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ABSTRACT

An aftershock sequence was recorded by an SMA-1 instrument installed at Gemona del Friuli
in a massive limestone site during the period from May to October 1976. The sequence consists
of small to moderately strong, dominately thrust-faulting earthquakes occurring at close dis-
tance (R ~ 10 km) from the station. For twentyfour of them, the instrument was triggered by
P-waves; the resulting records appear to be particularly suitable to the investigation of source
properties for the Friuli earthquakes. After the digitization of the film traces by means of an
automatic high resolution (~ 400 sps) optical scanner, a simple numerical technique has been
applied to obtain ground-motion displacement directly from digitized accelerograms by decon-
volving the instrumental response in the time domain. The resulting acceleration, velocity and
displacement waveforms have been analyzed in order to investigate source properties. Durations
(T') and areas (£2,) of the shear-wave pulses have been measured on the displacement time his-
tories and compared with the values of corner frequency f. and seismic moment M, estimated
in the frequency domain from the acceleration spectra of the same events. After correcting
for attenuation, the scaling of source parameters indicates that stress drops are approximately
constant (Ao = 300 bars, on the average) in the seismic moment range from 10?! through 10%°
dyne-cm. '

For this sequence, the behavior of peak ground motions versus earthquake size is consistent
with the trend obtained from stochastic simulations assuming an omega-square spectral model
with a constant stress drop of 300 bars. Moreover, the availability of objective waveforms of
ground displacement in a wide seismic moment range offers a favourable opportunity to study
the scaling of the ground displacement pulse. We find that the apparent breakdown of similarity
depicted by the quantity ‘%% (dp is ground displacement peak) in the low seismic moment range
(M, < 10%® dyne-cm) is more a dissipation effect than a source property: after correction for
attenuation, the scaling of %% versus seismic moment agrees with a constant stress value of
300 bars. The results obtained in this paper enhance the bias that dissipation mechanisms can
produce in the interpretation of source properties, even at close focal distances.

Finally, the applicability to Friuli earthquakes of an omega-square model with a constant
stress drop of 300 bars is further confirmed by an analysis of spectral ratios between different size
earthquakes of the sequence: this analysis demonstrates that the finding of this spectral scaling
model is not conditioned, to first order, by whole-path or near-site propagation properties whose
effect can be significant when data from a single station are investigated.



INTRODUCTION

On May 6th, 1976, at 20:00 GMT a strong earthquake struck the Friuli region, northeastern
Italy, producing extensive damage and more than 1,000 deaths. Its average local magnitude
was M), = 6.5, very close to the value 6.6 obtained from Wood-Anderson records synthesized
using strong-motion accelerograms (see Bonamassa and Rovelli, 1986). Within a day, several
national and international seismological institutions converged on the epicentral area, installing
networks of short-period seismometers and accelerometers. Among these institutions were the
Ente Nazionale per le Energie Alternative (ENEA), the Ente Nazionale per I’Energia Elettrica
(ENEL), and the Istituto Nazionale di Geofisica (ING). While the efforts of the ENEA-ENEL
Joint Commission were mainly devoted to the collection of strong-motion data, the principal
interest of the ING was recording microearthquakes. However, the ING installed one SMA-1
accelerometer in the most convenient site among those selected for the seismometric stations.
This accelerometer was operated at Tarcento (from 8 up to 9 May) and at Somplago (from 9 up
to 22 May). Afterward, the instrument ‘was moved to Gemona del Friuli (from 22 May up to
the end of October 1976), only a few kilometers from the mainshock epicenter (see Figure 1).
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FIGURE 1 - Main neotectonic structural features, epicenter distribution and available fault plane
solutions for some aftershocks recorded at Gemona del Friuli. Open circles represent the location
of the four largest aftershocks; full circle points out the mainshock of May 6th, 1976. Full square
gives the location of the Gemona station. The fault plane solutions are taken from the literature
(Cipar, 1980; Anderson, 1985; Giardini et al., 1985; Barbano et al., 1985; Renner and Slejko,
1986) and enhance a compressional regime characterized by thrust or reverse mechanisms. 1:
dip-slip fault (dashes towards lowered area, arrows according to the dip direction); 2: strike-slip
fault; 3: fault with undetermined character; 4: uplifting axis; 5: anticline axis; 6: asymmetrical
uplift (arrow towards less uplifted area). Redrawn from Barbano et al. (1985).
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The Friuli sequence was characterized by a large number of aftershocks from small to mod-
erate magnitude. In particular, starting from September 9th, 1976, a significant increase of
seismic activity took place, which produced two earthquakes with magnitude comparable to
that of the mainshock (both occured September 15th at 03:15 and 09:21 GMT, respectively).
The accelerometer installed at Gemona del Friuli allowed the collection of a large number of
strong-motion recordings from events in a wide magnitude range at close focal distance. Of all
the accelerometer locations in Friuli, Gemona was the nearest one to the epicenters.

The Friuli sequence of 1976 has been studied in some previous papers (e.g. Cipar, 1980 and
1981; Lyon-Caen, 1980; Barbano et al., 1985). In these studies teleseismic, regional and local -
data were used to investigate the seismogenic features of the active faults in that area. Source
time functions for the three largest events of the sequence (May 6th at 20:00 GMT, September
15th at 03:15 and 09:21 GMT, respectively) were investigated by Cipar (1980 and 1981), who
estimated seismic moment and source duration using teleseismic and regional data. Very similar
results were found by Lyon-Caen (1980) who relocated the events, computed focal mechanisms
and analyzed the body waves of short- and long-periods. Moreover, abundant strong-motion
accelerograms were recorded during the 1976 sequence by the ENEA-ENEL network. In partic-
ular, these data were used in two recent papers (De Natale et al., 1987; Cocco and Rovelli, 1989)
in order to study the high-frequency behavior of seismic radiation and source spectral scaling.

The availability of further close-distance accelerograms, recorded at the same station for
a wide magnitude interval provides a further occasion to investigate the characteristics of the
seismic source for the Friuli earthquakes.

The uniqueness of the collected data set, although recorded by a conventional analog in-
strument, demands an effort to extract as much information as possible about ground motion
properties at close distance, including waveforms of ground velocity and displacement. To do
this, a particular attention had to be given to high-resolution digitization and an appropriate
algorithm to improve the quality of the corrected time histories of ground motion particularly
for weak events (often recorded with very unfavourable signal-to-noise ratios). This paper aims
to show some results obtained from these data.

THE DATA BASE

During the period of observation at Gemona del Friuli, more than fifty recordings of after-
shocks were collected, 24 of which were triggered by P-waves. In the latter case, the entire
S-wave train is contained in the accelerogram, allowing analyses devoted to determine source
and/or propagation properties. We chose these 24 events as the data base for this study.

The instrument used at Gemona del Friuli was a Kinemetrics SMA-1. It recorded photo-
optically the three components of-the ground motion on 70mm film, with 1 g full scale range.
On both the top and bottom of the film; two traces display the time marks provided by an
internal (not absolute) timer. The accelerograph was installed on the basement of a two-story
building founded on massive Mesozoic limestones. Its orientation was such that the longitudinal
axis pointed NO7TW.

The lack of absolute timing on the recordings might cause some difficulties in the identi-
fication of the single events. The occurrence of many aftershocks recorded on the same film,
however, allowed us to obtain a reliable association between our recordings and the events re-



ported on the seismological bulletins, at least for the most significant earthquakes. The resulting
data set is listed in chronological order in Table 1.

In order to obtain good quality ground-motion waveforms, the ngltlzatmn technique deserves
particular attention: this operation has been carried out 'by means of a high-resolution optical
scanner, giving 162 counts per inch corresponding to a sampling interval At equal to 0.00244 sec
in the time axis. Another relevant feature that required careful attention was the instrumental
deconvolution and the estimation of the ground displacement from the accelerograms. We have
adopted a procedure that yields ground displacement by deconvolving digitized accelerograms
in time domain. The deconvolution operator has been analytically derived from the Laplace -
transform of the differential equation describing the recording system when the input is given
by a Dirac function. This is described in detail in the paper by Alessandrini et al. (1989).
This adopted procedure preserves the impulsive shape of the direct S-wave arrivals; moreover,
numerical tests (see Alessandrini et al., 1989) have shown that its application is particularly well
suited to small and moderate-sized earthquakes, as is the case of the Gemona data set.

THE FRIULI SEQUENCE: SEISMOTECTONIC FEATURES

The hypocentral distribution and the focal mechanisms of the largest Friuli shocks in the
years 1976-1979 have been discussed by Barbano et al. (1985). They relocated these earthquakes
and related them to the Dinaric structures involved in the south-Alpine shortening. The main
neotectonic structural features have been drawn in Figure 1: the most important structural
evidences are the E-W-striking south-Alpine overthrusts and the SE-NW-striking Dinaric over-
thrusts. It is interesting to observe that the mainshock and the stronger aftershocks occurred
on the E-W-striking south-Alpine system.

Figure 1 shows the epicenter location of the four largest aftershocks of the sequence; the
epicenters have been taken from Barbano et al. (1985). We avoided to include in this figure the
epicenters of the other smaller events of the Gemona data set because of their larger uncertainty.
However, taking into account that the difference between S-wave arrivals and triggering time
(all the accelerograms analyzed in this paper were triggered by P-waves) gives a minimum
distance value, we may infer that focal distances for our data set range between 7 to 15 km.
For the largest events reliable depth estimates are available (Zonno and Kind, 1984; Barbano et
al., 1985), revealing the shallow depth of the Friuli earthquakes: their values are in the range
between 5 to 10 km.

The fault plane solutions were estimated by many authors for the four largest aftershocks
(event 5, 6, 13 and 17 of Table 1) using waveforms or polarities at teleseismic distance (Cipar,
1980; Anderson, 1985; Giardini et al., 1985). For seven other aftershocks of the data set (event
1,3, 10, 11, 15, 18 and 21 of Table 1), fault mechanisms were recently computed using data from
local networks (Barbano et al., 1985; Renner and Slejko, 1986) based on polarities of first arrivals.
Figure 1 shows all the available focal mechanisms. Fault-plane solutions of Figure 1 indicate
a compressional regime characterized by thrust or reverse mechanisms. Unfortunately, focal
mechanisms were not available in the literature for the other events included in Table 1 because
of the paucity of both information about polarities of seismograms in the bulletins and waveforms
at teleseismic distances with a satisfactory signal-to-noise ratio. However, the analysis of the
polarization vector obtained from the horizontal components of the ground motion recorded at
Gemona del Friuli reveals that, for more than 70% of the events, a stable wave polarization
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characterizes both small and large aftershocks. This suggests that the smallest events of this
sequence probably had thrust or reverse faulting mechanisms.

ANALYSIS OF GROUND MOTION IN TIME AND FREQUENCY DOMAIN

The ground motion parameters have been already investigated by De Natale et al. (1987) and
Cocco and Rovelli (1989). In particular, De Natale et al. (1987) estimated the seismic moments
and corner frequencies applying an inversion procedure to the spectra of strong-motion data
recorded in Friuli by the ENEA-ENEL Joint Commission. Cocco and Rovelli (1989) investigated -
the same strong-motion data used by De Natale et al. (1987), but restricted their analysis only
to those events (seven) for which seismic moment could be supported by information available
from data at teleseismic distance. Their estimates of stress drop exhibit a smaller dispersion
compared to those computed by De Natale et al. (1987), Brune stress drop ranging between 250
and 400 bars for the largest Friuli aftershocks.

The availability of further accelerograms from other aftershocks in that area allows to rean-
alyze the scaling laws for the Friuli earthquakes. The good quality obtained for velocity and
displacement time histories (see Alessandrini et al. 1989) suggested to estimate source param-
eters both in time and frequency domain.

In the time domain, the joint inspection of the acceleration, velocity and displacement time
histories on both the horizontal components allows the identification of source duration 7', and
the area of the displacement pulse 2, yields estimates of seismic moment M,. The problems
related to the duration estimates have been largely discussed by Boatwright (1984). In practice,
source durations 7" were estimated looking at the displacement and velocity waveforms simulta-
neously, and comparing them also with the squared velocity plots. Figures 2 and 3 show some
examples of time histories of ground motions collected at Gemona del Friuli; in particular, the
shaded areas indicate the duration estimated for those earthquakes. In these figures we can
observe that the maximum amplitude phases of the acceleration time histories are distributed
over the time window corresponding to the estimated source duration. Both Figures 2 and 3
(@ and b) reveal that the identification of the source duration is quite simple for the smaller
earthquakes of the sequence, while difficulties increase for the largest events where incoherent
arrivals cliaracterize the accelerogram (Figures 2 and 3, ¢ and d).

Following Brune (1970), we have estimated seismic moment M, from the area of the dis-
placement pulse 2, by using the well known equation (see also Frankel, 1981)

R Q,
C

where R is hypocentral distance and C is a constant given by

M, =

_ F,Ro“pP
— 4mpp?

including the effects of the free surface correction (F, = 2), the rms average radiation pattern
(Rs,, = 0.63) and the partition of energy between the two horizontal components (P = :}5); p
and B are density and velocity in the lithosphere (the values 2.7 g/em® and 3.2 km/sec have
been used, respectively). Time-domain estimates of seismic moment and source duration for the

(1)
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FIGURE 2 - Specimens of corrected ground motion waveforms derived from accelerograms
recorded at Gemona del Friuli. A simple shape characterizes the small magnitude earthquakes
(a and b, event 16 and 1 of Table 1, respectively), while complexity is peculiar to the strongest
earthquakes of the sequence (¢ and d, event 17 and 5, respectively).






