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EMPIRICAL RELATIONS OF SEISMIC MOMENT  
AND EARTHQUAKE MOMENT MAGNITUDE  

TO EARTHQUAKE LOCAL MAGNITUDE FOR THE VARDAR 
AND WEST MACEDONIA SEISMIC ZONES 

Vera Čejkovska 

A b s t r a c t: Seismic moments (M0) of 79 earthquakes which ed 
in the Vardar and West Macedonia seismic zones on the territory 
of the Republic of Macedonia and neighbouring regions within 
the period 1992–2002 were obtained by inversion of the amplitu-
de spectra of the vertical components of the short-period shear Sg 
and Lg surface waves, digitally recorded on the electromagnetic 
short-period SS-1 and wide-range WR-1 Kinemetrics seismome-
ters at the stations in Skopje (SKO), Ohrid (OHR), Valandovo 
(VAY), Bitola (BIA) and Kriva Palanka (KPJ). The inversion was 
done on the Brune dislocation source model and a proper model 
of the medium. The data used included earthquake local magnitu-
des (ML) between 1.5 and 5.2, for the Vardar seismic zone, and 
between 1.4 and 5.2, for the West Macedonia seismic zone. Mo-
ment magnitudes (MW) of the earthquakes were calculated using 
the Kanamori formula. Empirical M0 – ML and MW – ML relations 
were obtained, the first of the kind for seismic zones in the 
territory of the Republic of Macedonia. The results also appointed to a 
differentiation between classes of small and middle-sized earthquakes 
at ML = 5.2 and to a change in the scaling law of the small 
earthquakes at ML ≈ 3.0 – 3.5 or M0 ≈ 6·1013 – 1.5·1014 N·m. 

Key words: seismic source parameters; seismic moment; eart-
hquake moment magnitude; empirical relations 
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1. INTRODUCTION 

A review on seismic moment and purposes of this study 

In the earthquake mechanics studies, the sudden faulting has been ap-
proved as the most probable physical model for seismic sources [e.g. 1, 2].  

The general solution for the corresponding displacement field can be 
obtained only by use of the dislocation theory. When specified for far field 
( F ), the amplitude spectrum of that solution has a level in the low-frequency 
part. For the special case of an isotropic medium (as is the Earth for a wide 
range of seismic wave periods) and a flat surface fault (which is being the most 
probable physical model for seismic sources in a wide range of seismic source 
depths), the low-frequency level is given by [e.g. 1, 3, 4]  
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(our notation). Here "s" in subscript stands for "source", f  is the wave fre-
quency, ..selS  is a sphere surrounding the fault in the far-field, having a centre in 
the earthquake hypocentre (H), unit radius ( 1=HR ), and interior (say ..selV ) 
that can be approximated by an isotropic homogeneous elastic medium. 0r  
stands for the position of the points on ..selS . 0M  is the so called seismic mo-

ment. Ff
ϑϕ

 is the radiation pattern of the waves generated by the fault surface 

and observed in the far field (ϑ is the angular, ϕ  is the azimuth). It depends on 
the wave type and on the dislocation model used for the fault. 0ρ , 0v  and 0μ  
are respectively the density, the wave velocity and the shear modulus on ..selS  

and in ..selV . LΣ  is the final fault surface, 1a  is the absolute value of the aver-
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age final dislocation (slip) on LΣ , σΔ  is the average final stress drop on LΣ  
(static stress drop) and C  is a constant that depends only on the shape of LΣ .  

  Being a constant for a specific fault that is defined through the average 
final fault properties, the seismic moment has been accepted as a measure of 
seismic source size or earthquake size [e.g. 3, 5–7]. On its base, a new, non-
saturating and so called earthquake moment magnitude has been defined [8]. 
On the other hand, the constant σΔ  in eq. (1b) for a group of earthquakes de-
notes their self-similarity, since the proportionality 3/2

0~ MLΣ  is valid then 
[e.g. 3, 8, 9]. 

Accordingly to (1), when assuming a specific dislocation model of a 
flat surface fault as a seismic source, the value of the seismic moment for any 
earthquake can be obtained from the level in the observed far-field displace-
ment amplitude spectrum, after removing from it the recording instruments’ 
response and the influences of the seismic waves’ spreading in real medium 
between the sphere ..selS  and the Earth’s surface. The last can be removed con-
ventionally, on certain models of the medium, or by empirical Green’s function 
deconvolution method, when the whole source displacement amplitude spec-
trum for the analysed earthquake is obtained directly by division of the instru-
mentally corrected spectra of that earthquake and an adjacent small earthquake 
(forshock or aftershock) with same location and source mechanism (means the 
trace of the small earthquake is treated as Green’s function for the medium, i.e. 
as a response of the medium on an impulse point force).  

Following [10 and 5], many occurred strong earthquakes have been 
separately successfully analysed through the seismic moment. A special interest 
has been put on global, regional and local empirical relations between the seis-
mic moment and other particular seismic source parameters to earthquake mag-
nitude [e.g. 6-9, 11–22]. On the one hand, the conditions of existence or non-
existence of self-similarity of the earthquakes are determined through those 
relations, and thus a better understanding of the earthquakes’ originating in 
connection to the geological features and tectonic conditions is secured. On the 
other hand, those relations are basis for quick routine determination of a par-
ticular seismic source parameter only when other seismic source parameter or 
the earthquake magnitude is known. The both aspects can provide better pre-
conditions for seismic regionalization and hazard assessment.  

As known [23], three main neotectonic regions spread on the territory 
of the Republic of Macedonia, namely, Vardar zone, West Macedonia and East 
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Macedonia, which developed within major, regional tectonic units (Fig. 1). 
These three regions exhibit differences in the seismic activity too, which is 
taken as an argument to consider them as separate seismic zones [24, 25], bear-
ing the same names.  
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Fig. 1. Neotectonic zones and faults on the territory of the Republic of Macedonia, 
epicentres and local magnitudes of the earthquakes under study (see Table 2) and used 

values of the quality factor Q  

The purpose of this study is to set up empirical relations of the seismic 
moment and earthquake moment magnitude to the earthquake local magnitude 
exactly for the seismic zones on the territory of the Republic of Macedonia.  

Records from the first decade of digital recording of the stations of the 
seismological network in the Republic of Macedonia (SORM), that is 1992–
2002, were used in the study. The maximum observed local magnitude on the 
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territory of the Republic of Macedonia and neighbouring areas during that pe-
riod was 5.2.  

Thus the two main conditions of the study, i.e. the use of the seismic 
records from the same territory where from the earthquakes originated and the 
size of earthquakes themselves, led to dealing with the methodology of average 
source parameters determination which should be appropriate for continental 
earthquakes that are classified as near or local and small to middle-sized.  

The widely accepted method for such studies [e.g. 13, 16, 20, 21] uses 
the spectral displacement amplitude analysis of short-period shear waves of gS  
type and short-period surface waves of gL  type ( SVP −  and SH  components) 
or gR  type ( SVP −  components), since those waves, spreading only in the 
upper (granite) crustal layer (i.e. having no reflections and refractions on inner 
discontinuities), transmit the greatest part of the energy of the continental 
earthquakes all up to epicentral distances of 1000 km. In cases of small near 
earthquakes, however, the whole trace of shear ( S ) waves is used [e.g. 19]. 
Further, only the vertical components of all the waves mentioned are used, 
since then the coefficient of the free Earth’s surface effect has the value 1, and 
the spectral amplitudes determination is done only from one (vertical) channel 
of the recording instruments (i.e. errors are minimized). The Brune dislocation 
model [26 and 27] or its generalization [e.g. 20 and 21] is chosen, since this 
model had been supported in many near-field and far-field investigations of the 
earthquakes specified [2]. 

In this study, seismic moment determinations were done by inverting 
the amplitude spectra of the vertical components of the observed gS  and gL  
waves, on the Brune dislocation model. One of the main selection criteria for 
the data was the preferring of source and receiver locations within the same 
seismic zone. The extracting of the influences of real medium in the observed 
spectra was done conventionally, using a model for the medium that corre-
sponds to the specific geological, tectonic and seismotectonic characteristics of 
the territory of the Republic of Macedonia and the data used.  

2. DATA 

 Vertical components of the digital records of about 380 earthquakes 
from the period 1992–2002, with locations within the territory of the Republic 
of Macedonia and the neighboring areas, were preliminary analysed. The re-
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cords were obtained in the stations in Skopje (SKO), Ohrid (OHR), Valandovo 
(VAY), Bitola (BIA) and Kriva Palanka (KPJ), on Kinemetrics three chan-
nelled short-period SS-1 or wide-band range WR-1 seismometers, with Ki-
nemetrics digital 16-bits SSR recorders working at a sampling rate of 60 Hz or 
100 Hz. The original filtering included low-cut 0.01 Hz and high-cut 15 Hz filters. 

Since all the elements of the used recording equipment are linear and 
time-invariant, the final frequency response function )(. fTinstr  for each chan-
nel is given by the product of the corresponding frequency response functions 
of the elements, 

 )()()()()( 211.. fTfTfTfTfT filterfilterSSRseisminstr ⋅⋅⋅= −  (2) 

The preliminary data included local magnitudes ( lM ) between 1.4 and 
5.2, epicentral distances (Δ ) between 10 and 159.7 km and hypocentral depths 
( h ) between 4 and 30 km. Accordingly to the scheme of the crust under the 
Balkan region that has been made in [28] (Table 1), all the analysed earth-
quakes originated from the upper (granite) crust layer, and thus the first arrival 
in the S  traces on the records was assumed here as gS . gL  phase occurrence 
started at hypocentral distance 80≈HR km. The latter has been being the case 
with the seismological observations on the territory of the Republic of Mace-
donia since 1957, and it has to do with a specific distribution of the earth-
quakes’ hypocentres within the granite layer, mostly at depths about h = 1 km.  

T a b l e  1 

The parameters of the crustal model in [28] 

Layer and depths  
of the boundary  
discontinuities 

Average den-
sity  
ρ0 

Average shear  
modulus  

μ0 

P-wave average 
phase velocity 

α0 

S-wave average 
phase velocity  

β0 

km 103 kg/m 1010 N/m2 (= 105 bar) km/s km/s 

Granite, 0–30 2.82 3.36  5.80 3.45 
Crust 

Basalt, 30–40 3.02 4.48 6.65 3.85 

Mantle 3.33 6.89 8.00 4.55 
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The first data selection included the following criteria:  

– clear onset of the gS  phase or well developed gL  phase on the re-
cord;  

– for earthquakes for which only records with km80<HR  were avail-
able (no gL  phase occurred), the next criteria were 5.2<LM  and km15>HR , 
put in order to provide securely a well defined low-frequency part in gS  far-
field displacement amplitude spectra; 

the source and receiver locations within the same seismic zone were 
preferred, in order to strictly differ the seismotectonic properties in the different 
seismic zones.   

 The further processing was done with the seismological software 
SEISAN 7.2 [29], after the original SSR  digital records had been converted 
into the SEISAN format. A preliminary amplitude spectral analysis of the se-
lected phases and the corresponding noise was done at first. Additional high-cut 
filtering at 10 Hz was used in cases of significant noise. In that way, the final 
frequency band included in the data was 0.01 to 10 Hz or 0.01 to 15 Hz. Fur-
ther, only amplitude spectra with signal-to-noise ratios greater than 4 were cho-
sen for final analysis. 

Finally, exactly 85 records for 85 earthquakes were selected, mainly 
with the preferred locations of the source and the receiver within the same 
seismic zone. Only six of the selected records were for earthquakes from the 
East Macedonia seismic zone. Therefore that zone was excluded from the in-
vestigation. 

From the remained 79 records, 39 refer to 39 earthquakes from the 
Vardar seismic zone, with local magnitudes LM  between 1.5 and 5.2 and epi-
central distances Δ  between 34.6 and 159.7 km, and 40 records to 40 earth-
quakes from the West Macedonia seismic zone, with LM  between 1.4 and 5.2 
and Δ  between 17.6 and 120.5 km (Table 2, Fig. 1). The included hypocentral 
depths h  in the both zones are between 4 and 25 km, or average at 15≈h km. 
The LM  values of 5.2 refer to the Bitola earthquake of September 1, 1994, 
16 h 12 min UTC (West Macedonia seismic zone, the Republic of Macedonia), 
and to the Gjilane earthquake of April 22, 2002, 10 h 51 min UTC (Vardar 
seismic zone, Kosovo region, the Republic of Serbia). 
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T a b l e  2 

List of locations, local magnitudes (ML) and obtained seismic moments (M0) 
and moment magnitudes (MW) for earthquakes under study, sorted by ascending 

ML values. Locations and ML  values are provided by SORM – Seismological 
Observatory of the Republic Macedonia 

Other symbols: h – hypocentral depth; Stat., spec. – the station which record is used in the spectral 
analysis, with Δ as its epicentral distance; OM – low-frequency level of the log-amplitude spectrum of 
the seismic trace under analysis that is corrected for instrument response and anelashic attenuation 

Event Date Origin time: 
UTC 

Lat. Long. h ML Stat., 
spec.

Δ OM M0 MW 

No. d.m.y h   min  sec (oN) (oE) (km)   (km) (nm.s) (N·m)  

Vardar  seismic zone 

1 07.07.1998 08  36  58.9 41.89 22.10 18 1.5 KPJ 41.6 0.9 9.70E+11 1.9 

2 09.03.1999 07  21  32.3 41.71 22.04 20 1.5 KPJ 61.5 0.9 1.40E+12 2.0 

3 19.11.1996 12  35  12.3 41.50 22.13 24 1.7 VAY 41.8 1.2 2.10E+12 2.1 

4 06.07.1998 23  44  28.9 41.90 22.12 15 1.7 KPJ 39.8 1.2 1.80E+12 2.1 

5 14.02.1999 08  07  29.6 41.94 21.51 8 1.8 BIA 103.4 1.1 3.10E+12 2.3 

6 28.03.1996 13  22  10.6 41.30 22.09 25 1.9 VAY 40.3 1.1 1.60E+12 2.1 

7 20.12.1996 12  37  01.2 41.55 22.10 19 1.9 VAY 46.8 1.2 2.20E+12 2.2 

8 13.04.1999 02  09  58.3 41.93 21.51 10 1.9 BIA 102.4 1.2 3.90E+12 2.3 

9 17.08.1999 21  33  32.5 41.18 22.37 4 2.0 BIA 89.7 1.4 5.70E+12 2.4 

10 02.03.1993 14  50  27.4 41.21 22.07 10 2.1 SKO 99.7 1.6 9.60E+12 2.6 

11 18.08.1992 18  03  17.2 41.67 21.54 19 2.2 SKO 34.6 1.6 4.20E+12 2.4 

12 01.09.1998 00  41  20.2 41.26 22.57 7 2.2 BIA 108.0 1.4 6.30E+12 2.5 

13 14.05.2000 18  07  02.8 41.02 22.04 12 2.2 BIA 60.2 1.8 1.00E+13 2.6 

14 31.01.1993 04  08  14.9 41.05 22.12 10 2.4 SKO 117.1 1.5 8.20E+12 2.6 

15 02.03.1993 17  48  20.2 41.24 22.08 16 2.3 SKO 97.3 1.4 6.00E+12 2.5 

16 03.12.1995 12  37  52.5 41.96 21.59 15 2.4 OHR 115.1 1.3 5.20E+12 2.4 

17 03.01.1998 11  13  14.2 42.05 21.39 7 2.5 BIA 114.6 1.5 8.10E+12 2.5 

18 26.03.1998 20  38  01.4 41.22 22.65 12 2.5 BIA 113.6 1.7 1.30E+13 2.7 

19 04.04.1998 22  47  48.0 41.20 22.65 12 2.5 BIA 113.2 1.6 1.00E+13 2.6 

20 01.08.1998 18  58  19.9 41.43 22.56 11 2.5 BIA 113.3 1.5 8.10E+12 2.5 

21 03.12.1995 14  35  01.1 41.96 21.62 15 2.6 OHR 116.6 1.6 1.00E+13 2.6 

22 02.03.1996 04  08  18.6 41.11 22.34 20 2.6 OHR 129.5 1.6 1.10E+13 2.6 



 Empirical relations of seismic moment and earthquake … 101 

Prilozi, Odd. mat. teh. nauki, XXVII–XXVIII, 1‡2 (2006‡2007), str. 93‡115 

Event Date Origin time: 
UTC 

Lat. Long. h ML Stat., 
spec.

Δ OM M0 MW 

No. d.m.y h   min  sec (oN) (oE) (km)   (km) (nm.s) (N·m)  

23 09.04.1996 04  35  28.6 41.94 21.50 7 2.6 OHR 109.1 1.5 7.90E+12 2.5 

24 09.11.1996 16  02  08.1 41.38 22.40 6 2.6 BIA 98.8 1.6 9.50E+12 2.6 

25 28.03.1998 18  13  23.9 41.17 22.59 9 2.6 BIA 107.7 1.6 9.90E+12 2.6 

26 03.02.1994 23  11  10.2 41.12 22.42 14 2.7 SKO 125.1 1.7 1.40E+13 2.7 

27 31.03.1998 13  11  14.0 42.02 21.25 15 3.0 BIA 111.3 2.4 6.40E+13 3.1 

28 05.01.1993 16  36  56.1 41.17 22.78 6 3.1 SKO 143.0 2.3 5.70E+13 3.1 

29 12.04.1996 05  49  31.2 40.96 22.38 20 3.3 BIA 89.1 2.6 9.10E+13 3.2 

30 29.09.1995 06  53  28.5 41.97 21.59 11 3.4 OHR 116.0 2.5 8.20E+13 3.2 

31 15.04.1999 23  02  54.8 41.94 21.54 3 3.6 BIA 103.9 2.7 1.20E+14 3.3 

32 03.10.1992 18  20  37.1 40.99 22.29 19 3.9 SKO 130.2 3.0 2.80E+14 3.6 

33 14.06.1995 12  12  00.5 42.22 21.44 24 3.9 OHR 134.2 3.3 5.60E+14 3.8 

34 13.08.1996 22  48  26.6 41.96 21.55 10 4.0 BIA 106.2 3.3 5.00E+14 3.7 

35 24.04.2002 11  24  22.2 42.43 21.51 18 4.1 BIA 157.5 3.4 7.60E+14 3.9 

36 24.04.2002 23  37  57.5 42.44 21.54 20 4.1 BIA 158.9 3.4 7.60E+14 3.9 

37 25.04.2002 03  43  34.8 42.45 21.51 18 4.1 BIA 159.7 3.4 7.70E+14 3.9 

38 26.04.2002 00  21  31.7 42.42 21.47 12 4.1 BIA 156.1 3.4 7.60E+14 3.9 

39 24.04.2002 10  51  51.1 42.42 21.52 15 5.2 BIA 156.5 5.0 3.00E+16 4.9 

West Macedonia seismic zone 

1 24.11.1996 15  22  35.5 41.03 21.22 20 1.4 OHR 36.5 0.9 8.90E+11 1.9 

2 19.04.1996 05  37  36.3 41.95 20.95 18 1.7 SKO 40.7 1.2 1.90E+12 2.1 

3 11.05.1996 08  19  28.8 42.13 21.18 20 1.8 SKO 27.7 1.4 2.30E+12 2.2 

4 21.11.1996 22  12  31.2 41.05 21.20 22 1.9 OHR 34.4 1.6 4.40E+12 2.4 

5 05.02.2000 00  37  34.1 41.56 21.03 20 1.9 BIA 64.9 1.4 4.60E+12 2.4 

6 05.03.1996 21  15  49.9 41.74 20.97 17 2.0 SKO 46.8 1.3 2.70E+12 2.2 

7 31.03.1996 19  40  36.3 41.51 20.62 8 2.0 OHR 46.7 1.2 2.00E+12 2.1 

8 12.06.1996 13  02  14.5 41.02 20.97 23 2.3 OHR 17.6 1.7 3.90E+12 2.3 

9 14.07.1996 07  41  31.8 41.60 20.45 12 2.3 BIA 97.6 1.9 1.90E+13 2.8 

10 27.01.1998 05  34  43.3 41.26 21.07 10 2.3 BIA 34.2 2.2 1.50E+13 2.7 

11 13.06.2000 14  44  05.3 41.65 20.80 16 2.4 BIA 82.7 1.9 1.80E+13 2.8 
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Event Date Origin time: 
UTC 

Lat. Long. h ML Stat., 
spec.

Δ OM M0 MW 

No. d.m.y h   min  sec (oN) (oE) (km)   (km) (nm.s) (N·m)  

12 09.07.2000 03  58  08.8 41.21 20.66 15 2.4 BIA 59.7 2.1 2.10E+13 2.8 

13 30.03.1992 20  51  00.1 41.09 21.03 15 2.5 SKO 103.8 1.3 4.90E+12 2.4 

14 04.09.1994 23  50  43.0 41.09 21.23 25 2.5 SKO 99.5 1.6 9.70E+12 2.6 

15 15.06.1998 02  33  46.8 41.83 21.05 20 2.5 BIA 92.9 1.8 1.50E+13 2.7 

16 03.04.1992 14  50  47.5 41.03 21.00 15 2.6 SKO 110.9 1.7 1.30E+13 2.7 

17 11.06.1996 02  53  16.3 41.05 20.85 10 2.6 BIA 40.0 2.4 2.80E+13 2.9 

18 06.11.1999 16  43  05.7 41.81 20.66 13 2.6 BIA 103.9 2.1 3.10E+13 2.9 

19 21.03.1993 23  55  47.6 41.96 20.80 13 2.8 SKO 53.1 2.0 1.50E+13 2.7 

20 21.05.1999 03  35  37.4 41.85 21.06 18 2.8 BIA 94.9 2.0 2.40E+13 2.9 

21 11.05.1992 05  35  44.9 41.72 20.95 11 2.9 SKO 49.4 2.3 2.70E+13 2.9 

22 15.08.1992 04  21  06.5 40.96 20.99 19 2.9 SKO 118.6 2.2 4.20E+13 3.0 

23 08.02.1996 14  53  12.0 41.74 20.89 15 2.9 SKO 52.4 1.9 1.20E+13 2.7 

24 28.11.1993 13  17  37.3 41.14 20.90 4 3.1 SKO 102.8 2.3 4.90E+13 3.1 

25 01.09.1994 20  11  18.3 41.04 20.89 11 3.1 SKO 113.3 2.3 5.10E+13 3.1 

26 17.08.1999 13  50  00.3 41.32 20.58 18 3.2 BIA 70.8 2.6 7.80E+13 3.2 

27 12.04.2000 07  15  18.6 41.62 21.01 19 3.2 BIA 71.7 2.3 4.00E+13 3.0 

28 09.07.2000 00  01  41.3 41.20 20.62 15 3.4 BIA 62.5 3.0 1.70E+14 3.4 

29 29.05.1992 13  45  18.7 41.60 20.39 16 3.5 SKO 96.6 2.8 1.50E+14 3.4 

30 28.07.1994 08  05  15.0 41.36 20.50 16 3.5 SKO 103.7 2.8 1.60E+14 3.4 

31 01.09.1994 16  02  33.0 41.15 21.23 25 3.5 SKO 93.0 2.8 1.50E+14 3.4 

32 02.09.1994 16  32  56.7 41.14 21.23 16 3.5 SKO 94.1 3.0 2.30E+14 3.5 

33 01.09.1994 19  42  31.4 41.14 21.22 20 3.7 SKO 94.2 3.2 3.70E+14 3.7 

34 28.09.1994 03  23  07.1 41.86 20.58 14 3.8 SKO 72.4 3.4 5.00E+14 3.7 

35 22.12.1996 02  34  17.2 40.90 21.22 17 3.8 SKO 120.5 3.2 4.20E+14 3.7 

36 13.07.1995 12  13  26.6 41.58 20.91 17 4.0 OHR 52.9 3.8 9.40E+14 3.9 

37 12.12.1996 15  00  42.1 41.43 20.24 19 4.0 SKO 116.6 3.3 5.20E+14 3.8 

38 13.08.1992 04  52  29.9 40.98 21.02 17 4.2 SKO 115.7 3.8 1.60E+15 4.1 

39 30.03.1992 19  32  01.4 41.04 20.99 19 4.8 SKO 110.1 4.5 8.00E+15 4.5 

40 01.09.1994 16  12  40.6 41.13 21.24 23 5.2 SKO 95.0 4.9 1.90E+16 4.8 
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3. METHOD OF ANALYSIS 

The theoretical shape FΩ  of the low-frequency level in any particular 
observed far-field displacement amplitude spectrum of the gS  and gL  waves 

was represented by a source term 0Ω≡ΩF
s  with general shape (1a), wave 

geometrical spreading term G , wave anelastic attenuation term V  and term 
)(,. fTT instrinst =  (see eq. 2) that included the effects of the recording instru-

ments on the recorded displacement amplitudes:  

 .0 inst
F TVG ⋅⋅⋅Ω=Ω  (3) 

 Concerning the relatively short seismic paths included in the analysis, 
the two Earth’s crust layers were homogenized following the model given in 
Table 1. Further, the treatment of the short-period transverse and surface waves 
as one type of waves that exhibits transition from spherical (body wave) spread-
ing to cylindrical (surface wave) spreading proposed for a homogenized crust in 
[13, 30 and 31] was used here for the upper (granite) crustal layer. Thus the 
average granite layer phase velocity of S  waves from Table 1 ( 45.30 =β km/s) 
was taken as phase velocity of gS  waves and ascribed in the same time to the 
group velocity of gL  waves. The shape of the corresponding divergence coef-
ficient (geometrical spreading factor) was taken as given in [13, 33 and 31], 

⎪⎩

⎪
⎨
⎧

>⋅
≤

== −

−

,,)(
,,)(

),(
0,

2/1
0,

0,
1

0,0
HHHH

HHH
HH RRRR

RRR
RRGG β ;      km800, =HR ; (4) 

(with our notation). 0,HR  is the hypocentral distance at which the transition 
from spherical to cylindric spreading takes place, the so called Herrman-Kijko 
distance. Here it was taken km800, =HR , which is the threshold for gL  phase 
on the territory of the Republic of Macedonia, found also in our data, as men-
tioned above.  

A frequency independent quality factor ( Q ) in the anelastic attenuation 
V  of the gS  and gL  phases was used here, according to the previously proved 
weak dependence of this factor on frequency in frequency bands such as those 
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included in the data analysed here [e.g., 32]. On the other hand, for the analysed 
seismic paths that were spread within the Vardar and West Macedonia seismic 
zones, what was mostly the case, we accepted the dependence of the Q  factor 
on source-receiver azimuthal distance that had been proved for both zones in 
the investigation [33]. The average frequency independent Q  factors for S  
waves obtained in [33] for three main directions were ascribed here to gS  and 

gL  waves along the same directions (Fig. 1):  

 SKO ↔ VAY, along the Vardar seismic – direction 1l : 
 8610 =lQβ ,  (5a) 

 OHR ↔ SKO, along the West Macedonia seismic zone – direction 2l :  
 

0 2, 56lQβ = ,  (5b) 

 OHR ↔ VAY, across both zones – direction 3l :  
 6830 , =lQβ . (5c) 

Only three of the analysed seismic paths crossed the East Macedonia 
seismic zone, nearly with their entire lengths (Table 2, Vardar seismic zone, 
events No. 1, 2 and 4, station KPJ used in the analysis). The East Macedonia 
seismic zone has not been previously studied for the Q  factor, and we chose 
here the mean value of the above three values for all directions in that zone (see 
also Fig. 1):  

 East Macedonia seismic zone, all directions – 4l : 
 

0 4, 70lQβ = . (6) 

Since all the seismological stations on the territory of the Republic of 
Macedonia are installed at consolidated rocks, no site effects were included in 
the final anelastic attenuation V, and it was taken as: 

  ⎟
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For a seismic path within the Vardar and West Macedonia seismic zones, this 
relation was used with giving to ilQ ,0β  the value correspondent to the direction 

il  from (5) which is the closest in orientation to the seismic path. For the three 
seismic paths crossing the East Macedonia seismic zone nearly with their entire 
lengths, mentioned above, the eq. (7) was used with 7040 , =lQβ .  

 The source term 0Ω  in (3) was chosen, as said above, after the Brune 
dislocation model [26-27]. The model uses a static circular fault surface that is 
equivalent ( eqL,Σ ) to the real final fault surface and for S  waves gives: 

 3
00

0
3
00

0
0

4
6324.0

4 βρπβρπ
ϑϕ

⋅⋅
⋅

=
⋅⋅

⋅
=Ω

MMf F

. (8) 

6324,0=Ffϑϕ  is the RMS for the S  wave radiation pattern, which we here 

ascribed to the RMS-s of the radiation patterns of analysed gS  and gL  waves. 
Further, 0ρ  and 0β  are respectively the density and the S  wave phase velocity 
in the vicinity of the real fault, which we took as constants throughout the granite 
crustal layer, with values from Table 1, 3

0 1082.2 ⋅=ρ kg/m3 and km/s45.30 =β , 
ascribing km/s45.30 =β  to the gS  wave phase velocity and gL  wave group 
velocity. 

 With the above assumptions, the theoretical low-frequency level (3) 
becomes  

=⋅⋅⋅Ω=Ω=Ω → )(),(),(),( 00 0,00 fTfRVRRGfR instrHHHfH
FF

ββ  
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where ilQ ,0β  is evaluated following relations (5) and (6) in the way described 

above, and 0Ω  and )( fTinstr  are given respectively by eqs. (8) and (2).  

 The time window for the final amplitude spectral analysis of the se-
lected data in SEISAN 7.2 was chosen to include the entire duration of the gS  
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or gL  phase or the entire durations of both phases, the latter one being used in 
cases when the gL  phase was not quite well developed on the record (Fig. 2a). 
Thus, the time window lengths included in the final amplitude spectral analysis 
were between few and 15 seconds. 

 Log-amplitude spectra of the selected seismic traces were obtained in 
SEISAN 7.2. Those spectra were corrected there at first for lV

0β
, following eq. 

(7), and, second, for )( fTinstr , following eq. (2), with parameters of the used 
instruments and filters as listed in the original technical documentation of the 
producers. Thus it follows from eq. (9) that the low-frequency levels of those 
twice corrected log-amplitude spectra, read in SEISAN 7.2 as OM  (Fig. 2b), 
are given by  

 )lg( 00 βGOM ⋅Ω= . (10) 

The read OM  values were used further to estimate the seismic mo-
ments of the earthquakes using eq. (8), with 0βG  given by eq. (4),  

         H
OM

RM ⋅⋅⋅⋅= 3
000 4

6324.0
10 βρπ ,   for   km800, =≤ HH RR , (11a) 

         2/12/1
0,

3
000 4

6324.0
10

HH

OM
RRM ⋅⋅⋅⋅⋅= βρπ ,   for   km800, =≤ HH RR , (11b) 

where the values 3
0 1082.2 ⋅=ρ  kg/m3 and 45.30 =β km/s from Table 1 were 

used. 

Moment magnitudes WM  of the earthquakes were calculated using the 
Kanamori formula from [8], 

 06.6
5.1

lg 0 −=
MMW ,   0M    in   N·m. (12) 
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Fig. 2. a) The digital record of the ML = 3.6 Skopje earthquake of April 6, 1999,  
23 h 02 min UTC (Table 2, Vardar seismic zone, event No.31), on the vertical 
component of the short-period electromagnetic SS-1 seismometer at the station  

in Bitola (BIA), for which the epicentral distance is Δ = 103.9 km. The onsets of the 
seismic phases Pg, Sg and Lg are shown too. b) The obtained in  SEISAN 7.2 software 
log-amplitude spectrum of the Sg and Lg phases (shaded part of the trace in the upper 
part of the figure), after the corrections of the effects of the instruments and anelastic 

attenuation. The straight lines present the low-frequency and high-frequency asymptotes 
(OM and HF, respectively), with their intersection point as a corner frequency.  

The lower part in the plot presents the log-amplitude spectrum of the noise. 
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4. RESULTS  

The obtained seismic moments and moment magnitudes are given in 
Table 2. For the Vardar seismic zone, with the included local magnitudes 
ML = 1.5 – 5.2, the seismic moments M0 have values between 0.97·1012 and 
3.00·1016 N·m, and the moment magnitudes MW have values between 1.9 and 
4.9. For the West Macedonia seismic zone, with the included local magnitu-
des 2.54.1 −=LM , the obtained M0 have values between 0.89·1012 and 
1.9·1016 N·m, and MW have values between 1.9 and 4.8. 

The results provided linear LMM =0lg  correlations (Fig. 3): 

– for the Vardar seismic zone, 

 )09.028.10()03.011.1(lg 0 ±+⋅±= LMM ,  

 2.55.1 << LM ,  (M0 in N·m), (13) 

with correlation coefficient r = 0.9853 ± 0.0281; 

– for the West Macedonia seismic zone, 

 )12.027.10()04.014.1(lg 0 ±+⋅±= LMM , 

 2.54.1 << LM ,  (M0 in N·m), (14)  

with correlation coefficient 0335.09785.0 ±=r . The above correlations are in 
a very good agreement with those obtained in [15, 20 and 22]. 

The results also provided linear LW MM −  correlations (Fig. 4): 

– for the Vardar seismic zone, 

 )06.077.0()02.075.0( ±+⋅±= LW MM ,  2.55.1 << LM ,  (15) 

with correlation coefficient r = 0.9849 ± 0.0285; 

– for the West Macedonia seismic zone, 

 )08.078.0()03.076.0( ±+⋅±= LW MM ,  2.54.1 << LM , (16)  

with correlation coefficient r = 0.9788 ± 0.0332. 
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Fig. 3. Plots of logarithm of seismic moment M0 versus local magnitude ML for the 
Vardar and West Macedonia seismic zones. Linear regressions that are the best fits to, 

the data are given, too, with corresponding correlation coefficients r 



110 V. Čejkovska 

Contributions, Sec. Math. Tech. Sci., XXVII–XXVIII, 1–2 (2006–2007), pp. 93–115 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

Vardar seismic zone
(0.75 0.02) (0.77 0.06)W LM M= ± ⋅ + ±

0.9849 0.0285r = ±

WM

LM

 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

(0.76 0.03) (0.78 0.08)W LM M= ± ⋅ + ±
0.9788 0.0332r = ±

WM

LM

West Macedonia seismic zone

 

Fig. 4. Plots of calculated moment magnitudes MW versus local magnitudes ML for the 
Vardar and West Macedonia seismic zones. Linear regressions that are the best fits to 

the data are given, too, with corresponding correlation coefficients r 
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The correlations (13) - (16) are the first of the kind obtained for seismic 
zones on the territory of the Republic of Macedonia. As empirical ones, they 
statistically include the specifics of the crust structure under that territory, and 
thus can be very useful in seismic regionalization and assessment of seismic 
hazard on that territory. They can also ensure quick evaluation of M0 and MW 
for any earthquake only on the basis of its local magnitude ML. With M0 deter-
mined, other source parameters can be evaluated using eq. (1b).  

However, besides the high correlation coefficient in those correlations, 
the M0 and MW values for the ML = 5.2 Bitola and Gjilane earthquakes in the 
(ML, lgM0) and (ML, MW) plots in Figs. 3–4 decline from the trends of the M0 
and MW values for the other earthquakes. It seems that if those two earthquakes 
were excluded, the lgM0 – ML and MW – ML correlations would be somehow 
different.  

Although more data with ML > 5.2 are needed to strictly confirm it, the 
above conclusion appoints to a differentiation between classes of small and 
middle-sized earthquakes at ML = 5.2 in both zones. Earthquakes with ML > 5.2 
should be put in the class of middle-sized earthquakes. They should be taken as 
events that are not similar to events with ML < 5.2 and should be studied sepa-
rately. It might be also the case that the Brune dislocation model shows a cer-
tain non-adequacy for the sources of the ML > 5.2 earthquakes. The effects of 
the dislocation moving in a finite time interval and into dominant directions 
might be non-negligible for those sources, and thus the static circular fault sur-
face of the Brune dislocation model might become a non-appropriate approxi-
mation.  

From the other side, slight inflexions in the trends of the M0 and MW 
values can be noticed in the (ML, lgM0) and (ML, MW) plots in Figs. 3–4, at 
M0 ≈ 6·1013 N·m or ML ≈ 3.0, for the Vardar seismic zone, and at 
M0 ≈ 1.5·1014 N·m or ML ≈ 3.5, for the West Macedonia seismic zone. This 
points to a possible hidden change in the scaling law of small earthquakes 
(ML ≈ 5.2) at those values of M0 and ML. The latter one might be due to a break-
down or a change of conditions of self-similarity of those earthquakes. The 
lower values for which this change is suggested for the Vardar seismic zone 
might mean that this zone is geologically and tectonically heterogeneous at a 
lower dimension level than the West Macedonia seismic zone. The more ex-
pressed compactness of the latter zone, result of which would be the higher 
threshold (M0 ≈ 1.5·1014 N·m or ML ≈ 3.5) for the change in the scaling law of 
the small earthquakes, was very often connected with the old age of the crust in 
the zone [e.g. 23].  
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However, as seen further from plots in Figs. 3–4, more data with ML  
values in the intervals 4.0 < ML < 5.2 and 3.0 ≤ ML ≤ 3.5 are needed for both 
zones, and specially for the Vardar seismic zone, to confirm strictly the change 
and to properly correlate M0 and ML or MW and ML separately in the ML inter-
vals below and above the change.  

5. CONCLUSIONS  

The inversion of amplitude spectra of vertical components of Sg and Lg 
seismic waves on the Brune dislocation model was very successful in providing 
relations of seismic moment M0 and earthquake moment magnitude MW to 
earthquake local magnitude ML for the Vardar and West Macedonia seismic 
zones.  

The inversion also appointed to a possible differentiation between 
classes of small and middle-sized earthquakes on the territory of the Republic 
of Macedonia at ML = 5.2. It suggested further a change in the scaling law of 
small earthquakes (ML < 5.2) at M0 ≈ 6·1013 N·m or ML ≈ 3.0, for the Vardar 
seismic zone, and at M0 ≈ 1.5·1014 N·m or ML ≈ 3.5, for the West Macedonia 
seismic zone, or at M0 ≈ 6·1013 – 1.5·1014 N·m or ML ≈ 3.0 – 3.5 when both 
zones are taken together.  

All this gives a good basis for further detailed studies of seismic 
sources on the territory of the Republic of Macedonia.  

The results also appointed to more irregular geological and tectonic 
conditions of the Vardar seismic zone in comparison with those of the West 
Macedonia zone. This is quite in accordance with the results from previous 
geological and tectonic investigations and gives a basis to properly connect the 
investigations of that kind with the seismological ones. 
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R e z i m e  
 

EMPIRISKI RELACII NA SEIZMI^KIOT MOMENT  
I ZEMJOTRESNATA MOMENTNA MAGNITUDA  
SO ZEMJOTRESNATA LOKALNA MAGNITUDA  

ZA VARDARSKATA I ZAPADNO-MAKEDONSKATA  
SEIZMOGENA ZONA 

Seizmi~kite momenti (M0) na 79 zemjotresi, slu~eni vo periodot 1992‡2002 
godina vo Vardarskata i Zapadno-makedonskata seizmogena zona od teritorijata na 
Republika Makedonija i okolnite podra~ja, dobieni se so inverzija na amplitudni-
te spektri na vertikalnite komponenti na kratkoperiodi~nite transverzalni Sg i 
Lg povr{inski zemjotresni branovi, registrirani digitalno na elektromagnetski-
te kratkoperiodi~ni YY‡1 i {irokopojasni WR–1 Kinemetriksovi seizmometri vo 
stanicite vo Skopje (SKO), Ohrid (OHR), Valandovo (VAY), Bitola (BIA) i Kriva 
Palanka (KPJ). Inverzijata e izvedena so pomo{ na Brunoviot dislokaciski model 
na zemjotresnoto `ari{te i soodveten model na sredinata. Podatocite vklu~ija 
lokalni magnitudi (ML) na zemjotresite pome|u 1,5 i 5,2, za Vardarskata, i pome|u 
1,4 i 5,2, za Zapadno-makedonskata seizmogena zona. Momentnite magnitudi (MW) na 
zemjotresite se odreduvani so formulata na Kanamori. Dobieni se empiriski rela-
cii M0 – ML, prvi od toj vid za seizmogeni zoni od teritorijata na Republika Make-
donija. Rezultatite uka`uvaat i na mo`nosta na razlikuvawe na klasi na slabi i 
sredno silni zemjotresi ve}e kaj ML = 5,2, kako i na verojatna  promena na merniot 
zakon na slabite zemjotresite za ML ≈ 3,0 – 3,5 odnosno M0 ≈ 6·1013 – 1,5·1014 N·m. 

Klu~ni zborovi: parametri na zemjotresno `ari{te; seizmi~ki moment; 
zemjotresna momentna magnituda; empiriski relacii  
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