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Abstract  

Vrancea zone is the most important seismic region of Romania. There is clear evidence of significant 

inhomogeneities along the slab, which suggests a depth dependence of the source scaling properties.  

The seismicity distribution on depth reveals the existence of two characteristic segments, located in the 

upper part and the lower part of the slab respectively. In order to test if the difference is detectable in the 

source scaling properties we apply the spectral ratio method to constrain source parameters. A set of digital 

broadband body-wave recordings for 28 Vrancea earthquakes with magnitudes in the range 3.1£MD £6.2, 

occurred between 1997-2000 in the depth range 70£h£158 km considered. The data is obtained with the 

K2-seismometers of Vrâncioaia (VRI) and Tescani (TES) stations belonging to the digital accelerometer 

network and with the broadband seismometer of Muntele Rosu station (MLR), belonging to the 

GEOPHONE network. The source parameters correspond to the best nonlinear least-squares fit of the 

observed and computed spectral ratios of P-wave Fourier amplitude spectra, assuming an omega-squared 

source model. 

 Once the source parameters are determined, different scaling among the parameters are 

investigated for upper and lower segments of the subducted lithophere.  

The scaling of the corner frequency with the seismic moment is roughly independent on depth 

and suggests a slight deviation from a constant stress-drop source model (which is characterized by a -3 

slope in the log-log axes). The dependence of the seismic moment with magnitude shows a significant 

increase in the deeper part of the slab (h > 120 km), which possibly indicates a different stress regime as 

compared with the upper segment (h < 120 km). The stress drop is increasing with the earthquake size for 

the entire depth domain, in agreement with a heterogeneous source model. 

 

Keys words: Vrancea subcrustal earthquakes, segmented subducted lithosphere, spectral ratio 

method, source scaling 
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Introduction 

Vrancea zone (located at the sharp bend of the Southeast Carpathians, in a 

continental colli sion area) is the most important seismic region of Romania. It is a 

particular seismogenic region with a rather isolated subducted slab below 60 km depth, 

somehow similar with the Betic-Alboran region, the Calabrian arc, and the Aegean region 

(Figure. 1). There is clear evidence of significant inhomogeneities along the slab, which 

suggests a depth dependence of the source scaling properties.  

 

 

Fig. 1. Vrancea sett ing in Europe 

 

 The crustal seismicity in Vrancea zone is weak (Mw < 5.0) and scarce and is separated 

from the subcrustal domain by an almost aseismic interval located approximately between 

40 and 60 km depth. In the subcrustal domain 3-4 large events (7£Mw<8) occur per 

century. The rate is five-times higher in the lower part (h>110 km) in comparison with the 

upper part (h<110 km) of the slab. The earthquake generation is considerably reduced at 

the bounds of the subducting volume: h = 60 - 70 km and h = 160-200 km. The seismicity 

distribution on depth reveals the existence of two characteristic segments, one located in 

the upper part of the slab (around 90 km depth), and the other located in the lower part of 

the slab (around 140 km depth). The difference between the two seismic regimes is caused 
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most probably by differences in the physical mechanism of the earthquake generation 

process [19].  

The aim of this paper is to determine the source parameters of the moderate-

magnitude intermediate-depth earthquakes occurred between 1997-2000 using a nonlinear 

least-squares best fit to the spectral ratio of P-wave Fourier amplitude spectra assuming an 

omega-squared source model. The spectral ratios refer to the large shock (MD³³ 4.4) 

spectrum divided by smaller (MD³ 3.1) collocated event (with similar waveform) spectrum 

[10], [11], [13]. The division of the spectra removes the site and path effects, leading to 

the ratio of the source spectra of each pair of earthquakes. Usually, the source duration of 

the smaller event is assumed to be enough short to be considered as a delta function, 

relative to the larger event, and consequently as an empirical Green’s function. This 

restriction is not required by the spectral ratios method which allows the determination of 

the source parameters for both large and small earthquakes (and not only of the main 

event, like in the EGF method).  

Our scope is also to analyze the source scaling characteristics in two different 

seismic active segments of the subducted lithosphere in order to detect possible 

particularities for each depth interval and to classify the Vrancea subcrustal earthquakes 

accordingly. 

 

Data  

The data set consists of digital broadband body-wave recordings obtained with the 

K2-seismometers of Vrâncioaia (VRI) and Tescani (TES) stations belonging to the digital 

accelerometer network and with the broadband seismometer of Muntele Rosu station 

(MLR), belonging to the GEOPHONE network (Figure 1). We consider 28 Vrancea 

earthquakes with magnitudes 3.1£MD £6.2, occurred between 1997-2000 in the depth 

range 70£h£158 km (Table 1). The magnitude MD is computed from the duration read on 

the seismograms of VRI and MLR stations using the calibration procedure proposed by 

[18] for the Vrancea subcrustal earthquakes. 
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Table 1. List of the analyzed earthquakes. The bolded rows are for the main events. The 

events following the main events are the associated collocated events 

No. Data hh:mm lat.  
(oN) 

lon.  
(oE) 

h 
(km) 

M D 

1 1997/03/01 19:26 45.67 26.63 89 4.4 

2 1997/12/17 02:48 45.73 26.69 77 3.1 

3 1998/12/01 02:38 45.74 26.65 76 3.6 

4 1999/07/03 15.21 45.79 26.82 92 3.4 

5 1999/09/04 00:26 45.71 26.68 70 3.1 

6 1999/10/12 19:23 45.70 26.61 83 3.4 

7 1999/11/09 02:09 45.71 26.61 92 3.4 

8 1998/01/19 00:53 45.64 26.67 105 4.7 

9 1998/07/02 20:50 45.71 26.67 108 3.9 

10 1999/01/18 21:35 45.60 26.66 118 3.6 

11 1999/11/09 02:09 45.71 26.61 92 3.4 

12 1999/04/28 08:47 45.47 26.28 158 6.2 

13 1998/12/12 10:55 45.40 26.30 147 4.2 

14 1999/01/06 21:28 45.49 26.30 117 4.0 

15 1999/04/30 22:32 45.53 26.24 143 4.3 

16 1999/06/06 12:01 45.53 26.32 136 3.9 

17 1999/11/08 19:22 45.52 26.38 132 5.2 

18 1999/11/14 09:05 45.49 26.29 127 5.2 

19 2000/03/28 06:40 45.48 26.32 137 3.7 

20 2000/03/08 22:11 45.87 26.72 71 5.2 

21 1997/07/04 00:30 45.80 26.85 77 3.7 

22 2000/04/06 00:10 45.76 26.66 137 5.4 

23 1998/09/21 13:49 45.73 26.66 141 4.5 

24 1998/09/22 20:52 45.74 26.60 142 3.7 

25 1998/11/14 11:15 45.70 26.65 140 4.4 

26 1999/05/05 16.21 45.67 26.56 142 4.1 

27 1999/08/09 07:17 45.73 26.70 133 4.2 

28 1999/08/28 05:32 45.70 26.63 142 4.0 

 

Method 

An efficient technique to retrieve source parameters of the Vrancea subcrustal 

earthquakes is the spectral ratio method, when broadband data are available. To apply this 

method we make use of the available broadband recordings at the stations MLR, VRI and 

TES. For selected pairs of earthquakes, the spectral ratios are approximated by a nonlinear 
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least-squares procedure with theoretical spectral ratios, depending mostly on the source 

properties. The fit parameters are the ratios of the low-frequency asymptotes and corner 

frequencies of the large and small shocks, respectively. The least-squares best fit is 

estimated by iteration from an initial guess using a simplex algorithm. The relationship 

which approximates best the Fourier spectral ratio R for a pair of collocated events is: 

 
             W0

L [1 + (f/fc
S)2g]1/2 

R(f) =                                          (1) 
             W0

S [1+ (f/fc
L) 2g]1/2 

 
where fc

L and fc
S are the corner frequencies and WW0

L and WW0
S are the low-frequency spectral 

amplitudes of the large and small events respectively. The spectral ratio, R is computed in 

the hypothesis of the Brune’s model [3], [4] with the spectral decay at the high 

frequencies, gg. The ratio of the low-frequency spectral levels is equal to the ratio of the 

seismic moments for the collocated earthquakes, if they have the same focal mechanisms. P 

waves from the vertical components are used. Because the spectral ratio technique is a 

relative method we cannot estimate the absolute values of the seismic moments for the two 

earthquakes, but only their ratio. So, for evaluation of the seismic moment, it is necessary 

to know the value of the seismic moment for one earthquake (preferably for the large event 

because it is better constrained). 

In parallel with the spectral ratios, we analyze the acceleration spectra. To estimate 

source parameters we approximate acceleration spectra S(f) with the following  theoretical 

function: 

                         R(q,f )      M0 (2pf)2 
 S(f) =                                     A(f)                                         (2) 
   4pr Vs

3      1+(f/fc)
2      

  
where R(qq,ff ) is the radiation pattern, rr  is the density, Vs is the S-wave velocity, M0 

seismic moment and A(f) is attenuation function at high frequencies given by:  

 A(f) = 1/(1 + (f/fmax)
m)                                                              (3) 

 
where  fmax is the maximum cut-off f requency in the acceleration spectrum and m is index 

of high-frequency decay.  

 Equation (2) is obtained for gg=2. In this case S(f) is characterized by four 

parameters: a0-related to the low-frequency asymptote of the displacement spectrum 

(therefore to the seismic moment), fc, fmax and m. 
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 Results and discussions 

  Table 2 presents the source parameters resulting by applying spectral ratios 

method to the different pairs of earthquakes. The large events are listed with bold letters in 

Tables 1 and 2. The other earthquakes are associated collocated events. Examples of 

spectral ratios resulting for three representative large events (1st March 1997, 19:26, 

MD=4.4, h=89 km; 28th April 1999, 08:47, MD=6.2, h=158 km; 6th April 2000, 00:10, 

MD=5.4, h=137 km) divided to their small collocated events are presented in Figures 2a, 

b, c.  
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Fig. 2. Examples of spectral ratios for three main earthquakes: 

a)   March 1, 1997, M D=4.4, h=89 km;  

b)  April 28, 1999, M D=6.2, h=158 km;  

c)   April  6, 2000, M D=5.4, h=137 km 

              Solid line is the theoretical fit with (1). Collocated events are mentioned in 

each case. 
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The least-squares best fit of the observed spectral ratio gives the corner frequencies 

(fc
b in Table 2), and the ratios of the seismic moments (WW0

L/ WW0
S = R) of the large and small 

earthquakes, respectively. Generally, we know the seismic moment of the large event [9] 

and then, from the ratios we calculate the seismic moment of the small earthquake. 

 In addition we analyze the acceleration spectra of all events from Table 1 and 

estimate source parameters by approximating the acceleration spectra S(f) with the 

theoretical function (2). The evaluated characteristics are: fc
a (corner frequency), fmax (the 

maximum cut-off f requency in the acceleration spectrum) and m (the index of high 

frequency decay) (see Table 2). Examples of fits of the acceleration spectra with function 

(2) for the main events of April 28, 1999 and April 6, 2000 and their collocated 

earthquakes are given in Figures 3a, b. 

 



Emilia Popescu, Mihaela Popa, M. Radulian 

 

158 

158 

 

-1 0 1 2
log (f requ en c y )

4

5

6

7

8

9

lo
g

 (
s

p
e

c
tr

a
l 

a
m

p
li

tu
d

e
) Main eve n t : 1999.04.28, M=6.2

-1 0 1 2

2

3

4

5

6

7 eve n t 13  

ML R s tat i o n

-1 0 1 2

4

5

6

7

8

9
eve n t 17

-1 0 1 2

4

5

6

7

8

9

eve n t 18

-1 0 1 2

3

4

5

6

7
eve n t 15  

-1 0 1 2

2

3

4

5

6

7 eve n t 19  

-1 0 1 2

2

3

4

5

6

7

eve n t 14  

a)

eve n t 12

 

 



Method to constrain the source scaling properties of the Vrancea subcrustal earthquakes 159 

-1 0 1 2
lo g  (f requ en c y )

4

5

6

7

8

9

lo
g

 (
sp

e
c

tr
a

l a
m

p
li

tu
d

e)

M ain eve n t: 2000.04.06, M =5.4

-1 0 1 2

3

4

5

6

7
eve n t 23 

M L R  s tat io n

-1 0 1 2

2

3

4

5

6

7
eve n t 24 

-1 0 1 2

3

4

5

6

7
eve n t 25 

-1 0 1 2

2

3

4

5

6

7 eve n t 28 

-1 0 1 2

2

3

4

5

6

7

eve n t 27 

-1 0 1 2

2

3

4

5

6

7

eve n t 26 

b )

eve n t 22

 

Fig. 3. Acceleration spectrum (dashed line) and the fit with relation (2) (solid 

line) at MLR station for:  

a)  28th April 1999, M D=6.2, h=158 km and adjacent collocated events;  

b)  6th April 2000, M D=5.4, h=137 km and adjacent collocated events; 
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Table 2. Estimated source parameters  

No. M 0 

(Nm) 

fc
a 

(Hz) 

fc
b 

(Hz) 

r  

(m) 

DDss 

(bar) 

fmax 

(Hz) 

m 

1 2.50x1015 5.2 4.3 418 150 10.4 2.4 

2 4.57x1013 14.5 15.6 115 151 17.5 3.8 

3 2.24x1013 12.8 12.2 148 30 15.3 3.1 

4 7.08x1013 10.1 12.1 149 94 14.2 2.8 

5 4.17x1013 12.6 13.4 134 76 13.0 3.0 

6 4.26x1013 9.2 12.7 142 65 11.5 2.5 

7 3.71x1013 10.7 11.2 160 40 12.0 3.8 

8 1.50x1015 3.4 3.5 518 47 15.5 3.7 

9 2.24x1014 11.1 10.3 176 180 13.1 2.7 

10 1.50x1013 6.2 7.3 250 4 14.2 3.1 

11 1.68x1013 7.7 9.3 195 10 17.1 3.8 

12 1.30 x 1017 1.6 1.8 990 586 12.4 3.2 

13 6.70 x 1012 4.00 7.4 255 2 8.0 3.0 

14 7.63 x 1013 7.9 6.8 284 15 11.8 3.6 

15 7.01 x 1013 6.9 7.1 269 16 13.6 3.3 

16 1.99 x 1013 8.3 8.4 237 7 14.8 3.4 

17 8.61 x 1015 1.9 2.1 925 48 6.4 2.6* 

18 1.14 x 1016 2.3 1.7 1083 39 6.2 2.3 

19 5.97x1012 8.0 7.6 247 2 10 3.0 

20 7.08x1016 4.4 3.6 505 2405 8.9 3.5* 

21 2.24x1015 7.2 8.1 153 896 8.9 3.7 

22 3.90 x 1016 2.1 1.9 995 173 7.4 2.7 

23 1.26 x 1014 5.1 6.8 273 27 10.6 2.8 

24 1.21 x 1013 6.9 17.9 104 47 13.8 3.4 

25 1.83 x 1014 5.9 7.9 235 62 9.2 2.8 

26 4.88 x 1013 6.9 8.9 207 24 10.1 3.1 

27 6.92 x 1013 5.4 8.4 226 26 9.1 3.5 

28 6.77 x 1013 7.0 9.6 193 41 11.6 2.4 

* ) fixed values for m. 

 

 The source parameters estimated using spectral ratios and acceleration spectra are 

given in Table 2. The seismic moment values of the larger events (events 1, 8, 12, 20, 22 in 

Table 1) are given by [9]. The corner frequency value estimated from acceleration spectra 

is fc
a, and from spectral ratios is fc

b. Average values are considered whenever more  

stations are available. 
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 The source radius, r, is computed by [17], 

 r = 0.28Vs/fc                                                                          (4) 

Here fc is corner frequency of the S-waves. To compute the source radius fc= fc
b  from 

Table 2. 

  The stress drop, DDss, is estimated using the relation: 

 Ds = (7/16) M0/r
3                                                                 (5) 

for a circular fault [3],[4].  

Using the determined source parameters (magnitude, seismic moment, source 

radius and stress drop) we analyze the scaling properties of the Vrancea intermediate-depth 

earthquakes and their variation with the hypocentral depth. To this purpose we consider 

three depth domains: a) 60<h£120 km (upper part of the subducted slab); b) 120<h£220 

km (lower part of the subducted slab); c) 60<h£220 km (entire subducted slab which is 

seismic active). The scaling relations are the following:  

 

  a) 60<h££120 km depth 
       log M0 = (1.53 ± 0.26)MD + (8.48  ± 0.99)                 (6) 

   R=0.87, s=0.57 
 

       log M0 = -(3.84  ± 1.00)log fc + (17.75  ± 0.94)           (7) 
          R=0.76, s=0.76 
   
         log Ds =(0.53 ± 0.11)log M0 -(0.62 ± 1.64)                (8) 
   R=0.81, s=0.44 
 
  b) 120<h££220 km depth                                                     
  

      log M0 = (1.86 ± 0.15)MD + (6.02  ± 0.69)                      (9) 
   R=0.96, s=0.41 
 

     log M0 = -(4.04  ± 0.48)log fc + (17.38  ± 0.39)               (10) 
          R=0.92, s=0.57 
 
      log Ds = (0.38 ± 0.08)log M0 + (0.94 ± 1.12)                  (11) 
   R=0.81, s=0.40 
 
   c) 60££h££220 km depth 
 

    log M0 = (1.37 ± 0.18)MD + (8.61  ± 0.75)                        (12) 
   R=0.80, s=0.70  

 
    log M0 = -(3.71  ± 0.47)log fc + (17.36  ± 0.41)                (13) 

          R=0.84, s=0.69 
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      log Ds =(0.43 ± 0.08)log M0 + (0.57 ± 1.11)                  (14) 
   R=0.73, s=0.50 
They are represented in Figures 4, 5, 6. 
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Fig. 4. Seismic moment (M0) versus magnitude (MD) for (a), (b) and (c) depth 

intervals. 
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Fig. 5. Dependence of the corner frequency (fc) on seismic moment (M0) for (a), (b) 

and (c) depth intervals. 
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Fig. 6. Variation of stress drop (DDss) with seismic moment (M0) for (a), (b) and 

(c) depth intervals. 

 

The seismic moment-magnitude relationship is better constrained for the lower 

depth domain, with unusually high slope value (c=1.86), significantly higher than that 

obtained by [5] for Vrancea larger shocks (c=1.3) and by [18] for smaller shocks (c=1.0). 
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The slope is even larger if we consider moment-magnitudes (MW). One tentative 

explanation could be a tendency of the duration magnitude to overestimate the size of 

small earthquakes relative to large ones. 

 In the upper part of the slab, the slope is close to the value usually observed for 

crustal earthquakes (c=1.5), and which is predicted by theoretical scaling [8]. 

 Our analysis shows that considering a single scaling relationship for the entire depth 

range could be questionable due to the differences between the upper and lower segments. 

Consequently, relation (12) is less constrained than relations (6) and (9).  

 As concerns the seismic moment-corner frequency dependence, again the scaling is 

better constrained for the lower segment (h>120 km) than for the upper segment 

(60<h<120 km). However, the differences in the coefficients resulted from regression are 

not important taking into consideration the large variabili ty of the corner frequency values 

for relative similar seismic moment values. The most striking anomalous behaviour is 

noticed in the case of event 20, generated close to the uppermost edge of the subducting 

slab, characterized by an unusual high corner frequency for an earthquake of magnitude 5.2 

(fc~4 Hz). This implies a very fast rupture process over a relative small source area and a 

very large stress drop (DDss=2405 bar). The variabili ty is also quite large for the smaller 

earthquakes (MD<4.0) (compare, for example, event 3 with event 10). 

 The stress drop is increasing with the seismic moment equally in the upper and 

lower segment of the slab. The slope is significant (0.4-0.5) and seems to indicate a more 

efficient energy release with increasing earthquake size. Once again, the data are better 

correlated when considered separately on different depth segments. 

The estimations of seismic moment, M0, maximum cut-off f requency in the 

acceleration spectrum, fmax and index of high-frequency decay, m allow us to determine the 

dependence of fmax and m versus seismic moment and depth (Fig. 7 and Fig. 8, and Fig. 9 

and Fig. 10, respectively). These relations show a slight decrease of both fmax and m with 

seismic moment and depth, but the data dispersion is large.  

 Since the specific site response at each station is not separated from the observed 

spectrum, estimated m values do not necessarily imply the absolute values to represent 

source spectral decay. In principle, fmax can be controlled by attenuation effects [1], [2] or 

seismic source [7],[14]. The dependence on earthquake size and depth (Figures 7-10) 

could suggest a seismic source controlli ng, but it is difficult to have a sound conclusion 

until a good knowledge of the site effects will be available. 

 



Emilia Popescu, Mihaela Popa, M. Radulian 

 

166 

166 

 

12 13 14 15 16 17 18

log M   (Nm )

5

10

15

20

f 
  

  
 (

H
z)

0

m
ax

Fig . 7  
 Fig. 7. Maximum frequency (fmax) versus seismic moment (M 0). 
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 Fig. 8. Maximum frequency (fmax) versus earthquake depth (h). 
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 Fig. 9. Decay rate (m) versus earthquake depth (h). 
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 Fig. 10. Decay rate (m) versus seismic moment. 

 

Conclusions 

 The paper shows how efficient is the spectral ratios method in constraining the 

source parameters of the Vrancea moderate-magnitude earthquakes. At the same time, the 

scaling properties of the source parameters are analyzed on different depth domains, using 

a set of 28 earthquakes occurred between 1997 and 2000 (3.1 £ MD £ 6.2), located along 

the Vrancea subducting lithosphere.  

The values of corner frequencies obtained from spectral ratio method are generally 

closed to those determined from the acceleration spectra. The scaling with the seismic 

moment (Figure 5)  suggests a slight deviation from a constant stress-drop source model 

(which is characterized by a -3 slope in the log-log axes) both in the upper and lower part 

of the subducted slab. The scaling of the seismic moment with magnitude (Figure 4) 

shows a significant increase in the deeper part of the slab (h > 120 km), which possibly 

indicates a different stress regime as compared with the upper segment (h < 120 km). The 

stress drop is increasing with the earthquake size (Figure 10) for the entire depth domain, 

in agreement with a heterogeneous source model [6], [12], [15], [16], [20].  

The maximum frequency and index of the high-frequency decay are determined 

from the acceleration spectra using a fit with a theoretical function like that given by 

relation (2). fmax seems to be source dependent, even though the site effects are not 

corrected. The decay rate (m) shows a slight decrease with seismic moment and depth, but 

the dependence is not significant if we consider the associated errors.  
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