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S U M M A R Y  
One- and three-component digital recordings from six stations of the Belgian seismic 
network were used to invert simultaneously for source velocity spectra of 18 
aftershocks of the ML5 .8 Roermond earthquake and for site amplification spectra at 
these stations. The events were selected to have well-constrained fault-plane 
solutions and the stations to be within 140 km epicentral distance. Frequency- 
dependent quality factors were computed from the coda waves of the same events. 
The Joint Source-Site Determination method we used, first corrects the body-wave 
spectra for radiation pattern, geometrical spreading, attenuation and free surface 
effect and then is formulated as a linear inverse problem repeated over frequencies 
(in this application between 1 and 30Hz), with one reference station for which the 
site amplification spectrum is given as constant (in this application: La Chartreuse). 
The unbiased source velocity spectra were fitted with a Brune-type spectral function 
to obtain a scale factor and a corner frequency, from which, among others, the 
seismic moment, source radius, stress drop, final disolcation and fracture energy 
were calculated. In the 1.9-3.4 ML magnitude range, the stress drop, seismic energy 
and fault radius tend to increase with seismic moment, and seismic efficiency with 
fault dimension. Brune's stress drop varies between 0.4 and 4.6 MPa. Frictional 
overshoot prevails over partial stress drop. The average ratio of P- and S-wave 
corner frequencies is 1.6. The site amplification spectra vary between 1 and 10. 
Strong site effects were observed at stations Membach and Vianden. 

Key words: aftershocks, earthquakes, P waves, Roermond, seismic moment, seis- 
mograph network, S waves. 

INTRODUCTION 

The Roermond earthquake of 1992 April 13 at 01:20UT 
with M ,  =5.3  (ML=5.8) was the largest earthquake to 
occur in the Lower Rhine Embayment since the 1951 
Euskirchen earthquake. The Roermond earthquake was 
followed by more than 200 aftershocks, 79 of them occurring 
in the first 7 hr, before temporary stations had been installed 
in the epicentral area. 

In the Roer graben, where at  least seven earthquakes 
have exceeded a local magnitude of 5.5 in the last 300 years, 
Quaternary deposits are dislocated up to 175m along 
NW-SE-trending normal faults. Joint hypocentre deter- 
mination of the main shock and aftershocks using 
permanent and local temporary stations (Camelbeeck et al. 
1993) constrains the depth of the mainshock to  17 km and 

allows the identification of the Peel Boundary Fault as the 
active fault for this earthquake. The focal mechanism 
corresponds to a pure dip-slip dislocation on a fault plane 
striking 124" and dipping 68" south-westward (Ahorner 
1992). The depth of the aftershocks ranges from 10.5 to 
20 km. 

The main shock and the largest aftershocks were recorded 
by 19 permanent stations in Belgium and the Grand Duchy 
of Luxemburg at  epicentral distances between 49 and 
213 km and an azimuthal coverage of about 100". The data 
from 18 aftershocks having occurred during the period 
1992 April 13-May 2 ,  with M ,  in the range 1.9-3.4, for 
which well-constrained fault-plane solutions could be 
determined (Camelbeeck et al. 1993), have been used in a 
simultaneous inversion for source spectra and site 
amplification spectra. The unbiased source velocity spectra 
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Table 1. List of the 18 aftershocks used in this study. Parameters are from Camelbeeck et al. (1993) 

Event Date Origin time 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

9204 13 

9204 13 

9204 13 

9204 13 

9204 13 

9204 13 

9204 13 

9204 13 

9204 13 

9204 13 

9204 13 

9204 14 

9204 14 

9204 14 

920420 

920420 

920424 

920502 

UT 

02:08:20 

03 :03 :26 

03:41:26 

03:49:42 

04: 3 7:45 

05:20:45 

06:02: 11 

06: 16:35 

06:33 :40 

2 1 : 50:02 

22: 59: 2 1 

02:31:07 

12:41:39 

12:56:32 

04:4 1 : 03 

07:27:01 

10:35:27 

08:50:02 

Lat. Long. 
(ON> 

51.17 5.95 

51.18 5.92 

51.16 5.98 

51.17 5.97 

51.07 6.06 

51.10 5.99 

51.15 5.99 

51.16 5.99 

51.16 5.99 

51.17 6.00 

51.15 6.01 

51.16 6.00 

51.17 5.92 

51.17 5.99 

51.18 5.97 

51.15 6.00 

51.16 6.00 

51.18 6.01 

Depth ML Strike Dip Slip 
(km) 
14.7 

11.8 

13.5 

10.5 

14.9 

12.0 

14.3 

14.2 

15.6 

12.6 

13.5 

13.0 

16.7 

14.6 

16.6 

13.7 

13.8 

14.8 

- 

(O) 

2.4 350 

2.5 198 

2.5 219 

3.4 121 

2.6 53 

3.0 228 

3.2 108 

2.7 213 

2.7 96 

2.2 171 

2.0 78 

2.3 112 

2.8 125 

2.9 211 

1.9 302 

2.0 154 

2.3 189 

2.5 140 

("j 
56 

67 

81 

47 

44 

72 

57 

70 

60 

33 

53 

53 

47 

22 

60 

41 

69 

75 

(O> 

-62 

-84 

-105 

-108 

-62 

-132 

-1 12 

-128 

-72 

22 

148 

-106 

-1 18 

26 

-180 

-12 

-136 

-96 

were then used to determine source parameters: seismic 
moment, source radius, stress drop, apparent stress, fracture 
energy, seismic energy, maximum seismic efficiency, source 
duration. The site amplification spectra were interpreted in 
terms of known local geology. The inversions were done 
separately for P and S waves and the results compared. The 
data from the 18 aftershocks listed in Table 1 came from six 
permanent Belgian stations situated within 140 km distance 
and shown in Fig. 1. 

Presentation of the data preparation will be followed by 
presentation of the inversion method, then by the two runs 
corresponding to  the P- and S-wave case, source spectra 
modelling, a discussion on scaling of source parameters and 
interpretation of site amplification spectra. 

DATA PREPARATION 

The raw data used in this study consist of one-component 
and three-component short-period (7;) = 1 s) velocity re- 
cordings from the Belgian seismic network, sampled at 
125Hz and having a resolution of 15 bits. The coda wave 
parts of these recordings have been used to  estimate the 
S-wave quality factors by the program QCODA from 
IASPEI Software Volume 1 (Lee 1989). The quality factors 
were determined at frequencies of 1.5, 3, 6, 12 and 24Hz,  
and then fitted with a function Q(f) = Q,f4 wheref i s  the 
frequency and the Q, and (Y values are given in Table 2. The 
attenuation correction applied to the spectra was of the form 
exp ( . f T / Q , f " ) ,  where T is the traveltime. A doubled (3, 
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2'40' 3'00' 3-20' 3'40' 4'00' 4'20' 4'40' 5'00' 5'23' 5'40' 6'00' 6'20' 

Figure 1. Location of the six stations used ( A )  relative to the 18 aftershock epicentres (0). 

was adopted for P waves. This approach, of decoupling path 
attenuation from site effects by determing Q factors from 
coda waves and then applying them to body waves, will 
reduce the trade-off between attenuation and corner 
frequencies. The use of coda-Q for S waves is based on the 
observations of Aki (1980) that the two Q factors are 
approximately equal. Removing the attenuation from the 
joint source-site inversion will stabilize the inversion itself. 
On the other hand, applying the quality factors from coda 
waves to body waves works well only in lightly scattering 
media (Richards & Menke 1983; Wennerberg 1993). It 
seems that for three of the six stations (LCH, M E M  and 
WIB) the scattering of the medium is rather important and 
we will check the adequacy of our attenuation correction by 
looking for consistency of, and comparing the results 
obtained from, P and S waves. 

Only six stations having epicentral distances between 60 
and 140 km were retained. The minimum distance was given 
by the closest permanent station, while the maximum value 

was chosen after numerical modelling of waveforms, 
requesting that sufficient time separation remains between 
the direct wave train (used in the subsequent analysis) and 
other later arriving phases. such as reflections from the 
Moho. 

Fourier spectra were computed for time windows of 2 s  
for P waves and 4 s  for S waves. The spectra were then 
smoothed in intervals of 1/8 of an octave giving a total of 35 
points for each spectrum in the 1-30 Hz frequency band. No 
instrument correction was applied in this band except the 
instrument gain. The attenuation-corrected spectra were 
then corrected for the following frequency-independent 
effects: free surface, geometrical spreading and radiation 
pattern. In the case of S waves and when horizontal 
components were available (only at stations H U M ,  H E M  
and VIA), the wave trains were first rotated and then 
corrected for free surface effects and radiation pattern: 
finally, the average spectrum of the radial and transverse 
spectra was retained. The same correction procedure was 
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Table 2. Attenuation parameters determined from 
coda wave analysis and their corresponding standard 
errors. 

Station Qo a 

HUM 60k4 0.95H.03 
LCH 41510 1.08+0.11 
MEM 54+7 1.18f0.06 

RQR 91f34 0.78f0.15 
VIA 60+13 0.91f0.11 
WIB 4235 1.08kO.06 

applied for noise windows preceding the signal windows. 
These noise-to-signal ratios were also used as frequency- 
depsndent weights for the signal spectra, setting a minimum 
weight of 0.25 (Andrews 1986; Boatwright, Fletcher & 
Fumal 1991). 

INVERSION METHOD 

The velocity spectra reduced to the focal sphere are still 
contaminated by site effects and possible attenuation 
anomalies. The separation process between source and site 
terms is done following Andrews (1986) and is formulated 
similar to  the Joint Hypocentre Determination (JHD) 
method. However, instead of four hypocentre parameters 
for each event, there is only one spectral amplitude, and 
instead of station corrections, there are spectral amplitudes 
of the site amplifications. 

The convolution between the source B, and the site S, 
terms was linearized applying logarithms and the separation 
was performed at each frequency fk separately: 

where K,(fk) is the corrected velocity spectral amplitude 
from event j at  station i at  frequency f k .  The linear system 
(1) is solved using the least-squares method with the 
condition number of the normal equation matrix improved 
by imposing the same L, norm on each column (Smith 
1976). In addition, as in the J H D  method, one has to choose 
either a reference event or a reference station. In the 
Joint Source-Site Determination (JSSD) method that we 
used, it is more appropriate to  choose a reference station for 
which to impose either a constant site amplification 
spectrum, if it is a hard-rock station, or a computed one, if 
geotechnical information is available for that station (e.g. 
Boatwright et al. 1991). 

In this study we used the first approach, namely to 
attribute to one station, say rn, an amplification spectrum 
equal to unity 

S,( fk)  = 1 for all frequencies f k .  (2) 

We ran two inversions, one with station MEM, the other 
with station LCH as reference (see Fig. 1). These stations 
were chosen because of their having the smallest epicentral 
distances (hence probably the smallest attenuation ano- 
malies) and good presence in recording almost all 18 

aftershocks. The preferred results were those using stations 
LCH for the reasons given in the section on site 
amplification interpretation. 

The solution of system (1) with 76 equations, 23 unknown 
parameters and one linear constraint (eq. 2) was repeated 
for 35 frequencies; in the case of P waves the number of 
equations was 68. 

SOURCE SPECTRA MODELLING 

The source velocity spectra Bi (corrected for path and site 
effects) were iteratively fitted in a least-squares sense with a 
modified Brune’s (1970) function: 

( 3 )  
c = 4R(pophYoVh)”2v;’2 

where Moj is the seismic moment and f c j  the corner 
frequency of event j ,  and the exponential allows for a 
second corner frequency l/r,; p and Y are the densities and 
wave-propagation velocities a t  the surface or  a t  focus depth 
(indices o and h, respectively). 

The seismic moment rate spectra for S waves are 
presented in Fig. 2 and the results of the fitting procedure in 
Table 3. For each event j ,  the source parameters were 
determined as follows: 

equivalent radius of a circular fault and the corresponding 
static stress drop (Brune 1970) 

(4) 

fault area and final dislocation 

A = n r 2  D = Mo/pu,A; ( 5 )  
fracture energy per unit length along the crack edge and 

per unit extension of the crack tip (Husseini et al. 1975) and 
the total fracture energy consumed against cohesive forces 

(Ao)’r 
E, =- Ef = E,A; 

2 V h  
seismic energy radiated as elastic waves using the 

energy-flux densities F( 8, p) given by Boatwright (1980), 
with corrections applied for the finite bandwidth as linear 
extrapolations towards zero level at both ends of the 
spectrum (for zero frequency and for three times the 
maximum frequency used, namely 90 Hz) 

F(B, p)s = 5.5 and F(8, p)p = 71; (7) 
maximum seismic efficiency, by neglecting the work EQ 

done against frictional forces 

apparent stress (Wyss 1970) and a parameter E introduced 
by Zuniga (1993) to differentiate between frictional 
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- EVENT Nor 7 (S) - EVENT No. 8 (S) - EVENT No. 0 ( S )  

- EVENT No. 10 (S) EVENT No. 11 (S) - EVENT No. 12 (S) 
D 

J ! , , , , , . . L O  . , 

- EVENT No. 15 (S) - EVENT No. 13 ( S )  - EVENT No. 14 (S) 

- EVENT No. 16 (S) - EVENT No. 17 (S) - EVENT No. 10 (S) 
0 

Figure 2. S-wave source spectra for the 18 aftershocks listed in Table 1. The units are of seismic moment rate. Each spectrum (dotted line) is 
given together with plus/minus one standard deviation (dashed line) and with the fitted curve (continuous line) given by eq. (3). Arrows 
indicate the first corner frequency f,. 
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Table 3. Source parameters of the 18 aftershocks from S-wave data analysis. The event numbers corrcspond to those from Table I .  

M.-C. Oncescu, T.  Camelbeeck and H .  Martin 

10*!(d)' ' " " " '  ' """ ' I  

fi -10 W 7 v) loo! 10 ' 6 ;  /; 
logE,=l .9!ogM0-17.8: 

Event MO fC A 0  aapp E r A 
No. (1012N.m) (Hz) (ma) (MPa) (m) ( k 4  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
I6 
17 
18 

6.2H.5 
9.Ofl.6 
8.3A0.6 
8.8N.7 
7.0i0.8 
28i2 
41Kl 
I I f 1  
18fi  

3.2M.3 
2 . 4 H  2 
6 3 3 3 4  
I8k2 
19+1 

2.8H.2 
2.9+0.3 
5.4f0.4 
8.0+0.7 

6.8k0.7 
9.3f1.3 

10.9kl 7 
6 .4H 6 

12.1.C3 5 
6.0fl 5 
7.420.8 
9.8k1.5 
8 6t0.9 
9.1k1.8 

10.6k2.0 
1 I ,  7kl . S  
4 8*0.5 
99+t 3 
9.9+I 8 

14.0M.0 
9.4fl.3 

10.4f1 9 

0.39H. 13 
I .42+0.63 
2. I4f l  04 
4 62f1.43 
2.47S.16 
1.2Ofl.35 
3.35k1.16 
2.07a.94 
2.26k0.69 
0.49f0.29 
0 57f0.33 
t 99f0.93 
0.40f0.13 
3.55f1.46 
0.54k0.29 
I .60fl.39 
0.88H.36 
181H.99 

,015 
,019 
023 
,134 
,024 
,053 
.07 1 
.028 
,035 
.011 
,008 
.O 16 
028 
,044 
.o 10 
,008 
019 
021 

1.85 191 ,114 
1.95 140 .062 
1.96 119 ,045 
I 8 9  203 ,129 
1.96 108 ,036 
1.84 218 ,149 
1.92 176 ,097 
1.95 134 ,056 
1.84 151 ,072 
191 143 ,064 
1.95 123 .047 
1.97 112 .039 
1.75 271 ,230 
1.95 132 ,055 
1.93 132 ,054 
1.98 93 ,027 
1.92 I39 ,061 
1.95 125 ,049 

overshoot ( E  = 2) and partial stress drop ( E  = 0) 

aa,, = p ,E , /M,  E = 2A0/(20~~.,,, + Ao); (9) 
slip velocity (Kostrov 1964) determined for a rupture 

velocity v, = 0.85vs,, slip duration and rupture duration 

vslip = v v A 5 / p h  Tsli, = D/vSli, Trup = r/vr; (10) 

0 a second corner frequencyf, = l /z  (see eq. 3); and - moment magnitude (Kanamori 1977) M, = (log M(, - 
9.1)/1.5, for M, in S1 units. 

EO ES 
(102J/m2) (lOsJ) 

1 27 
13 52 
25 56 

200 3 500 
30 50 
15 440 
92 870 
27 93 
36 I90 
2 10 
2 6 

21 30 
2 I50 

77 250 
2 8 

1 1  G 
5 31 

19 49 

15 15 0.16 0.03 46 64 22.1 2.5 
81 6 0.42 0.12 34 47 17.7 2.6 

110 5 0.54 0.19 29 40 18.9 2.5 
2600 12 1.98 0.40 49 68 20.0 3.2 

110 4 0.56 0.21 26 36 18.9 2.5 
220 17 0.55 0.10 53 73 24.4 2.9 
890 9 1.24 0.29 43 59 18 5 3.0 
150 6 0.59 0.18 33 45 17.9 2.6 
260 7 0.72 0.20 37 51 17.8 2 8  

10 9 0 15 0.04 35 48 21.3 2.3 
9 6 0.15 0.05 30 41 20.8 2.2 

81 4 0.47 0.17 27 38 17.5 2 5 
47 24 0.23 0.03 66 91 244 2 8  

430 5 099 0.31 32 44 18.2 2.8 
10 8 0 15 0.05 32 44 22.2 2.2 
30 2 0.32 0.14 23 31 16.9 2.1  
30 9 0.26 0.08 34 47 22.7 2.4 
93 5 0.48 0.16 30 42 17.8 2 5 

It is interesting to note from Table 3 that the standard 
errors of the seismic moment M, and first corner frequency 
fc are relatively small. and even after propagation to the 
stress drop A u  they remain remarkably low. 

Figure 3(a) displays the tendency of the stress drop 
to increase with seismic moment, which means that the 
similarity principle would not hold for these small events 
(ML53.4). This is not a completely new result, as a 
threshold value for magnitude in the range 3-4, separating 
two different classes of earthquakes, was observed in other 

-25 
Y 

C 

r- 
W 

,210 
E 

x qm=U.l 18r-9.2 

- 

m .- 

100 300 
Rodius (?$ 4 00 

I (0 
30 

25 - 
N 
I 
v 

; 20 

t - 
t 5  

+ *  

* *  

* I  
I*&* 

' I  

I 

OO L 5 10 

S-corner frequency (Ht 
5 

Figure 3. Results from S-wave analysis: (a) strcss drop versus logarithm of seismic moment; (b) source radius versus logarithm of seismic 
moment; (c) moment magnitude versus local magnitude; (d) radiated seismic energy versus seismic moment; (e) maximum scisrnic efficiency 
versus source radius; (9 second corner frequency versus first corner frequency. 
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Roermond aftershocks and site spectra 679 

regions too (e.g. Fletcher et al. 1984; Oncescu 1986). The 
source dimension increases with seismic moment (Fig. 3b), 
possible with two slopes, suggesting two mechanisms of 
moment release, but this observation is only tentative due to 
the small number of events analysed. Fig. 3(c) presents a 
good linear correlation between the local magnitude M ,  and 
moment magnitude M ,  or  alternatively between local 
magnitude M L  and logarithm of seismic moment. The 
coefficients of about 1 and 10 (the latter for M<, in SI units) 
were found in other regions too (e.g. Archuleta et al. 1982; 
Fletcher et al. 1984). 

A good linear correlation exists also between the 
logarithm of the radiated seismic energy and the logarithm 
of the seismic moment (Fig. 3d), as well as between 
maximum seismic efficiency and source dimension (Fig. 3e). 
The latter implies that larger faults radiate seismic waves 
more efficiently than smaller faults. It should be underlined 
that all these correlations should not be extrapolated 
without caution outside our magnitude range M L  = 1.9-3.4, 
even in the region under consideration. 

The apparent stress values are small, due to the relatively 
small values of our estimates of the radiated seismic energy. 
In turn, this could be due to a too small attenuation 
correction we used (although not that much), which could 
underestimate the high-frequency part of the source 
spectrum. On the other hand, the values of the (maximum) 
seismic efficiency are in the range 2-24per cent, showing 
thus an acceptable partitioning of the stored elastic energy 
between fracture energy and seismic energy. 

In Fig. 3(f) we present interesting evidence that there is a 
tendency of faults to change their aspect ratio with the size 
of the earthquake. If we define the aspect ratio of the fault 
as the ratio of its length over its width, and we assume that 
the inverse of first corner frequency fc is a measure of the 
length of the fault and that the inverse of second corner 
frequency fm = l / z  is a measure of its width, then the largest 
event analysed ( M ,  = 3.4) has an aspect ratio close to 5 ,  
while the smallest event analysed ( M ,  = 1.9) has an aspect 
ratio close to 1, with a somewhat monotonuous dependence 

* -25 " I  i % I  20 

H I  5 
Y- " 

* 
* * *i * * * *  * I  * * *  * 

in between. This might indicate that the width of the fault is 
possibly controlled by the inhomogeneity of the medium and 
not by the size of the seismic event, as was proposed by 
Papageorgiou (1988). In this case, the aftershocks with 
magnitudes of about 2 (events Nos 11, 15, 16 in Table 1) 
have fault lengths close to the fault width, suggesting a 
characteristic dimension of the inhomogeneity of the 
medium of about 100 m. It should be noted that this result is 
the most attenuation-dependent from all those given in 
Table 3. Because we first separated the site effects, with 
possible attenuation anomalies included, we believe that the 
first corner frequencies f, are less sensitive to  attenuation 
correction than the second corner frequencies f,. 

The fracture energy per unit area of the fault has values in 
the range 102-104 J m-*, corresponding to ruptures on 
pre-existing zones of weakness (Husseini et al. 1975), as was 
to be expected for the margin of a graben structure. 

Further evidence for the robustness of the source 
parameter determinations and of the method as a whole 
comes from the fulfilment of the general condition for a 
relaxation process that the apparent stress a,,, should be 
smaller than half of the stress drop A o  (Savage & Wood 
1971). It has been violated in a number of cases, a fact that 
allowed Wyss & Molnar (1972) to  suggest that E,y is usually 
overestimated when derived from energy-magnitude rela- 
tions. This is not the case here, which also means that the 
attenuation correction we used is satisfactory. 

The E parameter calculated after Zuniga (1993) can 
discriminate between frictional overshoot (Savage & Wood 
1971), which means that the final stress reaches a value less 
than the frictional stress on the fault, and partial stress drop 
(Brune 1970, 1976), which means that the final stress is 
greater than the frictional stress on the fault. The values 
close to 2 favour the assertion that the 18 analysed 
aftershocks experience frictional overshoot. 

A separate inversion was performed for P waves, but only 
with an approximate correction for attenuation, assuming 
Qop = 2QOs and preserving the frequency dependence. This 
approximate correction makes the results from P waves less 

' ' ' 8 ' ' ' ' 1  
n I 

F * 
v 510 1 4 1  

* 
* 

L L 

n I I 

5 10 15 
S-corner f requency (Hz) 

Figure 4. Comparison between P- and S-wave results: (a) first corner 
seismic moment from P waves versus seismic moment from S waves. 

0 4 

* 
' t *  * * *  

* *  

i Mop/Mos= 1.67+0.39 
I 

10 l 3  

frequency from P waves versus first corner frequency from S waves; (b) 
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Figure 5. Site amplification spectra (continuous line) plus/minus one standard deviation (dotted lines). 
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reliable than those from S waves and we will not present all 
of them in detail. Only two correlations between P- and 
S-wave results will be given here: between the first corner 
frequencies (Fig. 4a) and between the seismic moments 
(Fig. 4b). In the P-wave case we suspect that we used too 
small a quality factor, which means a too large attenuation 
correction, which will affect the corner frequencies in the 
sense of increasing them. However, the mean ratio 
f,,,/fcs = 1.6 lies within the predictions of different models 
(e.g. Sat0 & Hirasawa 1973; Boatwright 1980). The mean 
ratio M,,,/M,,y = 1.67 (which should be l ) ,  can also be 
explained by a too large attenuation correction used for P 
waves, by a too large free surface correction for P waves 
and by a too large vl,/vs ratio, which enters a t  the power of 
3. We used a value 1.73, but 1.63 would reduce the moment 
ratio from 1.67 to 1.39. Nevertheless, the robustness of 
seismic moment determinations is evident from these 
inversions too, as can be observed from the good linear 
correlation in Fig. 4(b) (even if it has too large a slope). 

Richards & Menke (1983) argue that a strong scattering 
medium will have as a consequence, among others, 
approximately equal P and S apparent quality factors. 
Increasing more than twice the @factors for P waves with 
respect to those of S waves will reduce the corner frequency 
and seismic moment ratios, on one hand, and on the other 
hand will suggest a not-so-strong scattering medium, 
supporting our attenuation correction approach. 

SITE AMPLIFICATION SPECTRA 

The site amplification spectra from the two inversions for P 
and S waves are presented in Fig. 5 .  Station LCH, which is 
installed in a gallery of a mine on a rock outcrop, is assumed 
to have a constant amplification equal to unity both for P 
and S waves. The two inversions were done independently, 
with a different number and also with different quality of 
data. With all these differences, there are similarities in the 
site amplification spectra, such as the peaks at 5 and 20Hz 
at station HUM, at 1.2 and 24Hz at station MEM, at 3 and 
10 Hz at station RQR, at 8 Hz at station VIA,  or the ‘good’ 
behaviour at station WIB. The site amplification values vary 
between 1 and 10. 

The stations H U M  and VIA are installed at the surface on 
altered rock. The station RQR is situated at 20 m depth in a 
poorly consolidated surficial layer and station WIB in good 
hard rock conditions. Station MEM is installed in a 130m 
long tunnel excavated in schists (Fig. 6). I t  can now be 
explained why the inversion with station MEM as reference 
was unsuccessful: it is the station with the most severe site 
effect, in competition only with station VIA for P waves. To  
explain the peak at about 1 .2Hz,  present both in P and S 
site amplification spectra, we looked for a common cause. 
We found it in the acoustic standing waves formed in the 
tunnel itself. For a propagation velocity of the sound in wet 
air of 320 m s - ’  and a length d = 130 m,  using 

we get flAlnd = 1.2 Hz. To document this interpretation we 
looked at the noise spectra of this station averaged over 
events (Fig. 7). The most pronounced peak, present on all 

v =3.8krn/s 140111 
P 

v = 320 mls I Seismometer 

130 rn 

Figure 6. Simplified vertical section of the location of station 
Membach (MEM) in a 130m long tunnel. v P = 3 2 0 m s - ’  is the 
sound velocity in wet air. The frequency given is the first order 
acoustic resonance in the tunnel. 

three components, is that one at  approximately 1.2Hz. On 
these noise spectra, it is even possible to  observe a 
secondary peak at  an approximately doubled frequency, 
although it cannot be easily traced on the smoothed site 
amplification spectra. 

FINAL REMARKS 

Using the Joint Source-Site Determination (JSSD) method 
we were able to  separate source from site effects on a set of 
18 aftershocks of the Roermond earthquake recorded at  six 
of the permanent Belgian seismic stations. 

We extracted attenuation information from different wave 
trains (coda waves) than those used in the source-site 
separation process (body waves). The source parameters 
determined from unbiased source spectra exhibit some 
remarkable features, such as the violation of the similarity 
principle in the case of small events (ML 5 3.4), the increase 
of seismic efficiency with earthquake size, the decrease of 
fault aspect ratio with earthquake size, the prevalence of 
frictional overshoot over partial stress drop, or just the 
holding of the inequality f c p  >fCs. Besides, the fracture 
energy density for all 18 aftershocks corresponds to  ruptures 
occurring on pre-existing zones of weakness (faults). If the 
attenuation parameters determined from coda waves are not 
well suited to describe the body-wave attenuation, there will 
be only the second corner frequencies f, (and to a lesser 
extent the first corner frequencies f,) that will be affected. 

The site amplification spectra vary between 1 and 10 and 
might contain beside site effects, path anomalies too. W e  
identified well ‘behaved’ stations (RQR and WIB), as well 
as strong site effects a t  stations M E M  and VIA. We were 
able to explain a common peak for P and S waves at  station 
MEM in terms of acoustic standing waves in the tunnel 
itself. 

In the case of S waves, we exploited the advantage of a 
better attenuation correction and of averaging horizontal 
components (when available). In the case of P waves, we 
were faced with an approximate attenuation correction, but 
with a better signal-to-noise ratio. Because the overall fit 
measured by the root mean square of residuals was three 
times smaller in the case of S waves, it appears that the 
attenuation correction, not the signal-to-noise ratio, is the 
most important factor in this separation method (if the 
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Figure 7. Average noise spectra at station Membach (MEM) showing a peak at approximately 1.2 Hz on all components. 

equations are weighted accordingly). It seems that for 
stations LCH, MEM and WIB the attenuation due to 
scattering is much more pronounced than that due to  true 
dissipation. The 'total' Q-factors determined from coda 
wave analysis, which assumed single scattered waves, might 
not describe the body-wave attenuation very well for all 
source-station trajectories. It might be better, in strongly 
scattering media, to  try whenever possible to invert for 
attenuation simultaneously (e.g. Boatwright et al. 1991). 
Such an inversion, but with a much enlarged data set, also 
using geotechnical information, will be the subject of a 
forthcoming study. 
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