to 0.5 km, 

and values of velocity – to 0.05 km/s. A priori information is taken into account to constrain 

the inversion and therefore the chosen solution does not necessarily fall in the center of the 

range that can be different from the step used in the inversion. The thickness marked as * 

satisfies the condition that the total thickness from the free surface to the top of the fixed 

upper mantle is equal to a predefined quantity (350 km in this study) and the deeper structure 

is the same for all the considered cells (according to models published in Du et al., 1998). 
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Table 1 

cell 12h (22.5E 48.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.657 0.15 
10 2.682 0.12 
15 2.569 0.10 
20 2.682 0.10 
25 2.951 0.10 
30 3.174 0.10 
35 3.376 0.10 
50 - - 
80 3.772 0.12 

100 3.775 0.08 
125 3.757 0.08 
150 3.710 0.08 

r.m.s.  0.064  

cell 13h (23.5E 48.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.599 0.15 
10 2.625 0.13 
15 2.481 0.10 
20 2.586 0.10 
25 2.843 0.10 
30 3.094 0.10 
35 3.327 0.095 
50 3.670 0.095 
80 3.802 0.12 

100 3.797 0.08 
125 3.767 0.08 
150 3.712 0.08 

r.m.s.  0.070  

cell 14h (24.5E 48.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.564 0.15 
10 2.581 0.12 
15 2.499 0.11 
20 2.620 0.10 
25 2.839 0.09 
30 3.095 0.09 
35 3.325 0.09 
50 3.665 0.09 
80 3.837 0.12 

100 3.825 0.08 
125 3.782 0.08 
150 3.722 0.08 

r.m.s.  0.065  
 

cell 15h (25.5E 48.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.706 0.31 
10 2.686 0.13 
15 2.662 0.12 
20 2.763 0.11 
25 2.938 0.10 
30 3.161 0.10 
35 3.364 0.10 
50 - - 
80 3.875 0.12 

100 3.855 0.08 
125 3.800 0.08 
150 3.735 0.08 

r.m.s.  0.073  

cell 12g (22.5E 47.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.581 0.155 
10 2.601 0.125 
15 2.607 0.11 
20 2.824 0.11 
25 3.145 0.11 
30 3.354 0.11 
35 3.504 0.09 
50 3.705 0.09 
80 3.747 0.12 

100 3.742 0.08 
125 3.730 0.08 
150 3.697 0.08 

r.m.s.  0.063  

cell 13g (23.5E 47.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.537 0.15 
10 2.596 0.13 
15 2.509 0.12 
20 2.660 0.12 
25 2.955 0.11 
30 3.215 0.11 
35 3.421 0.11 
50 3.693 0.18 
80 3.777 0.12 

100 3.770 0.08 
125 3.745 0.08 
150 3.705 0.08 

r.m.s.  0.072  
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Table 1 (continued) 
 

cell 14g (24.5E 47.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.503 0.155 
10 2.516 0.125 
15 2.444 0.105 
20 2.559 0.095 
25 2.817 0.095 
30 3.099 0.095 
35 3.327 0.095 
50 3.677 0.095 
80 3.812 0.12 

100 3.800 0.08 
125 3.765 0.08 
150 3.717 0.08 

r.m.s.  0.061  

cell 15g (25.5E 47.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.544 0.175 
10 2.511 0.14 
15 2.519 0.12 
20 2.608 0.105 
25 2.826 0.10 
30 3.084 0.095 
35 3.287 0.095 
50 3.665 0.095 
80 3.847 0.12 

100 3.832 0.08 
125 3.782 0.08 
150 3.732 0.08 

r.m.s.  0.066  

cell 16g (26.5E 47.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.642 0.32 
10 2.616 0.15 
15 2.676 0.13 
20 2.740 0.11 
25 2.929 0.105 
30 3.146 0.095 
35 3.324 0.095 
50 3.660 0.095 
80 3.880 0.12 

100 3.865 0.08 
125 3.800 0.08 
150 3.747 0.08 

r.m.s.  0.079  
 

cell 12f (22.5E 46.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.436 0.16 
10 2.487 0.13 
15 2.610 0.10 
20 2.924 0.095 
25 3.266 0.095 
30 3.457 0.09 
35 3.572 0.09 
50 3.717 0.09 
80 3.740 0.12 

100 3.727 0.08 
125 3.715 0.08 
150 3.695 0.08 

r.m.s.  0.060  

cell 13f (23.5E 46.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.425 0.15 
10 2.530 0.12 
15 2.563 0.11 
20 2.765 0.11 
25 3.071 0.11 
30 3.339 0.10 
35 3.494 0.09 
50 3.715 0.09 
80 3.760 0.12 

100 3.755 0.08 
125 3.732 0.08 
150 3.705 0.08 

r.m.s.  0.062  

cell 14f (24.5E 465N 
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.336 0.16 
10 2.411 0.13 
15 2.422 0.11 
20 2.559 0.10 
25 2.841 0.10 
30 3.169 0.10 
35 3.386 0.10 
50 3.707 0.09 
80 3.785 0.12 

100 3.785 0.08 
125 3.750 0.08 
150 3.715 0.08 

r.m.s.  0.063  
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Table 1 (continued) 
 

cell 15f (25.5E 46.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.245 0.17 
10 2.281 0.135 
15 2.355 0.11 
20 2.484 0.095 
25 2.752 0.095 
30 3.080 0.095 
35 3.302 0.095 
50 3.697 0.095 
80 3.815 0.12 

100 3.815 0.08 
125 3.767 0.08 
150 3.730 0.08 

r.m.s.  0.063  

cell 16f (26.5E 46.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.273 0.18 
10 2.313 0.15 
15 2.437 0.125 
20 2.583 0.105 
25 2.835 0.10 
30 3.112 0.095 
35 3.295 0.095 
50 3.685 0.095 
80 3.845 0.12 

100 3.845 0.08 
125 3.785 0.08 
150 3.745 0.08 

r.m.s.  0.071  

cell 17f (27.5E 46.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.423 0.18 
10 2.505 0.16 
15 2.615 0.13 
20 2.765 0.10 
25 3.001 0.105 
30 3.202 0.095 
35 3.337 0.095 
50 3.683 0.095 
80 3.875 0.12 

100 3.872 0.08 
125 3.802 0.08 
150 3.757 0.08 

r.m.s.  0.070  
 

cell 12e (22.5E 45.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.317 0.15 
10 2.411 0.12 
15 2.582 0.10 
20 2.866 0.10 
25 3.174 0.10 
30 3.373 0.10 
35 3.537 0.09 
50 3.737 0.09 
80 3.722 0.12 

100 3.720 0.08 
125 3.705 0.08 
150 3.692 0.08 

r.m.s.  0.060  

cell 13e (23.5E 45.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.293 0.15 
10 2.394 0.13 
15 2.533 0.11 
20 2.772 0.10 
25 3.064 0.10 
30 3.346 0.09 
35 3.510 0.09 
50 3.740 0.09 
80 3.730 0.12 

100 3.742 0.08 
125 3.722 0.08 
150 3.705 0.08 

r.m.s.  0.061  

cell 14e (24.5E 45.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.181 0.16 
10 2.260 0.13 
15 2.368 0.11 
20 2.588 0.105 
25 2.876 0.105 
30 3.241 0.10 
35 3.467 0.095 
50 3.730 0.095 
80 3.747 0.12 

100 3.767 0.08 
125 3.740 0.08 
150 3.715 0.08 

r.m.s.  0.063  
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Table 1 (continued) 
 

cell 15e (25.5E 45.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.038 0.16 
10 2.116 0.13 
15 2.254 0.105 
20 2.474 0.095 
25 2.765 0.095 
30 3.157 0.095 
35 3.411 0.095 
50 3.717 0.095 
80 3.775 0.12 

100 3.795 0.08 
125 3.760 0.08 
150 3.730 0.08 

r.m.s.  0.067  

cell 16e (26.5E 45.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.023 0.16 
10 2.094 0.13 
15 2.268 0.11 
20 2.509 0.095 
25 2.794 0.095 
30 3.142 0.095 
35 3.353 0.095 
50 3.710 0.095 
80 3.802 0.12 

100 3.822 0.08 
125 3.777 0.08 
150 3.745 0.08 

r.m.s.  0.065  

cell 17e (27.5E 45.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.161 0.17 
10 2.253 0.145 
15 2.407 0.125 
20 2.651 0.105 
25 2.910 0.10 
30 3.177 0.095 
35 3.327 0.095 
50 3.705 0.095 
80 3.830 0.12 

100 3.842 0.08 
125 3.790 0.08 
150 3.752 0.08 

r.m.s.  0.070  
 

cell 12d (22.5E 44.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.374 0.16 
10 2.482 0.13 
15 2.624 0.105 
20 2.802 0.095 
25 3.037 0.095 
30 3.239 0.095 
35 3.482 0.095 
50 3.710 0.095 
80 3.712 0.12 

100 3.727 0.08 
125 3.705 0.08 
150 3.695 0.08 

r.m.s.  0.062  

cell 13d (23.5E 44.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 2.286 0.15 
10 2.396 0.13 
15 2.552 0.11 
20 2.757 0.09 
25 3.002 0.09 
30 3.269 0.09 
35 3.492 0.09 
50 3.717 0.18 
80 3.722 0.12 

100 3.745 0.08 
125 3.725 0.08 
150 3.710 0.08 

r.m.s.  0.065  

cell 14d (24.5E 44.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.186 0.16 
10 2.271 0.13 
15 2.421 0.11 
20 2.663 0.10 
25 2.911 0.09 
30 3.252 0.09 
35 3.497 0.09 
50 3.710 0.09 
80 3.735 0.12 

100 3.762 0.08 
125 3.742 0.08 
150 3.720 0.08 

r.m.s.  0.062  
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Table 1 (continued) 
 

cell 15d (25.5E 44.5N) 
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s) 

7 2.044 0.16 
10 2.154 0.135 
15 2.301 0.11 
20 2.565 0.10 
25 2.821 0.095 
30 3.225 0.095 
35 3.495 0.095 
50 3.705 0.095 
80 3.750 0.12 

100 3.780 0.08 
125 3.757 0.08 
150 3.730 0.08 

r.m.s.  0.067  

cell 16d (26.5E 44.5N)
period 

(s) 
gr. vel. 
(km/s) 

error 
(km/s)

7 1.976 0.155 
10 2.087 0.13 
15 2.256 0.105 
20 2.539 0.095 
25 2.807 0.095 
30 3.200 0.095 
35 3.444 0.095 
50 3.705 0.095 
80 3.767 0.12 

100 3.795 0.08 
125 3.767 0.08 
150 3.737 0.08 

r.m.s.  0.065  

cell 17d (27.5E 44.5N)
period

(s) 
gr. vel.
(km/s)

error 
(km/s)

7 2.040 0.16 
10 2.147 0.13 
15 2.316 0.11 
20 2.609 0.095 
25 2.874 0.095 
30 3.190 0.095 
35 3.369 0.095 
50 3.702 0.095 
80 3.785 0.12 

100 3.802 0.08 
125 3.772 0.08 
150 3.740 0.08 

r.m.s.  0.066  
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Table 2 
 
cell 12d (22.5E 44.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
0.5 1.25 
1.0 1.50 
1.4 3.25 
3.0 3.25 
3.1 3.25 

9.0-12.0 3.30-3.50 
13.0-16.5 3.55-3.90 
50.0-67.5 4.30-4.50 
60.0-82.5 4.20-4.55 
70.0-92.5 4.15-4.55 

* 4.75  

cell 13d (23.5E 44.5N)
thickness 

(km) 
S-wave vel.

(km/s) 
0.5 1.25 
1.0 1.50 
1.4 3.25 
3.0 3.25 
1.1 3.25 

8.0-12.0 3.10-3.35 
15.0-19.5 3.70-3.90 
65.0-80.0 4.35-4.65 

82.5-100.0 4.30-4.60 
70.0-90.0 4.55-4.75 

* 4.75  

cell 14d (24.5E 44.5N)
thickness

(km) 
S-wave vel.

(km/s) 
0.5 1.25 
1.0 1.50 
1.4 3.25 
3.0 3.25 
1.1 3.25 

4.0- 5.5 2.55-2.85 
15.5-20.5 3.50-3.65 
67.5-85.0 4.35-4.60 
65.0-82.5 4.35-4.60 
70.0-92.5 4.20-4.60 

* 4.75  
 

cell 15d (25.5E 44.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
0.5 1.20 
1.0 1.50 
0.9 3.20 
3.5 3.20 
1.1 3.20 

2.5- 3.0 2.05-2.40 
19.5-22.5 3.50-3.65 
40.0-57.5 4.50-4.70 

82.5-105.0 4.35-4.60 
65.0-90.0  4.20-4.60 

* 4.75  

cell 16d (26.5E 44.5N)
thickness 

(km) 
S-wave vel.

(km/s) 
0.5 1.20 
1.0 1.50 
1.5 2.35 
1.0 2.75 
3.0 3.25 

6.0-7.5 2.75-3.00 
14.0-18.0 3.55-3.75 
57.5-75.0 4.55-4.70 
60.0-80.0 4.40-4.65 

75.0-100.0 4.30-4.60 
* 4.75  

cell 17d (27.5E 44.5N)
thickness

(km) 
S-wave vel.

(km/s) 
0.5  1.25 
1.0  1.50 
1.5  2.32 
1.0  2.75 
1.0  3.30 

9.0-13.0 3.00-3.20 
15.0-20.0 3.65-3.90 
35.0-45.0 4.35-4.65 
55.0-70.0 4.60-4.80 

85.0-112.5 4.20-4.60 
* 4.75  

 

cell 12e(22.5E 45.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
0.3 1.35 
1.0 1.60 
1.4 2.20 
2.3 3.20 
4.0 3.35 

8.0-10.0 3.45-3.75 
13.0-15.0 3.75-3.95 
55.0-70.0 4.30-4.50 
60.0-80.0  4.35-4.60 
65.0-85.0 4.20-4.60 

* 4.75  

cell 13e (23.5E 45.5N)
thickness 

(km) 
S-wave vel.

(km/s) 
0.3  1.45 
1.1  1.75 
1.5  2.35 
3.1  3.35 
3.0  3.45 

6.0-7.5 3.05-3.25 
16.0-19.0 3.70-3.90 
67.5-85.0 4.35-4.50 

85.0-105.0 4.25-4.60 
75.0-95.0 4.50-4.80 

* 4.75  

cell 14e (24.5E 45.5N)
thickness

(km) 
S-wave vel.

(km/s) 
0.9 1.40 
1.4 1.95 
2.7 3.00 
1.0 3.00 
2.0 3.00 

12.0-16.0 3.30-3.60 
15.0-18.5 3.95-4.10 
35.0-50.0 4.35-4.65 

82.5-100.0 4.35-4.60 
75.0-97.5 4.20-4.55 

* 4.75  
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Table 2 (continued) 
 

cell 15e (25.5E 45.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
1.0 1.40 
1.3 1.95 
2.7 2.90 
1.0 2.90 
1.0 3.00 

10.5-13.5 3.10-3.40 
16.0-20.0 3.65-3.90 
45.0-62.5 4.55-4.70 

65.0-85.00 4.45-4.75 
90.0-110.0 4.20-4.55 

* 4.75  

cell 16e (26.5E 45.5N)
thickness 

(km) 
S-wave vel.

(km/s) 
0.8 1.75 
0.7 2.10 
2.0 2.10 
3.0 2.80 
2.5 2.95 

10.50-13.5 3.15-3.35 
12.00-16.0 3.90-4.05 
60.0-77.5 4.45-4.65 
60.0-77.5 4.60-4.80 

85.0-105.0 4.00-4.55 
* 4.75  

cell 17e (27.5E 45.5N)
thickness

(km) 
S-wave vel.

(km/s) 
0.5  1.25 
1.0  1.50 
1.5  2.45 
1.0  2.75 
8.0  3.30 

11.0-15.0 3.50-3.70 
14.0-18.0 3.95-4.05 
40.0-57.5 4.35-4.60 
65.0-82.5 4.60-4.80 
65.0-85.0 4.00-4.50 

* 4.75  
 

cell 12f(22.5E 46.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
0.3 1.45 
1.1 1.75 
1.6 2.30 
3.0 3.35 
4.0 3.45 

8.0-9.5 3.25-3.55 
11.0-14.0 3.85-4.05 
55.0-75.0 4.30-4.45 
65.0-87.5 4.15-4.45 
65.0-87.5 4.20-4.60 

* 4.75  

cell 13f (23.5E 46.5N) 
thickness 

(km) 
S-wave vel.

(km/s) 
0.2 1.35 
1.0 1.60 
1.5 2.20 
3.0 3.20 
2.3 3.30 

12.0-16.0 3.45-3.55 
10.0-12.0 3.85-4.05 
57.5-75.0 4.35-4.55 
65.0-80.0 4.45-4.65 
70.0-92.5 4.10-4.50 

* 4.75  

cell 14f (24.5E 46.5N) 
thickness

(km) 
S-wave vel.

(km/s) 
1.0  1.60 
1.5  2.20 
1.5  3.20 
2.0  3.25 
2.0  3.30 

10.0-11.5 3.25-3.45 
11.0-17.0 3.50-3.90 
70.0-90.0 4.40-4.60 
45.0-62.5 4.55-4.75 
70.0-92.5 4.15-4.55 

* 4.75  
 

cell 15f (25.5E 46.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
0.5 2.00 
2.1 2.55 
3.0 3.00 
0.8 3.00 
1.6 3.00 

2.0-2.5 2.00-2.40 
18.5-23.5 3.30-3.55 
57.5-75.0 4.50-4.70 
60.0-80.0 4.60-4.80 
70.0-92.5 4.00-4.60 

* 4.75  

cell 16f (26.5E 46.5N) 
thickness 

(km) 
S-wave vel.

(km/s) 
0.5 2.10 
2.0 2.60 
1.5 3.05 
2.0 3.05 
2.0 3.05 

3.0-3.5 2.15-2.45 
24.0-28.0 3.60-3.75 
55.0-70.0 4.55-4.75 
50.0-65.0 4.60-4.80 
70.0-90.0 4.05-4.55 

* 4.75  

cell 17f (27.5E 46.5N) 
thickness

(km) 
S-wave vel.

(km/s) 
0.5 1.45 
1.0 1.75 
1.5 2.30 
3.1 3.25 
2.9 3.40 

12.0-15.0 3.30-3.55 
16.0-19.0 3.95-4.05 
45.0-62.5 4.45-4.70 
60.0-80.0 4.60-4.80 
70.0-92.5 4.05-4.55 

* 4.75  
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Table 2 (continued) 
 

cell 12g(22.5E 47.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
1.5 1.80 
1.5 2.45 
1.0 3.40 
2.0 3.40 
3.0 3.55 

12.0-14.0 3.40-3.65 
10.0-12.0 3.75-4.00 
55.0-75.0 4.50-4.70 
75.0-95.0 4.15-4.55 
70.0-90.0 4.55-4.80 

* 4.75  

cell 13g (23.5E 47.5N)
thickness 

(km) 
S-wave vel.

(km/s) 
1.2  1.70 
1.8  2.25 
1.0  3.35 
2.0  3.35 
3.0  3.45 

9.0-12.0 3.35-3.65 
12.0-15.0 3.40-3.85 
70.0-90.0 4.30-4.60 
60.0-80.0 4.55-4.80 
70.0-90.0 4.00-4.50 

* 4.75  

cell 14g (24.5E 47.5N)
thickness

(km) 
S-wave vel.

(km/s) 
0.5  2.00 
2.5  2.60 
1.0  3.05 
1.0  3.05 
3.0  3.05 

11.0-13.0 3.00-3.20 
11.0-14.5 3.60-3.85 
40.0-55.0 4.25-4.55 

80.0-100.0 4.50-4.80 
70.0-90.0 4.15-4.55 

* 4.75  
 

cell 15g (25.5E 47.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
0.5 2.00 
2.0 2.60 
2.5 3.05 
1.0 3.05 
2.0 3.05 

10.0-12.0 2.90-3.20 
14.0-19.0 3.50-3.85 
45.0-62.5 4.35-4.65 

80.0-100.0 4.60-4.80 
70.0-90.0 4.00-4.50 

* 4.75  

cell 16g (26.5E 47.5N)
thickness 

(km) 
S-wave vel.

(km/s) 
0.5 1.45 
1.0 1.95 
1.5 2.45 
3.1 3.25 
2.9 3.45 

12.0-16.0 3.45-3.60 
18.0-22.0 3.90-4.10 

80.0-100.0 4.55-4.70 
60.0-80.0 4.20-4.60 
60.0-80.0 4.35-4.80 

* 4.75  

cell 12h(22.5E 48.5N) 

thickness 
(km) 

S-wave 
vel. 

(km/s) 
1.5 1.80 
1.5 2.45 
1.0 3.40 
2.0 3.40 
3.0 3.55 

9.0-11.0 3.40-3.65 
9.0-12.0 3.10-3.45 
72.5-90.0 4.45-4.70 
65.0-85.0 4.15-4.55 
70.0-90.0 4.35-4.80 

*
 

cell 13h (23.5E 48.5N) 
thickness 

(km) 
S-wave vel. 

(km/s) 
1.4 1.70 
1.9 2.25 
1.7 3.45 
1.0 3.45 
3.0 3.45 

13.2-16.7 3.25-3.35 
13.0-19.0 3.90-4.05 
67.5-90.0 4.45-4.60 

80.0-100.0 4.35-4.65 
65.0-87.5 4.55-4.80 

* 4.75  

cell 14h (24.5E 48.5N)
thickness 

(km) 
S-wave vel.

(km/s) 
1.4 1.70 
0.9 2.20 
1.0 2.20 
1.8 3.45 
2.9 3.55 

13.5-16.5 3.35-3.45 
17.0-22.0 3.85-4.05 
55.0-70.0 4.60-4.80 
77.5-95.0 4.35-4.65 

75.0-100.0 4.50-4.80 
* 4.75  

cell 15h (25.5E 48.5N)
thickness

(km) 
S-wave vel.

(km/s) 
1.3 1.80 
1.7 2.35 
1.0 3.40 
2.0 3.40 
3.0 3.45 

9.0-13.0 3.25-3.50 
14.0-22.0 3.55-3.90 
72.5- 90.0 4.55-4.75 
77.5-95.0 4.35-4.65 
60.0-82.5 4.40-4.80 

* 4.75  
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Figure captions. 

 

Figure 1. Rayleigh wave group velocity tomography map (period 25 s) for the Carpathian 

domain shown as percent deviation from the average reference group velocity. Red dots 

indicate the epicenters of the earthquakes recorded in the period 1904 – 2004 with M>3.0. 

The white isolines represent the lateral resolution, in km, of the data at this period. The thick 

black line denotes the location of the main thrust along Carpathian chain. The dashed gray 

lines mark the main faults in the region. The remaining lines represent geographical 

boundaries. 

 

Figure 2. Energy-depth distribution for the Vrancea cell (16e). The representative solution is 

plotted on the right side of the graph. The empty circles present the seismicity determined by 

ISC from 1904-2004 with magnitude Ms  ≥ 1.3, the filled red circles present the seismicity 

from 1964 – to 2004 with magnitude Ms > 3.0. For more details see text. 

 

Figure 3. The set of solutions obtained with the non-linear inversion of the dispersion curve 

for each considered cell. The chosen solution is plotted as a thick red line. The gray area 

represents the parameter’s space explored during the inversion process. The identification 

number of the cell is given at the bottom of each cellular graph.  

 

Figure 4. Lithosphere-asthenosphere system for the southeast Carpathian domain as a mosaic 

of one-dimensional cellular models. For each model, the shear-wave velocity and its range of 

variability in km/s are given for each layer (the exception are the crustal layers, where, for 

legibility reasons, only the velocity range is given). The rectangles indicate the range of 

variability of the layer’s thicknesses. The seismicity in each cell is represented by •. The 

geographic location of the cells is shown in fig. 1. 
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Figure 5. Three-dimensional cartoon of the Carpathians region (view from the west). 

Seismicity is represented by •. The color scale is the same as in fig. 4. 

 

Figure 6. Comparison between the velocity models obtained by seismic refraction along the 

profile VRANCEA99 (after Hauser et al., 2001) and cellular models, obtained by surface-

wave tomography and non-linear inversion along the profile. Location of the profile and cells 

are show in the right bottom corner of the figure. The results taken from Hauser et al. (2001) 

are presented in black & white. 

 

Figure 7. Comparison between the cellular Moho depth range and the interpolated Moho map 

(after Martin et al., 2005, in black & white). Below each cell identification number, the 

cellular depth range (in km) of the Moho, as obtained from the non-linear inversion is given. 

The values that are in disagreement with the results of Martin at al. (2005) are encircled: 

discrepancies attributable to the interpolation and border effect (dashed line); values 

compatible with the model of Houser et al., 2001, 2003 (thin solid line); values compatible 

with the receiver function study in Martin et al., 2005 (thick solid line). For more details see 

text. 

 

Figure 8. The shear-wave velocity cross section along the line A (top left frame) obtained in 

this study compared with the P-wave velocity perturbation (bottom frame) along the same 

line, obtained after travel-time tomography (Martin et al., 2005). The location of the line A 

and of the cells along it are shown in the top right frame. 
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