Romanian Reports in Physics, Volume 55, Number 3, P. 303- 321, 2003

SEISMIC SOURCE PROPERTIES: INDICATIONS OF LITHOSPHERE
IRREGULAR STRUCTURE ON DEPTH BENEATH VRANCEA REGION

E. Popescu, B. Greau, M. Popa, M. Rizescu, M. Radulian
National Institute for Earth Physics, Bucharest-Magurele, PO.BOX MG-2

(Receaved July 15, 2003)

Abstract. The previous research focused on seismic regime properties in the Vrancea region
(seismicity, tomography, seismic source scaling) revealed significant variation along the subducting dab. It has
been assumed that this irregularity should be in connedion with multiple parameter and multi-scale fields, and
should reflea differences in the physical, geochemical and tedonic processs at different scale lengths. The
recent development of the seismic network on the Romanian territory through the ingtallation of digita
accderometers within the Coll aborative Research Centre 461 Programme [5] and the tomography experiment
CALIXTO 99 [24] has provided a substantial new amount of high-quality data in addition to the routine data
coming from the Romanian seismic network (18 short-period, one-component instruments), dedicated firstly to
seismicity monitoring. The main purpose of the present study is to incorporate this new data in the analysis of
the depth dependence of the seismic source scaling in the Vrancea subducting dlab. Spedral analysis and
spedral ratios methods are applied for a set of 100 earthquakes with magnitudes 2.9 < M,, < 5.3, occurred
between 1996and 2001 The two methods are enployed independently, first to individual events, the seand to
pairs of collocated events and similar focal medhanism, in order to insped the scaling properties over the
seismic active depth domain (60-220 km). The results are discussed in connedion with previous gudies based
on fractal datistics analysis. The dustering properties of time, space and size distributions as well as the
scaling variations in the subducting lithosphere are ascribed to differences in spedfic source mecdhanisms
or/and structural hierarchical inhomogeneity properties.
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INTRODUCTION

The seismicity and tomography studies on Vrancea seismic region suggest the presence of two seismic
active segments along the subducting dab. An upper segment (60 < h < 110 km), denoted with A in the
following, and a lower segment (110< h < 220 km), denoted with C, are separated by a possgble transition zone
around 100 kn depth, denoted with B. The active segments, A and C, differ as regards the seismicity rate and
the total seismic energy release. They also differ in resped with the orientation angle of the subducted
lithospheric blocks, which is changing around 90- 110 km depth, in the B zone.

Significant differences along the subducting dab have been outlined by the studies focused on source
properties analysis of Vrancea earthquakes (scaling, clustering and focal mechanism) as well [21], [22], [19],
[2], [15], [18]. This depth variation was ascribed to spedfic medhanisms on different depth segments. For
example, a dehydration reaction was assumed to be activated at around 100 kn depth, similarly with what was
noticed in other subduction regions and in agreement with new thermal—petrologic model s of subduction zones.
This would explain the differences in the fault plane solutions ohtained for the transition zone as compared
with the upper and lower active segments[14] and the particulariti es of clustering properties here.

The purpose of this paper is to extend the analysis of the depth dependence of the seismic source
scaling in the Vrancea (Romania) subducting dlab, using the new data coming from the CALIXTO 99
tomography experiment [24] and the network of digital accderometers installed within CRC461 Programme
[5]. Spedral analysis and spedral ratios methods are amployed, first to individual events, the seaond to pairs of
coll ocated events and similar focal mechanism, in order to insped the scaling properties over the seismic active
depth domain (60-220 km). The results are discussed in connedion with previous gudies based on fractal
statistics analysis (variation coefficient, integral correlation methods). The dustering properties of time, space
and size digtributions as well as the scaling variations in the subducting lithosphere are ascribed to differences
in spedfic source mechanisms or/and structural hierarchical inhomogeneity properties.

Estimation of source parameters

Soectral inversion method

First we determine the source parameters (moment magnitude My, seismic moment M,, seismic
energy Es, sourceradiusr, stressdrop Ao and ddocation D) using the SRCPLUS inversion algorithm [20] and
[13]. This algorithm determines the seismic moment tensor from the inversion of the displacement waveforms
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following the method of [9] and computes the source parameters by using several techniques [1], [3] on the
basis of [7] model. The displacement spectra of the P and S body waves are computed for each station and are
subsequently corrected for the effects of geometrical spreading, attenuation, seismic source pattern and free
surface. In the hypothesis of Brune€s w? mode, the average spectral parameters (low- and high-frequency
asymptotes, corner frequency) are used to constrain the source parameters.

We consider a data set consisting of 81 intermediate-depth earthquakes (2.9 < My < 5.3) recorded
between 1996 and 2001 by the seismic network of K2 digital accelerometers installed within the German-
Romanian cooperation (CRC461 Programme). The K2 network has an acceptable azimuthal coverage relative
to Vrancea events and allows a high-quality processing of the waveforms in order to constrain the source
parameters. The considered earthquakes are listed in Table 1.

Table 1. The considered earthquakes and the computed source parameters

No Date Time ¢ A h Mw Mo a D Ao
hh:mm | (°N) (°E) | (km) (Nm) (m) (cm) | (MPa)
1 1996/01/30 | 04:36 | 45.73 | 26.66 | 102 43 | 41x10® | 507 7 14
2 1996/06/07 | 05:09 | 4552 | 26.32 | 126 46 | 1.1x10% | 562 15 26
3 | 1996/12/12 | 03:30 | 45.65 | 26.48 | 133 36 | 23x10* | 368 1 3
4 1997/01/01 | 0144 | 4579 | 26.62 | 148 38 | 7.3x10" | 268 4 17
5 1997/03/01 | 19:26 | 4571 | 26.63 | 104 42 | 25x10® | 286 13 48
6 1997/05/31 | 0529 | 4566 | 26.41 | 127 37 | 49x10" | 285 3 9
7 | 1997/07/14 | 00:37 | 45.77 | 26.75 | 128 42 | 29x10® | 221 25 117
8 | 1997/08/24 | 09:18 | 45.71 | 26.54 | 136 39 | 83x10* | 218 7 35
9 1997/10/11 | 19:00 | 45.80 | 26.80 | 110 45 | 79x10Y | 397 22 55
10 | 1997/10/22 | 07:49 | 4559 | 26.39 | 134 40 | 1.2x10® | 372 3 10
11 | 1997/11/18 | 11:23 | 4576 | 26.71 | 123 47 | 1.3x10% | 411 34 84
12 | 1997/12/18 | 2321 | 4552 | 26.26 | 136 39 | 99x10" | 342 3 11
13 | 1997/12/30 | 04:39 | 4554 | 26.32 | 139 46 | 93x10% | 401 23 63
14 | 1998/01/14 | 05:01 | 45.71 | 26.60 | 143 40 | 1.1x10® | 321 4 15
15 | 1998/01/19 | 00:53 | 45.64 | 26.67 | 105 40 | 15x10¥ | 302 7 21
16 | 1998/01/31 | 21:14 | 45.47 | 26.33 | 137 36 | 34x10" | 230 3 12
17 | 1998/02/19 | 14:34 | 45.84 | 26.70 | 140 38 | 74x10* | 369 2 6
18 | 1998/03/13 | 13:14 | 4556 | 26.33 | 155 47 | 1.4x10" | 474 25 57
19 | 1998/04/14 | 01:03 | 45.73 | 26.57 | 141 3.8 | 7.3x10" | 293 3 13
20 | 1998/04/23 | 06:37 | 45.81 | 26.64 | 97 35 | 24x10" | 261 2 6
21 | 1998/05/04 | 16:10 | 45.73 | 26.45 | 145 40 | 1.1x10® | 331 4 13
22 | 1998/06/02 | 04:48 | 45.65 | 26.40 | 115 34 | 11x10" | 335 1 2
23 | 1998/06/06 | 20:34 | 45.67 | 26.53 | 149 3.0 | 38x10% | 450 0.1 0.2
24 | 1998/07/03 | 06:14 | 45.68 | 26.76 | 136 42 | 21x10% | 298 10 35
25 | 1998/07/27 | 15:02 | 45.67 | 26.53 | 135 44 | 45x10® | 389 2 33
26 | 1998/08/24 | 23:27 | 45.71 | 26.45 | 165 36 | 32x10" | 293 2 5
27 | 1998/09/21 | 13:49 | 45.80 | 26.62 | 148 36 | 32x10" | 276 2 7
28 | 1998/11/14 | 11:15 | 45.76 | 26.58 | 146 36 | 3.0x10" | 228 2 1
29 | 1998/12/12 | 10:55 | 4551 | 26.26 | 150 3.4 | 1.8x10" | 440 0.4 1
30 | 1998/12/17 | 19:15 | 45.80 | 26.68 | 136 32 | 79x108 | 215 1 3
31 | 1998/12/28 | 21:50 | 45.78 | 26.47 | 157 29 | 28x108® | 215 0.2 1
32 | 1998/12/29 | 05:56 | 45.61 | 26.52 | 118 37 | 41x10% | 234 3 14
33 | 1999/01/06 | 21:28 | 4554 | 26.28 | 121 31 | 64x108 | 271 0.4 1
34 | 1999/01/09 | 00:04 | 4554 | 26.38 | 146 31 | 53x10% | 256 0.3 1
35 | 1999/01/23 | 17:01 | 45.67 | 26.48 | 140 41 | 1.9x10% | 442 4 10
36 | 1999/02/22 | 10:01 | 45.66 | 26.51 | 127 33 | 12x10" | 268 1 3
37 | 1999/03/09 | 17:51 | 45.66 | 26.47 | 151 34 | 1.7x10" | 336 1 3
38 | 1999/03/17 | 07:01 | 45.62 | 26.46 | 158 3.4 | 16x10" | 229 1 6
39 | 1999/03/17 | 22:10 | 45.70 | 26.56 | 142 41 | 1.6x10® | 359 5 15
40 | 1999/03/22 | 19:25 | 4552 | 26.31 | 145 44 | 47x10% | 415 11 29
41 | 1999/03/23 | 09:11 | 45.68 | 26.50 | 155 40 | 1.2x10* | 270 7 27
42 | 1999/04/04 | 01:21 | 45.70 | 26.45 | 146 3.7 | 42x10" | 225 3 16
43 | 1999/04/15 | 02:21 | 4587 | 26.80 | 89 33 | 12x10" | 236 1 4
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44 | 199904/28 | 0847 | 4549 | 2627 | 151 | 53 | 1.3x107 | 677 | 111 177
45 | 199904/29 | 1844 | 4562 | 2640 | 148 | 40 | 1.4x10° | 306 6 21
46 | 199904/30 | 2232 | 4553 | 2624 | 148 | 32 | 74x10° | 214 1 3
47 | 19990525 | 0935 | 4559 | 2649 | 122 | 39 | 89x10* | 272 5 19
48 | 199906/11 | 0820 | 4584 | 2663 | 112 | 33 | 1.2x10* | 267 1 3
49 | 199906/20 | 00:09 | 4560 | 2652 | 131 | 36 | 29x10* | 224 2 4
50 | 199906/22 | 0802 | 4572 | 2646 | 149 | 3.7 | 51x10* | 233 4 18
51 | 199906/29 | 20:04 | 4561 | 2652 | 131 | 4.2 | 3.0x10° | 407 7 19
52 | 199907/04 | 0821 | 4541 | 2621 | 149 | 33 | 1.2x10* | 223 1 5
53 | 199907/13 | 1310 | 4570 | 2649 | 132 | 4.0 | 1.1x10° | 308 5 16
54 | 199907/15 | 0252 | 4584 | 2677 | 113 | 3.0 | 36x10° | 226 | 0.3 1
55 | 19990807 | 0225 | 4567 | 2643 | 133 | 3.7 | 38x10* | 344 1 4
56 | 19990914 | 2348 | 4561 | 2651 | 124 | 31 | 55x10° | 271 0.3 1
57 | 19991012 | 2348 | 4571|2639 | 164 | 3.7 | 39x10* | 225 3 15
58 | 19991108 | 1922 | 4555 | 2635 | 138 | 4.6 | 1.1x10° | 414 26 67
59 | 19991114 | 0905 | 4552 | 2627 | 132 | 4.6 | 1.0x10° | 515 16 33
60 | 19991124 | 0357 | 4585 | 2676 | 112 | 34 | 1.8x10* | 246 1 5
61 | 199912/17 | 16:06 | 4580 | 26.66 | 82 34 | 19x10% | 233 2 6
62 | 20000308 | 2211 | 4587 | 2671 | 71 41 | 1.8x10° | 547 3 5
63 | 20000406 | 00:10 | 4576 | 2665 | 147 | 4.8 | 22x10° | 664 20 33
64 | 20000510 | 04:27 | 4561 | 2655 | 131 | 4.0 | 1.4x10° | 344 5 16
65 | 200007/01 | 20:50 | 4581 | 2680 | 64 36 | 36x10* | 306 2 6
66 | 200007/15 | 0842 | 4575 | 2655 | 144 | 34 | 15x10* | 356 1 2
67 | 200007/27 | 0239 | 4587 | 2668 | 138 | 34 | 1.6x10* | 278 1 3
68 | 20000806 | 0509 | 4562 | 2624 | 161 | 32 | 86x10° | 318 | 0.3 1
69 | 20000810 | 1958 | 4564 | 2639 | 130 | 35 | 21x10* | 350 1 2
70 | 20001012 | 0842 | 4577 | 2650 | 149 | 35 | 21x10* | 235 2 7
71 | 20001230 | 21:31 | 4569 | 2647 | 144 | 37 | 41x10% | 613 | 05 1
72 | 200012/16 | 1247 | 4579 | 2657 | 155 | 4.2 | 24x10° | 309 10 36
73 | 20010304 | 1538 | 4552 | 2623 | 156 | 45 | 8.0x10° | 533 11 23
74 | 2001/0318 | 06:33 | 4552 | 2622 | 153 | 3.6 | 36x10* | 324 1 5
75 | 20010328 | 2207 | 4576 | 2667 | 133 | 39 | 82x10* | 279 4 16
76 | 20010520 | 0359 | 4561 | 2644 | 153 | 3.8 | 7.0x10* | 226 6 27
77 | 20010524 | 17:34 | 4566 | 2649 | 156 | 50 | 41x10° | 623 43 75
78 | 200107/20 | 0509 | 4578 | 2674 | 128 | 4.9 | 24x10° | 478 46 97
79 | 20010802 | 04:48 | 4574 | 2655 | 133 | 4.0 | 1.1x10° | 267 6 25
80 | 200¥10/17 | 1301 | 4566 | 2651 | 98 45 | 70x10° | 357 25 67
81 | 200Y10/17 | 1535 | 4574 | 2647 | 158 | 34 | 46x10* | 245 3 14

The spedrum of the displacement field in the far field is given by:
Qg(0) = RQAc/WB(@N){ V[u+ (2.34p/2)°} @

wherer is the distance source-station, S is the S-wave propagation velocity, R is the radiation pattern, u isthe
rigidity modulus of the medium, a is the sourcedimension, w =21 (f — frequency). Acis effedive stressdrop or
dynamic stress drop and represents the difference between the initial stresson fault and the final frictiona
stresswhich resists to the fault dip. Asymptotically, the spedrum tends to the onstant value

Qo = Qg(w-0) = (RATPrR )Mo= M/F )

which is proportional to the seismic moment M, (the proportionality factor F depends on the radiation pattern,
geometrical spreading and seismic wave veocity). Rdation (2) is valid bath in case of S and P waves with the
corresponding seismic wave velocity and radiation pattern in equetion (2).

Acoording to (1), the displacement spedrum deaeases as w? for frequencies greater than the @rner
frequency f., which is given by the intersedion of the low-frequency asymptote and the high-frequency
asymptote (Fig. 1). Typically the crner frequency is related to a characteristic dimension of the source For a
circular source, the crner frequency isinversely proportional to the fault radius[7]:
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a= (2.34p)/2rt, 3)

QO

displacement

fe

Fig. 1. -Typical representation of a di§JlEe&nit source spedrum with w? deaay; f. isthe @rner frequency; Qo
isthe low-frequency level.

Equation (1) is deduced asuuming that the entire stress accumulated on fault is released duing the
earthquake, so that the stressdrop Ao is defined as the diff erence between the final and initial stresses averaged
over the fault plane. In these nditions the seismic moment and the stress drop are related through the
following relation:

Ao = (7/116)(M/a%) 4 (
The magnitude My is estimated from seismic moment by:
My = (log M, - 9.1)/1.5 (5)

The seismic moment M, is estimated for each station using (1) after correding the displacement spedra for
geometrical spreading, radiation pattern and free surface response. Finally, a mean value is adopted for the all
available stations. The radius a and the stress drop Ao are evaluated using (3), and (4), respedively. The
didlocation on fault D is determined by:

D = My/(ure’) 6 (
Theresulted parameters are given in Table 1.

Soectral ratio method

The spedral ratios for two earthquakes with foci located close one another mainly refled the source
properties, while the path effeds are to a large extent eiminated. For a source model with homogeneous
rupture and high-frequency fall-off ", the spedral ratio R(f) can be approximated by the theoretical function:

QL1 + (MM
R(f) = (7)
Qo[ 1+ (f/fP) V2

where f” and f.9 are the mrner frequencies of the main event and Grean's event, respedively, and Q° and Q,°
are the low-frequency spedral levels. For a better constraint of the arner frequencies and spedral levelsit is
necessry to use broadband recrdings [11]. In the following, we applied the spedral ratio method for the
broadband seismograms recorded at Vrancioaia (VRI) seismic station, located in the epicentral area, for 37
earthquakes (Table 2). Only P waves were considered.

Table 2. List of the earthquakes considered in spedral ratios analysis. The main events are marked by bad
characters. One or more @-located events are associated with each main event
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No. Data hour:min lat. Lon. H Mw | Mp
CN) | B | (km)

1 1997/03/01 19:26 4571 | 26,63 | 104 | 42 | 44

2 1997/12/17 02:48 4573 | 26.69 | 77 - 3.1

3 1998/12/01 02:38 4574 | 26.65 | 76 - 3.6
4 1999/07/03 15.21 4579 | 26.82 | 92 - 34

5 1999/09/04 00:26 4571 | 26.68 | 70 - 3.1

6 1999/10/12 19:23 4570 | 26.61 | 83 - 34

7 1999/11/09 02:09 4571 | 2661 | 92 - 34

8 1998/01/19 00:53 4564 | 26.67 | 105 | 40 | 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 4571 | 2661 | 92 - 34
12 | 1999/04/28 08:47 4549 | 26.27 | 151 | 53 | 6.2
13 | 1998/12/12 10:55 4551 | 26.26 | 150 | 34 | 4.2
14 | 1999/01/06 21:28 4554 |1 2628 | 121 | 3.1 | 4.0
15 | 1999/04/30 22:32 4553 | 2616 | 148 | 3.2 | 4.3
16 | 1999/06/06 12:01 4553 | 26.32 | 136 - 3.9
17 | 1999/11/08 19:22 4555 | 2635 | 138 | 46 | 5.2
18 | 1999/11/14 09:05 4552 | 26.27 | 132 | 46 | 5.2
19 | 2000/03/28 06:40 4548 | 26.32 | 137 - 3.7
20 | 2000/03/08 22:11 4587 | 26.71 | 71 41 | 5.2
21 | 1997/07/04 00:30 4580 | 26.85 | 77 - 37
22 | 2000/04/06 00:10 4576 | 26,65 | 147 | 48 | 54
23 | 1998/09/21 13:49 4580 | 2662 | 148 | 3.6 | 45
24 | 1998/09/22 20:52 4574 | 26.60 | 142 - 37
25 | 1998/11/14 11:15 4576 | 2658 | 146 | 36 | 44
26 | 1999/05/05 16.21 45.67 | 26.56 | 142 - 41
27 | 1999/08/09 07:17 4573 | 26.70 | 133 - 4.2
28 | 1999/08/28 05:32 4570 | 26.63 | 142 - 4.0
29 | 1996/06/07 05:09 4552 | 26.32 | 128 | 46 | 54
16 | 1999/06/06 12:01 4551 | 26.32 | 136 - 39
30 | 1997/10/11 19:00 4580 | 26.80 | 110 | 45 | 55
31 | 1996/02/03 07.07 45,79 | 26.84 | 100 - 4.3
32 | 1999/04/15 02:21 4587 | 26.80 | 89 33| 40
33 | 1999/05/17 16:33 4579 | 26.79 | 110 - 3.8
34 | 1997/11/18 11:23 4576 | 26.71 | 123 | 47 | 55
35 | 1999/07/14 13:27 45.68 | 26.59 | 148 - 4.0
23 | 1998/09/21 13:49 4580 | 2662 | 148 | 3.6 | 45
25 | 1998/11/14 11:15 4576 | 2658 | 146 | 36 | 44
27 | 1999/08/09 07:16 4573 | 26.70 | 133 - 4.2
36 | 1998/03/13 13:14 4556 | 26.33 | 155 | 4.7 | 55
37 | 1996/10/15 04:43 4551 | 26.38 | 152 - 4.2
15 | 1999/04/30 22:32 4553 | 26.24 | 148 | 3.2 | 4.3

The source parameters obtained by spectral ratios analysis are given in Table 3.

Table 3. Source parameters estimated by spectral ratios method

No. Mo f2 fo a Ac frmax m
(Nm) (Hz) | (Hg) | (m | (MPa) | (H2)

1 | 250x10"® | 52 43 | 418 15 104 | 24

2 | 457x108 | 145 | 156 | 115 15 175 | 38

3 | 224x108 | 128 | 122 | 148 3 153 | 31

4 | 708x10% | 101 | 121 | 149 9 142 | 28

5 | 417x108 | 126 | 134 | 134 8 130 | 3.0




308 Emilia Popescu et al.

6 | 426x108 | 92 | 127 | 142 7 115 | 25
7 | 371x108 | 107 | 11.2 | 160 4 120 | 38
8 | 1.50x10" | 34 35 | 518 5 155 | 37
9 | 224x10" | 111 | 103 | 176 18 131 | 27
10 | 1.50x 10 | 6.2 73 | 250 0.4 142 | 31
11 | 1.68x10¥% | 7.7 93 | 195 1 171 | 38

12 | 1.30x10Y | 1.6 1.8 | 990 59 124 | 32
13 | 6.70x10% | 400 | 74 | 255 0.2 8.0 3.0
14 | 7.63x10% | 7.9 6.8 | 284 2 11.8 | 36
15 | 7.01x 10" | 6.9 71 | 269 2 136 | 33
16 | 1.99x 10 | 83 84 | 237 0.7 148 | 34
17 | 861x10® | 1.9 21 | 925 5 6.4 2.6
18 | 1.14x 10 | 2.3 1.7 | 1083 4 6.2 2.3
19 | 597x10¥ | 80 76 | 247 0.2 10 3.0
20 | 7.08x10" | 44 36 | 505 | 241 89 | 35
21 | 224x10® | 7.2 81 | 153 90 8.9 3.7
22 | 390x 10 | 21 1.9 | 995 17 7.4 2.7
23 | 1.26x10% | 51 6.8 | 273 3 106 | 28
24 | 1.21x10% | 69 | 179 | 104 5 138 | 34
25 | 1.83x10% | 5.9 79 | 235 6 9.2 2.8
26 | 488x10% | 6.9 89 | 207 2 101 | 31

3

4

27 | 6.92x10% | 54 84 | 226 9.1 35
28 | 677x10% | 7.0 96 | 193 116 | 24
29 | 1.10x 10 | 54 | 322 | 575 25 1428 | 2.4
16 | 245x 10" | 943 | 7.87 | 235 0.8 1653 | 2.1
30 | 790x 10" | 257 | 1.93 | 940 4 1741 | 33
31 | 499x 10" | 750 | 6.96 | 260 12 1515 | 2.8
32 | 314x10% | 727 | 60 | 302 5 1531 | 29
33 | 1.30x10" | 6.85 | 7.5 | 243 4 1700 | 3.1

6

2

34 | 1.30x10 | 275 | 1.92 | 964 1480 | 3.3
35 | 964x10" | 459 | 31 | 597 1020 | 3.3
23 | 899x 10" | 6.88 | 4.86 | 381 0.7 | 1082 | 3.0
25 | 1.67x10% | 50 | 4.89 | 250 1 1658 | 2.6
27 | 820x 10" | 746 | 583 | 317 1 844 | 22
36 | 1.40x10' | 243 | 264 | 712 17 13.08 | 3.1
37 | 570x 10® | 12.45 | 13.00 | 145 8 1469 | 3.6
15 | 883x10%° | 7.47 | 868 | 216 3 1791 | 36
" parameter m was fixed in the regression

There are two estimations of the corner frequency: directly from the acceleration spectra (f.%) and from
the spectral ratios (f.°) (the procedure for the corner frequency determination is presented in [18]. They
generally correlate (one exception is for event 24) with a standard deviation of 1.45, as can be seen in Fig. 2
(where the outlier for the event 24 was removed). The source radius in Table 3 is computed using (3) and the
corner frequency estimated from spectral ratios analysis. The maximum frequency of the accel eration spectrum,
frax, @nd the high-frequency dope, m, are estimated from the accel eration spectra.
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Fig 2.- Corner frequency obtained from spectral ratios versus corner frequency obtained from acceleration
spectra

The comparison of the source radius resulted from spectra inversion and from spectral ratios (Fig. 3)
shows significant greater values when using spectral ratios method. This could be due to fact that the spectra
inversion is not correcting all the factors which distort the signal from the source (and first of all the site
effects).
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Fig 3.- Source radius determined by spectral ratios versus source radius determined by spectral
inversion

Sour ce scaling

On the basis of the source parameters obtained in the previous section we evaluate the characteristic
scaling relations of the Vrancea seismic source and look for possible depth dependency. We use separately the
source parameter values obtained by inversion of spectra and spectral ratios method.

Seismic moment-magnitude relation

The magnitude is estimated from the recording duration. The seismic moment values (in Nm) vs.
magnitude values obtained with spectral analysis method and spectral ratio method respectively are close each
other, as can be seen in Fig. 4., with a greater dispersion in the second case. Theregression lines are:



31C Emilia Popescu et a.

Ig M, = (1.4 + 0.1) Mp, + (8.6 + 0.4) 8X
R=0.89 0 =0.37

for spedral inversion, and

Ig Mo = (1.3 0.1) Mp, + (8.8 % 0.6) )
R=0.86,0=0.64

for spedral ratio method.
Moment magnitude - duration magnitude relation is represented in Fig. 5. The crresponding regresson line
is

My = (0.9 + 0.0) Mp, - (0.4 £ 0.1) 10X
R=0.79, 0 = 0.06

for the values ohtained by spedrainversion.
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Fig. 4.- Seismic moment — duration magnitude relation. Solid circles — values oltained by spedral inversion;
empty circles — values obtained by spedral ratios method.
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Fig. 5. - M- Mp relation: diamonds and solid line for spedral inversion.
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Seismic moment — sourceradius relation
The following relations are obtained for the two sets of source parameters:
Spectrainversion:

lgM, = (4.0+0.5) Iga+ (4.8+1.2) (11)
R=0.68,0 =057
Spectral ratios:

IgM,=(3.4+0.4)Iga+ (6.2+0.9) (12
R=0.83,0=0.68

where a is measured in meters. The regression lines are represented in Fig. 6. Again the dispersion is more

pronounced for the values obtained by spectral ratios procedure. Both relations suggest a deviation from a
source model with constant stress drop (characterized by a -3 dlope), but this could be caused by errors as well.
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15

log M_(Nm)

14
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12

2.0 2.1 2.2 2.3 2.4 25 2.6 2.7 2.8 2.9 3.0 31
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Fig. 6.- Seismic moment versus source radius for the entire depth domain: diamonds and solid line for spectral
inversion and empty circles and dashed line for spectral ratios.

Sressdrop - seismic moment relation

With stress drop values in MPa and seismic moment values in Nm, the following relations are
obtained (Fig. 7):
Spectral inversion:

IgAc =(0.7+0.0) IgM, - (9.3+0.6) (13)
R=0.88,0=0.30
Spectral ratios:

lgAc = (0.4+0.1) Ig M, - (4.5 + 0.9) (14)
R=0.69, 0 = 0.47

log Ao (Mpa)
-

-1 HH\HH‘\HHH\\‘HHHH\‘H\HHH‘\HHHH‘HHHH\‘

12 13 14 15 16 17 18
log M (Nm)
(]
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Fig. 7.- Stress drop-seismic moment dependence: diamonds and solid line for spectral inversion and empty
circles and dashed line for spectral ratios.

The two relations show a deviation from a constant stress drop model, an increase of the stress drop with
increasing seismic moment, respectively. This kind of scaling characterizes the complex source processes and
seems to be quite common in case of Vrancea earthquakes [15].

Seismic energy - seismic moment relation is deduced only using the spectra inversion and is given by
(Fig. 8):

lg Es= (1.7 0.1) Ig M - (16.0 + 1.0) (15)
R=0.93, 0 =0.52
14 —
13 3
e
g 11
E"’ 10—;

log Mo (Nm)

Fig. 8. - Seismic energy versus seismic moment: diamonds and solid line for spectral inversion.

Note that log Es~log M, rdation for the entire zone is dominated by data located in the lower segment of the
subducting dab.

Didocation — seismic moment relation was obtained also only for the spectra inversion case. For the dislocation
given in cm, and seismic moment in Nm, theregression lineis (Fig. 9):

gD = (0.7 +0.0) Ig M, - (10.0+ 0.5) (16)
R=0.95, 0 = 0.17

3

log D (cm)
=
] Y I ‘ ] I ‘ ] ‘ ] Y I ‘

-1 H\H‘AY\H‘HH\HH‘HH\\H\‘HHHH\‘\H\HH\‘

13 14 15 16 17 18
log MO(Nm)

Fig. 9.- Didocation-seismic moment dependence: diamonds and solid line for spectral inversion
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Depth variation of the scaling properties

There is an increasing number of evidence in favor of clustering in time, space and energy of the
seismic process in Vrancea subcrustal domain, reflecting specific physical, geodynamical and rheological
phenomena acting at different scale lengths at these depths. At the same time, the clustering is related to a
hierarchical structure of the inhomogeneities that control the seismogenic process. At the scale of the entire
subducting lithosphere, we can assume two [22] or even three active segments [10], [12], [17]. In the following
we shall adopt the model of two seismogenic areas, A (60 < h < 110 km) and C (110 < h < 220 km) (Fig. 10),
and analyze the scaling properties separately for the two zones in order to outline eventually depth-dependent
variation. It islikely that the two active zones are separated by a sort of transition zone around 100 km depth.
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Fig. 10. - Depth distribution of the foci in Vranceain a cross section perpendicular to the Carpathians Arc.
Two possible active segments are highlighted.

The seismic moment — magnitude relations for the two zones are (Fig. 11):

Zone A
Soectral inversion

IgM,=(1.2+£0.3) Mp + (9.6 £ 1.3) a7)
R=0.74, 0 = 0.47
Soectral ratios
IgM,=(1.3+£0.2) Mp + (9.3+0.8) (18)
R=0.87,0=0.53

ZoneC
Soectral inversion
IgM,=(1.4+0.1)Mp + (8.2+ 0.4) (19
R=0.92,06=0.32
Soectral ratios
IgM,=(1.8+0.2) Mp + (6.6 £ 0.7) (20
R=0.94,0=0.49

The correlation coefficient is greater and the errors are smaller for the degper zone (C). Both methods
indicate a dope of the seismic moment - magnitude relation that increases significantly on depth, in agreement
with a substantial change in the earthquake generation process pointed out in the lower part of the subducting
lithosphere relative to the upper part [22], [16].
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Fig. 11.- Seismic moment - magnitude relation: diamonds and solid line for spectral inversion and empty

circles and dashed line for spectral ratios
a zoneA;
b. zoneC.

The seismic moment — source radius dependences are approximated by the regression lines (Fig. 12):

Zone A

Soectral inversion
IgM,=(39+1.2)Iga+ (5.0 28) (21)

Soectral ratios

ZoneC

R=0.70,0=0.50

lgMo = (3.1+0.7) Iga+ (7.1 1.7) (22)

R=0.75,0=0.72

Spectral inversion
IlgM,=(41+0.4)Iga+ (48+4.1) (23)

Soectral ratios

R=0.67,0=0.60

IgMo = (412 04) Iga+ (4.1+1.1) (24)

R=0.92,06=0.55
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log MO(Nm)

log r (m)

log Mg (Nm)
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logr (m)
Fig. 12.- Seismic moment — source radius relation: diamonds and solid line for spectral inversion and empty
circles and dashed line for spectral ratios
a zoneA;
b. zoneC.

Except the relation obtained for zone A using spectral ratios method (slope ~ 3), for al the other
computations the sope of the seismic moment — source radius relation is close to 4, indicating a complex
rupture process, especially in the lower lithosphere. This result agrees with the complex source time function
retrieved by empirical Green’s function deconvolution for the largest shock generated after 1990 in the zone C
(28 April 1999, My=5.3).

The relations between the stress drop and seismic moment are plotted in Fig. 13 and the regression
approximations are:

ZoneA:
Spectral inversion
IgAc=(0.7+£0.1) IgM, - (8.6 £ 1.6) (25)
R=0.87,0=0.26
Soectral ratios
IgAc=(04+0.1)IgM,- (43£1.6) (26)
R=0.64,0=0.48
Zone C:
Soectral inversion
IgAc=(0.7+£0.1) IgM, - (9.4£0.7) 27
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Soectral ratios
IgAc=(0.4+0.1)IgM,- (5.0+1.0) (28)
R=0.82,0=0.40
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Fig. 13. - Stress drop — seismic moment relation diamonds and solid line for spectral inversion and empty
circles and dashed line for spectral ratios
a ZoneA;
b. ZoneC.

As regards the dependence of stress drop on seismic moment, this is better constraint when the spectral
inversion is applied. Anyway, in all cases the slope is significantly larger than zero, (characteristic for constant
stress drop scaling), indicating inhomogeneous rupture processes in the source for both segments of the
subducting lithosphere.

The relation between seismic energy and seismic moment estimated by spectral inversion method is given by

(Fig. 14):
ZoneA:
IgEs=(1.3£0.3)IgMg- (9.0 4.4) (29)
R=0.85, 0 =0.60
Zone C:
IgEs=(1.8£0.1) IgMgy- (15.9+ 1.1) (30)
R=0.95, 0 =0.50
14 -]
13 é
- 12 —E
é 11 —:
P
TS 3
o
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Fig. 14.- Seismic energy versus seismic moment for:
a ZoneA;
b. ZoneC.

Note that concerning this type of relation, the data for A segment are insufficient to constrain the log Es~log M,
relationship.
The relation between moment magnitude, My and duration magnitude, Mp is given by (Fig. 15):

ZoneA:
Mw = (0.8 £0.3) Mp + (0.3+0.3) (31)
R=0.75,0=0.31
Zone C:
Mw =(1.0£ 0.0) Mp - (1.0£ 0.3) (32

R=0091,0=0.22
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Fig. 15. - My~ Mp relation
a ZoneA,;
b. ZoneC.

Didocation vs. seismic moment is plotted in Fig. 16. The linear regression approximation computed for the
spectral inversion caseis:

ZoneA:
IlgD=(0.7+0.1) IgM, - (10.2+ 1.0 (33)
R=0.95 0=0.17
Zone C:
IlgD=(0.7+0.1) IgM, - (10.0 £ 0.6) (34)
R=0.92,0=0.25

As can be seen in the figure, the regression is wel constraint with similar parameters in the two active

segments.
2 5
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IogMo(Nm)
Fig. 16. - Didocation vs. seismic moment.
a zoneA,
b. zone C.

CONCLUSIONS

An extended set of earthquake data is considered to analyze the seismic source
properties in the Vrancea subducting lithosphere and to detect possible depth dependence of
these properties. The set consists of 100 earthquakes occurred between 1996 and 2001 with
magnitudes Mw between 2.9 and 5.3. The considered time interval corresponds to the
installation in Romania of a high-quality digital accelerometer network in the framework of the
German-Romania CRC461 Programme [5] and to the deployment of a temporary seismic
tomography experiment (CALIXTO99 - [24] during six months in 1999. In addition to the
routine data coming from the Romanian national network (18 short-period, one-component
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instruments) dedicated firstly to seismicity monitoring, the new data offers an excellent basis
for advanced seismicity and seismic source research.

To constrain the source parameters we apply two independent techniques:. the inversion
of the P-wave displacement spectra (SRCPLUS algorithm — [20], and the spectra ratios
method (applied to P-wave seismograms, as well). The application of two independent
methods to common events gives us the opportunity to have an idea about the resolution of the
resulted source parameters and scaling. In the case of spectrainversion we have to correct first
the waveforms for instrument, radiation pattern and path effects. These corrections are not
necessary in the case of spectral ratios since we can suppose that the ratios efficiently remove
the corrections if the pairs of co-located earthquakes are carefully selected. The comparison
between the source parameters retrieved by the two methods shows an underestimation of the
source radius by spectra inversion, probably due to an incomplete correction in this case (Fig.
3). This implies an overestimation of the corresponding stress drop values, according to
equation (4). The considering of a apropiate site effect correction will certainly reduce these
discrepancies.

To account for the structural inhomogeneity in the subducting lithosphere beneath
Vrancea, we separate the analysis on two segments: the upper part A (60 < h < 110 km) and
the lower part C (110 < h < 220 km). A transition zone around 100 km depth seemsto play an
important role in the distribution of tectonic stress. Seismicity rate is lower here and the
reverse faulting mechanism, which is predominant all aong Vrancea subcrusta region, is
changing here into normal faulting [4]. The rough two-blocks analysis on depth proposed in
this paper, as a first attempt to determine the depth variation properties in Vrancea
seismogenic zone, outlines important differences in the seismic moment — magnitude
distribution, the seismic energy-seismic moment and the seismic energy — magnitude
distribution. On the contrary, the scaling of the stress drop and dislocation with the seismic
moment shows practically no depth dependence. Considering the dispersion of data, we can
assume that the seismic moment — source radius distribution is also hot changing on depth.

As an interesting result we outline the relations like log Es~log M, approximated by
least mean square method which show an apparent mean stress (the sope of the relation) Oap,
from 1.3 MPain upper segment, 1.75 in lower segment and 1.73 on the entire depth domain.

The increase of the mean apparent stress on depth agrees with the scaling relations
obtained by [15] using source time function duration. The authors found that the source
durations appear to decrease in the deeper part of Vrancea dab and they interpreted this result
as a sign of increasing the stress drop there. This interpretation correlates well with the
decrease of the dope of the frequency-magnitude distribution in the lowest part of the dab,
since as it is known the b slope reflects differences in the stress regime or in the inhomogeneity
distribution. However, it is ill unclear if the decrease of source duration with depth reflects
changes in stress drop or elastic parameters [23], [8]. Our study gives not a definitive answer
to this question, which remains a subject for future research.

Fractal statistics showed at its turn the existence of significant variations on depth of
the clustering properties. Thus, the analysis of the variation coefficient Cv or y parameter
outlined differences in the generation process of moderate-magnitude (asperity-like) events and
small-magnitude (crack-like) events in the lower and upper segments of the subducting
lithosphere [16]. These differences seem to revea significant variations in the underlying
physical process responsible for earthquake triggering and could bear some relation with the
fluid behavior at depth. Our results partly support these hypotheses, but at this stage they
cannot be conclusive, if we take into consideration the complexity of the problem.
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