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Abstract

Two microcarthquake swarms oceurring in Southeastern Sicily during November 1999 and January 2000 were
analysed with respect to their seismotectonic features. Given the low magnitude of the events fault plane solutions
for only four major events were computed, which revealed normal fault and inverse fault mechanisms. From the
comparison of waveforms and the relation of P- and S-wave peak amplitudes, two families of multiplets were
identificd, cach representing a distinet type of seismic dislocation. Composite fault plane solutions for the two
tamilies showed the same trends as for the single major events. The small number of mismatches of the composite
solutions supports the hypothesis of two distinct types of seismic dislocation during the whole sequence. ie. a
normal fault mechanism along E-W striking planes and an inverse fault mechanism along NE-SW striking planes.
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1. Introduction

Since the early 1990’s a new digital seismic
network has been deployed in Southeastern
Sicily in the framework of the «Poseidon
Project» for monitoring the whole of Eastern
Sicily (fig. 1). Southeastern Sicily was struck by
large earthquakes in 1169 and 1693, each with
a magnitude of about M = 7 (e.g., Azzaro and
Barbano, 2000), and most recently in 1990 by a
moderate M = 5.4 earthquake (Amato et al.,
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1995), which caused severe damage at a Jocal
scale. The earthquakes recorded by the network
are of small magnitudes which have not yet
exceeded M = 4. Despite the modest seismic
energy release, the distribution of hypocenters
may give useful seismotectonic hints as to the
existence of active faults, orientation of seismic
dislocations, relation of tectonic structures vis-
ible at the surface, depth distribution of hypo-
centers and so on.

In this study, we present the analyses carried
out on two seismic swarms which occurred in
November 1999 and January 2000 and we in-
vestigate the types ol seismic dislocation. Given
the small magnitudes of the events, fault plane
solutions were obtained for only four events.
They appear scarcely constrained as the number
of first onset polarities available is limited. The
significance of fault plane solutions can be
proved compiling composite solutions where a
number of events belonging to a swarm are
culled together, provided that their hypocenters
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Fig. 1. Eastern Sicily seismic network. Triangles and
squares mark the location of stations belonging
to Eina, Messina Straits and Southeastern Sicily sub-
networks, respectively.

are concentrated in the same area and they fol-
low similar trends of seismic dislocation. Simi-
larity measures will be obtained from the com-
parison of waveforms and the amplitude ratio of
P- and S-waves. Indeed, it is a typical feature of
the data set that many of the earthquakes can be
addressed as multiplet events, forming groups
with very similar waveforms, As the relation of
P- and S-wave amplitudes depends strongly on
the focal mechanisms, we will check whether
the members of the families, identified on the
base waveform correlation, can be assigned to
one of the fault plane solutions calculated for
the larger events of the two swarms. As a final
step we will compile composite fault plane so-
lutions for each family and compare them with
the ones obtained for the single events. The
number of polarities in agreement/disagreement
in the composite solutions will be a further cri-
terion for the significance of the claimed types
of seismic dislocations during the swarm.

2. Structural features of the area

Eastern Sicily is characterised by a complex
tectonic setting in the frame of the collisional
process affecting the African-European conver-
gent belt. The overall structure of this active
zone is made up, from north to south, of three
main structural units: the Sicilian compression-
al margin, the Gela-Catania foredeep and the
Hyblean Plateau (Lentini, 1994, see fig. 2). The
Hyblean area is part of the northern margin of
the African plate which remained as a relatively
undeformed foreland during the Neogene col-
lisional process. It is bound to the east by the
Malta escarpment, which forms one of the mas-
ter faults in the Central Mediterranean, develop-
ing over 200 km from North Africa to Eastern
Sicily. It represents a lithospheric fault system
trending NNW-SSE, delimiting the continental
crust of the African platform from the oceanic
crust in the Ionian sea (Scandone et al., 1981;
Ben-Avrameral., 1995; Hirn et al., 1997). North-
ward, in the Gela-Catania foredeep, the margin
of the Hyblean Plateau is downbended by a
NE-SW fault system under the front of the
Sicily mountain chain which is part of the Ap-
pennine-Maghrebian chain (Cogan et al., 1989,
Yellin-Dror et af., 1997).

The data we are presenting concern earth-
quakes whose epicenters are found some kilo-
metres to the north of the border between the
Gela-Catania foredeep and the nappes of the Nor-
thern Chain. Significant local seismic activity in
history is represented by the earthquakes of Oc-
tober 3, 1624 (M, = 5-6) and December 23, 1959
(M, = 4.5-5), with epicenters reported both at
distances of ea. 10-15 km (see Azzaro and Bar-
bano, 2000) from the earthquakes analysed here.

3. Analysis of data

The Southeastern Sicily Seismic Network
(SESSN) consists of nine digital three-compo-
nent stations, each equipped with short period
Mark L4-3D seismometers having a natural fre-
quency of 1.5 Hz and a damping of ca. 60% of
critical. The data are sampled with a sampling
frequency of 125 Hz; the corner frequency of
the antialias filter is 51 Hz.
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Fig. 2. Simplified geologic map of Southeastern Sicily (based on Carbone et al., 1987; Grasso and Reuther,
1988; Lentini er al., 1996). | = Recent-Quaternary deposits; 2 = late Pleistocene-Holocene Etnean volcanics;
3 = Plio-Pleistocene Hyblean volcanics; 4 = Meso-Cainozoic carbonate sediments; 3 = normal faults (strike-slip
components shown by arrows); 6 = thrusts. Horizontal bars indicate the compressive domain of Appennine-
Maghrebian chain (modified from Azzaro and Barbano, 2000).

Qur data set consists of 57 events whose
hypocenters are situated close to the most exter-
nal chain folds, and whose focal depth range
between 10 and 25 km (table 1). A first swarm
of 16 events was recorded on 19th and 20th
November 1999, A second one (37 events) oc-
curred on January 1 and 2, 2000. Isolated earth-
quakes followed on 3rd, 4th and 24th January.
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3.1. Location and magnitude

The distribution of the epicenters follows
grossly a N-S striking trend with a largest hor-
izontal extension of about 7 km and a width of
ca. 3 km (fig. 3). The epicenters of the first
swarm are concentrated in the southern and cen-
tral part of the area, while focal depths range
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Table 1. Earthquakes analysed in this study, their locations and relative parameters.

D

Date

19

(=]
o)

SR
£ oW o —

L LTS U S - I VLR S B L R VS B U TR S N R N T (T 6 S 6 N 6
o oo S B Y= S D~ Oy Lh

1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/19
1999/11/20
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01
2000/01/01

Origin time  Latitude Longitude Depth M,  Gap RMS ERZ ERH
02:46:50.40  37.465 14.749 1956 1.5 260  0.07 37 23
02:48:00.25  37.459 14.760 1537 09 25  0.13 0.5 1.6
04:33:14.75  37.466 14.763 1456 2.2 259 0.2 0.4 1.0
04:35:38.16  37.459 14.766 1475 1.0 256  0.28 0.4 1.2
05:22:43.34 37445 14.765 1455 22 251 022 0.5 1.3
05:51:31.59 37478 14.751 1726 1.0 264 010 5.6 1.6
06:09:28.03  37.471 14.764 14.61 1.6 260 0.4 04 1.1
06:26:44.77 37.470 14.760 15.03 1.9 260 0.17 0.4 1.1
06:33:17.78 37.470 14.761 15.06 1.5 260 0.17 0.4 L.l
06:50:40.78 37477 14.764 14.47 1.5 2602 0.08 0.5 1.5
07:44:05.19 37.445 14.768 15.36 1.4 251 0.08 0.5 1.8
11:47:2539  37.459 14.779 15.04 1.2 334 0.11 1.0 43
13:00:37.52  37.451 14.762 1468 22 253 019 04 09
13:04:46.75  37.489 14.747 17.38 20 267 012 47 13
16:38:13.37 37.443 14.768 14.84 1.3 250 0.23 0.7 1.9
05:57:42.14  37.448 14.759 1566 20 253 012 04 1.6
(04:02:00.10 37.496 14.750 15.52 0.8 269 0.12 0.6 1.8
(04:02:45.05 37.470 14.750 18.50 1.3 261 0.16 21 1.3
04:03:18.76  37.457 14.750 20.70 1.4 257 0.08 1.6 23
04:04:27.27 37.474 14.751 17.68 1.4 263 0.14 24 1.3
04:07:12.85  37.498 14,754 1528 09 269 0.3 08 20
04:08:54.14  37.471 14.752 1776 1.1 262  0.16 2.3 1.4
04:11:24.20  37.474 14.750 1758 1.5 262 0.5 23 1,3
04:15:02.32  37.464 14.754 1582 1.2 259 0.8 0.4 I.4
04:15:51.65  37.449 14.755 2022 1.5 254 0.10 14 2.1
04:19:16.60 37.497 14.753 1540 09 269 0.10 0.6 1.8
04:22:39.45 37.467 14.753 15.80 2.0 2060 0.17 0.4 1.3
04:25:07.27 37.472 14.751 18.56 1.4 262 0.16 2.1 1.4
05:06:33.29 37.472 14.750 18.61 1.6 262 0.17 2.1 1.4
05:41:00.75 37.452 14.750 2326 08 255 0.05 2.1 29
05:41:18.43  37.470 14.751 1849 1.3 26l 0.16 2.1 1.3
05:42:23.84  37.463 14.755 1573 1.2 258 0.1% 04 1.5
05:58:58.32 37.482 14.755 1540 0.9 264 0.13 0.5 1.3
06:22:06.04  37.498 14.755 1542 0% 269 0.2 0.7 1.8
07:11:03.23  37.495 14.755 1528 0.8 268 0.12 0.8 1.9
07:13:01.69 37454 14.753 2064 19 269 0.1 1.8 23
08:15:18.27  37.469 14.750 1760 0.8 261 0.18 2.5 1.5
09:57:08.03  37.488 14.760 1513 07 276 0.18 08 1.9
10:02:19.09  37.458 14.749 2293 L0 258  0.08 20 29
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Table 1 (continued).

Origin time

E IIT Date

Latitude  Longitude

40 2000/01/01  10:03:02.64  37.495 14.750
41 2000/01/01  10:27:53.92  37.482 14,753
42 2000/01/01  10:33:45.55  37.495 14.756
43 2000/01/01  10:35:34.04  37.496 14.756
44 2000/01/01  23:00:14.95  37.491 14.763
45 2000/01/01  23:02:10.18  37.486 14.759
46 2000/01/02  07:20:28.32  37.498 14.754
47 2000/01/02  07:36:30.25  37.475 14.750
48 2000/01/02  07:53:43.72 37473 14.748
49 2000/01/02  08:04:53.57 37470 14.751
50 2000/01/02  08:38:09.03  37.459 14.744
51 2000/01/02  09:24:40.03  37.463 14.741
52 2000/01/02  10:28:38.11 37.479 14,757
53 2000/01/02  12:07:46.94  37.467 14745
54 2000/01/03  04:28:18.15  37.505 14.747
55 2000/01/04  19:42:55.21 37.500 14.747
36 2000/01/24  15:31:46.57 37451 14.762
57 2000/01/24  16:38:08.03  37.469 14,765

Depth M, Gap RMS ERZ ERH
1572 1.6 269 012 06 20
1583 L1 265 013 04 14
1548 08 268 011 06 18
1534 08 268 012 06 18
1434 12 266 014 07 1.6
1507 15 265 0.3 06 16
1522 08 269 011 06 1.8
1853 14 263 015 21 14
1875 1.7 263 016 19 13
1800 1.5 261 016 20 14
1632 13 293 007 28 14
2290 20 260 0.4 21 13
1577 1.2 263 007 09 26
2016 16 261 012 22 12
1801 07 282 008 07 23
1581 13 270 008 06 23
1549 1.0 254 015 05 20
1437 25 259 015 04 12

from 14 to 16 km. The epicenters of the second
swarm follow a N-S striking direction and ap-
pear slightly shifted to the west with respect to
those of the former swarm. The focal depths
scatter in a range between 14 and 24 km. On the
other hand the hypocenters of the two events on
24th January belong to the cluster of the first
swarm (figs. 3 and 4a.b).

Although the magnitudes of these events are
quite small, i.e. between 0.8 and 2.5, the signal
o noise ratio, in terms of displacement, is at
least 40 dB on all three components. The loca-
tions were obtained by the HYPOELLIPSE pro-
gram (Lahr, 1989) using the velocity model
by Sharp er al. (1980). Their accuracy is about
1.5 ki both for the epicentral coordinates and
the focal depth. Figure 5 shows the locations of
the earthquake epicenters and seismic stations
on the Hyblean Plateau. Five out of the nine
stations are close to the epicenters, which ex-
plains the fair accuracy of the hypocenter lo-
cations despite of the somewhat unfavourable
geometry.
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The local magnitude was computed using
the formula (see Lahr, 1989)

M, = log(A/2) - 0.15 + 0.80 - log’ X

where A is the maximum peak to peak ampli-
tude in millimetres as recorded on a standard
Wood-Anderson seismograph and X is the hy-
pocentral distance in kilometres.

Radiated seismic energy was obtained using
the empirical formula: logE = 9.9+ 1.9M —
—0.024 M7 (Richter, 1958), where £ is the ener-
gy expressed in Joules and M is the local magni-
tude. Figure 6 shows the seismic energy progres-
sively radiated from each event, expressed in per-
centage of the total energy released during the
two swarms. About 88% of the total energy was
released by 11 earthquakes. These correspond to
earthquakes with magnitude above 1.6, of which
six occurred during the swarm of November 1999
and four on the first days of January 2000. Alter
a period of quiescence of almost three weeks,
the sequence finished with two events on 24th
January, the latter having a magnitude of 2.5.
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Fig. dab. Hypocentral distribution of the whole seismic sequence. a) N-S section; b) E-W section. Different
symbols correspond to various time periods of occurrence (see legend).

3.2. Fault plane solutions

Fault plane solutions were computed for
four major events of the swarms using the
FPFIT program (Reasenberg and Oppen-
heimer, 1985). For this purpose we added the
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P-onset readings from seismic stations deployed
on the neighbouring Mt. Etna volcano, collect-
ing up to 12 P-onsets. The velocity model used
for the computation of the azimuths and inci-
dent angles is the same model as used for the
location.
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The results of the fault plane solutions are
given in table IT and fig. 7. Both events on 19th
November and 24th January reveal normal fault-
ing mechanisms along E-W striking planes, with
an almost vertical P-axis. On the other hand,
the earthquakes on 1st and 2nd January show a
thrust mechanism along NE-SW striking planes,
with an almost NW striking P-axis. As stated
earlier, the hypocenters of the earthquakes on
24th January belong to the cluster of the first
swarm on [ 9th and 20th November, whereas the
events of Ist and 2nd January should be as-
signed to the second cluster. Given the limited
number of polarities and the western network
gap, one can certainly argue the reliability of the
fault plane solutions. Nevertheless, it is note-
worthy that the fault plane solutions carried out
for the representative events of the correspond-
ing clusters converge fairly well. The number of
polarities available for the event on 19th No-
vember is higher than for those of the second
swarm, where the polarities at two stations
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AL

Fig. 6. Relative radiated seismic energy by the single event. 100% corresponds to the total energy released

during the two swarms.

677




Luciano Scarfi, Horst Langer, Giuseppe Di Grazia, Andrea Ursino and Stetano Gresta

Table IL Fault plane solutions carried out for four major events of the two swarms,

st Plane

D Date Origin time Dip direction Dip Rake
5 1999/11/19 05:22:43.34 165 45 110
37 2000/01/24 16:38:08.03 190 65 110
36 2000/01/01 07:13:01.69 165 40 140
51 2000/01/02 09:24:4003 150 25 120
ID36 00/01/01 ID57 00/01/24
LEGEND
N
Nov. 1999
1-4th Jan. 00

ID51 00/01/02

oy

N

\

A 24th Jan. 00

ID& 99/11/19

=

5Km

Fig. 7. Epicentral map and focal mechanism (lower hemisphere projection) of the events of table 11 (+ for
compression: O for dilatation), See the text for further explanations.

on Mt. Etna are missing. In an experiment we
left out the two polarities of Mt. Etna. Neverthe-
less, the fault plane solutions for event n. 5
remain stable. After all, we may state as a work-
ing hypothesis that the two clusters indeed
reflect two distinct mechanisms of seismic dis-
location.
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Waveforms and amplitude ratios

In order to verify our working hypothesis
that the two clusters may indeed represent two
different types of seismic dislocation we com-
pared waveforms and amplitude ratios of P- and
S-waves of the clusters,
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Fig. 8. A comparison between events recorded at SR2 station (vertical component). On the right. three carthquakes
of the first cluster: on the left, events of the second cluster. Note the high waveform similarity between events of
the same cluster.

A crude visual inspection reveals surprising correlation functions for 8 s windows starting
similarities of waveforms for the events belong- 1.0 s before the P-wave onset. The maximum
ing to the same cluster (fig. 8), despite signifi- values of the cross-correlation functions report-
cant magnitude differences and the scatter of ed in table 11 show that all events occurring in
hypocentral coordinates. As a simple measure, November are highly similar to the master event
we used the maximum of the cross-correlation n. 16, whereas the cross-correlation with the
function between the seismic traces which were master event n. 31 is quite low. On the other
calculated using PITSA 3.0 by Scherbaum and hand, most of the events belonging to the latter
Johnson (1992). For each of the two clusters, we swarm show high correlation coefficients with
defined a master event, i.e. the event with the the master event n. 51. However, the events on
best signal to noise ratio. We then calculated the 24th January (n. 57 and 58 of table III) are
cross-correlation functions of the other events similar to the master event n. 16. This confirms
with respect to the two master events. We con- that they cluster with the first swarm from both
sidered the vertical component seismograms of hypocentral coordinates and focal mechanisn.
three key stations, i.e. SR1, SR2, and SR3. These Slight differences in the cross-correlation val-
key stations recorded almost all of the 57 events ues can be noted for the various stations, which is
of our data set. We identified the events n. 16 partly due to the different geometrical position of
and n. 51 in table 1 as master events for the two the stations with respect to the hypocenters. Both
corresponding clusters and calculated the cross- SR2 and SR3 are SE located with respect to the epi-
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Table IIL. Maximum absolute values of the cross-correlation functions of the events with respect to the master
events (51 and 16), for three stations (SR1, SR2, SR3).

Cluster of November

Cluster of January

SR1 SR2 SR3 SRI SR2 SR37
ID 51 16 51 16 51 16 1D 51 16 51 16 51 16
1 020 077 0.22  0.69 0.32 0.76 17 0.94  0.19 0.81  0.17 - -
2 0.22 0.77 0.23  0.68 0.28 0.71 20 0.97 0.20 .92 024 0.90 0.46
3 0.25 0.87 0.20  0.80 041 0.89 21 096 0.19 0.86 0.23 - -
4 0.20 0.90 0.23 0.82 043  0.90 22 0.98 0.21 096 0.24 0.89 0.42
5 0.23 0.64 0.27 0.59 .44 Q.64 23 0.96 0.20 0.79 0.19 0.85 042
6 0.18 0.72 0.22  0.67 0.35 0.81 24 096 0.21 0.62 0.21 0.79 0.49
7 0.20 0.94 .24 0.89 043 092 26 0.95 0.21 0.87 0.24 0.81 0.38
8 0.20 0.95 0.26 0.94 0.44  0.94 27 0.95 0.21 0.78 0.19 0.82 0.43
9 0.24 0.95 0.24 091 045 091 29 0.86 0.22 0.81 0.23 0.86 045
13 0.22 0.9] 0.29 0.83 046 0091 32 0.93  0.20 0.69 0.18 0.75  0.40
15 0.20 0.85 027 0.86 041 0.89 33 0.92 0.19 0.68 0.17 0.71 0.38
16 0.21 - 0.26 - 0.47 - 34 0.97 0.21 0.92 0.25 0.90 040
56 0.26  0.60 021 0.52 034 0.70 35 0.94 0.18 0.80 0.18 - -
57 0.28 0.78 0.22  0.67 0.44  0.86 36 0.81 0.27 0.67 0.19 0.68 0.33
37 0.89 0.20 0.62 0.16 — -
38 0.92 0.21 0.69 0.17 0.52 030
41 0.93 020 0.72 0.20 0.77 048
42 0.94 0.18 0.79  0.19 0.79 040
43 094 0.19 0.76  0.19 0.64 0.36
44 0.90 0.22 .38  0.17 0.75 0.48
46 0.94 0.19 0.83 0.19 0.78  0.39
47 0.98 0.20 091 0.23 0.94 0438
48 0.97 0.21 0.85 0.22 0.88 0.49
49 0.98 0.20 0.87 0.22 -
33 0.93  0.21 0.70 0.23 0.75 0.54
54 0.93 0.21 0.74  0.19 0.59 0.32
55 0.90 0.22 0.65 0.18 0.75 045
centers, whereas SR1 lies in a SW direction. Re- Finally, we calculated the matrix of maxi-

sults are probably also influenced by site effects.
The displacement spectra of the signals recorded
atstation SR 1 exhibit a bandlimitation between 2
and 5 Hz, whereas the spectra of the same signals
recorded at SR2 are flat between 2 and 20 Hz.
The lower limit can be due to the instrumental
response, whereas the high-frequency cut-off of
5 Hz at SR1 is supposed to reflect a site effect.
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mum cross-correlation coetficients for all events
reported in table II1. For the sake of clarity we
reorganised the data set in a way that events of
24th January, 2000 cluster with the ones of
November 1999, The matrix of cross-correla-
tion coefficients is graphically visualised in fig.
9 for station SRI. Similar outlines were ob-
tained for matrices of station SR2 and SR3. The
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Fig. 9. Graphical visualisation of the correlation matrix obtained for station SR1. The tabled values of the

matrix are given in the Appendix.

graph confirms the hypothesis of two distinct
groups since high correlation coefficients are
observed only among records which belong to
the same families.

Waveforms and in particular the peak ampli-
tudes of P- and S-waves depend strongly on the
focal mechanism. Here we considered the peak
amplitudes of P-waves measured on the vertical
component and the maximum horizontal S-wave
amplitudes. The latter ones were obtained form-
ing the average of the peak amplitudes on the
two horizontal components. We considered again
the key stations SR1, SR2 and SR3. At SRI the
PiS-wave ratios for events of the swarm in No-
vember 1999 tend to be higher than those of the
latter swarm. Some events of the former swarm,
however, show similar values as the events of
the second group, and vice versa. At the stations
SR2 and SR3, the P/S amplitude wave ratios of
the former swarm are clearly lower than those of
the latter swarm. As before we note that the
evenls of 24th January show the same features
as the cluster of November 1999 (fig. 10).
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3.4, Compasite fault plane solutions

Two composite fault plane solutions were
obtained by combining the P-onset polarities of
the two families defined on the basis of wave-
form analysis and P/S-wave amplitude ratios
{fig. 1 1) and table I'V. The composite solutions fit
well the solutions found for the single major
master events of the two swarms. The composite
solution for the first family shows 9 polarities
out of a total of 63 in disagreement, the solution
for the second family only 6 polarities out of 90
in disagreement. The small number of not fitting
polarities in the composite solutions is an addi-
tional support for the existence of two distinct
seismic dislecations well linked to the two
SWarmis.

4. Discussion and conclusions

Eastern Sicily is a region characterised by a
strong regional stress due to the convergent
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Fig. 10. Plot of amplitude f/S-wave ratios at three
key stations (SR1.SR2, SR3). Diamonds, squares and
triangles indicate the different periods of earthquake
occurrence. Note different trends for the events of
November and January.

motion of the European and African plates (Ri-
chardson et al., 1979: Miiller er al., 1992; Ward,
1994). It is one of the most seismically active
zones ol Italy. It was struck several times by
violent seismic events (Azzaro and Barbano,
2000: Boschi et al., 1995, 1997), spaced out by
long periods of quiescence. at least apparently
because there are no data of a local seismic
network until 1994,

Indeed, the destructive carthquakes have not
yet been related to well defined active faults
(Bianca et al., 1999: Sirovich and Pettenati,
1999), and only after the last moderate 1990
earthquake have the first instrumental record-
ings for this seismogenic area been available.
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In this work we investigated a seismic se-
quence which occurred some kilometres north-
ward from the border the Gela-Catania fore-
deep. below the thrust zone (Ragg ef al., 1999).
The data set is composed of microearthquakes
with a rather irregular distribution of energy.
Local magnitudes did not exceed 2.5, Essential-
ly, two swarms occurred: one in November 1999
and one in January 2000. Hypocenters were
concentrated in a relatively small crustal vol-
ume. Nevertheless, two distinct clusters have
been recognised. In fact, the events of Novem-
ber 1999 were concentraled in a depth range
between 14 and 16 km, while those of January
2000 occurred also at greater depth, up to
25 km. The epicenters of the latter swarm
are slightly shifted to NW with respect to the
former.

The comparison of the waveforms recorded
at the three key stations revealed a high degree
of similarity between carthquakes belonging to
the same swarm. The cross-correlation coeffi-
cients showed clearly that the two swarms form
two distinet families made up by multiplets. The
two earthquakes which resumed on 24th Janu-
ary, belong to the family of the first swarm, with
respect 1o both locations and waveforms. The
existence of two families was also confirmed
by the focal mechanisms of four major events.
The solutions for the earthquakes occurred on
19th November 1999 and on 24th January 2000
showed a mechanism corresponding to a nor-
mal fault, whose fault planes strike in an E-W
direction, with a vertical P-axis. For the two
other events on Ist and 2nd January 2000 fault
planes solutions revealed an inverse fault along
NE-SW striking planes, with an almost horizon-
tal P-axis, striking NW-SE. Moving on from the

Table IV. Composite fault plane solutions carried out
for the two carthquakes families,

I'st Plane
Dip Rake

7Dip direction

Composite selution

I'st family 170 50 100
Composite solution
2nd family 145 45 100
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1st Family

Composite Solution
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Fig. 11. Composite fault plane solution of the two earthquakes families.

similarities of the waveforms of events belong-
ing to the same group we conclude that the two
families indeed represent two different types of
fault mechanism. This conclusion is confirmed
by the comparison of the P/S-wave amplitude
ratios and composite fault plane solutions. Sim-
ilar to the results obtained by the comparison of
the waveforms, we notice separate trends for the
two earthquake families, where the two events
of 24th January belong to the family of the first
swarm. Also the composite fault plane solutions
computed for the two ecarthquake families fit
well to the solutions found for the four major
events of the data set. The small number of
mismatching polarities is an additional support
for claiming the existence of two distinct types
of seismic dislocation for our data set. The two
mechanisms are given (i) as a normal fault and
(i1) an inverse fault.

Some information on the orientation of in
situ lectonic stress in the area can be deduced
from borehole breakout analysis by Ragg et «/.
(1999). They detected a nearly NNW orienta-
tion for the maximum horizontal stress (SH )
on the Hyblean Plateau, while a NE direction
was found on the Gela nappe (see details in
Ragg et al., 1999, table [). The authors ex-
plained the locally differing observed stress ori-
entations as due to the modulation by crustal
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thickness variations and local sources of a re-
gional, NW oriented, stress field.

Breakout data available for a site (the «Ra-
macca well») located only about one kilometre
from the area affected by the seismic sequence
have been studied. Data were collected in a log
interval depth range from 247 to 1267 m, so
they refer to the very shallow part of the crust;
the identified stress orientation (SH, ) was N66E
(Ragg et al., 1999).

Conversely, the two well identified seismic
clusters showed the coexistence of two differing
faulting mechanisms in the same small (about
200 km') volume of deeper crust. Moreover, the
P-axes obtained trom both single and composite
tault plane solutions, resulted almost vertically
oriented for the former cluster and almost hori-
zontal, NW striking for the latter. These results
disagree with the above quoted local and shal-
low stress field, while they are in agreement with
the proposed regional one (Ragg et al.. 1999).
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Appendix. Matrix of cross-correlation coefficients.

2426

D1 2 3 4 5 6 7 § 9 13 15 16 56 57|17 20 21 2 23
1L 096 091 089 061 094 083 082 072 071 083 078 079 079|020 020 021 021 020 021 0.0
2 096 100 090 088 061 090 083 081 074 070 084 078 081 079|022 022 -023 022 022 024 022
36891 080 L0 093 071 090 0.89 085 084 079 086 087 079 088|025 024 024 025 024 025 0.4
4 089 088 093 100 063 087 096 091 0.89 081 085 090 071 083 |-022 020 021 021 022 024 0.2]
5 061 0060 071 063 100 060 059 056 065 065 065 064 053 067|024 -024 -023 -024 024 -0.25-024
6 094 090 090 087 060 100 079 075 0068 0.68 082 073 079 078|021 020 -0.8 -020 018 .19 0.20
7 083 083 089 096 059 079 100 097 092 084 085 094 064 079|021 -020 020 -020 021 022 (.19
§ 082 081 085 091 056 075 097 100 093 087 085 096 061 075 |-021 -020 -020 021 021 -0.22 0.20
9072 074 084 089 065 068 092 093 100 089 0.82 096 056 074 [-023 022 023 022 023 023 021
13 071 070 079 081 065 068 084 087 089 100 085 092 054 069|022 022 022 023 022 023 020
15 083 084 086 085 065 082 085 085 082 085 100 086 069 071020 021 020 021 021 020 018
16 078 078 087 090 064 073 094 096 096 092 086 100 061 078|020 021 -020 021 021 -021 021
5 079 081 07% 071 033 079 064 061 056 054 069 061 100 086|028 028 D26 -028 024 024 029
57 079 079 088 083 067 078 079 075 074 069 071 078 086 100|030 030 027 -029 027 027 0.30
17 -020 -022 025 022 024 021 021 021 023 022 020 -020 028 -030| 1.00 097 094 094 096 095 0.94
20 020 022 624 021 024 -D20 -D20 020 022 022 021 021 028 030|097 100 097 096 098 095 0.96
21 020 023 024 020 -023 018 D20 020 023 022 020 -020 -0.26 027094 097 100 097 096 094 097
22 021 -022 025 021 -024 -020 020 021 022 023 021 021 -028 029|094 096 097 100 095 094 0.98
23 020 022 024 -022 .024 008 021 021 -023 022 021 021 -024 -027 | 096 098 096 095 100 096 093
24021 024 025 024 -025 019 022 022 -023 023 020 -021 024 027|095 095 094 094 096 100 0.92
26 020 022 2024 021 024 020 019 020 021 020 0.8 021 -0.29 030|094 096 097 098 093 092 100
27020 022 024 023 -025 -0.19 022 022 025 023 021 023 023 027097 096 092 093 098 098 091
20026 026 038 024 -026 022 022 021 022 023 024 022 024 027|082 081 084 086 08 084 035
R2O020 022 023 022 -023 020 020 020 -023 021 020 021 025 026|064 095 095 093 097 092 092
33020 022 024 622 024 022 -022 021 -025 023 020 -023 024 026|094 093 092 091 096 093 0.89
Mo021 023025 021 <023 019 020 022 021 022 021 021 -029 030091 096 096 098 092 092 097
33009 D21 023 <021 024 <009 020 019 021 020 020 -0.20 026 -029 | 096 098 096 095 095 093 0.95
360025 025 026 028 -026 022 020 027 029 023 023 028 029 031|083 084 081 081 085 080 079
37 021 022 024 021 024 022 -020 020 -025 022 021 023 023 026|091 092 090 089 093 089 086
38021 021 022 023 -025 019 021 021 -024 021 020 021 023 024091 0095 094 091 095 092 090
41020 022 022 022 025 021 020 020 023 020 020 021 -024 -026|092 096 095 093 096 092 091
42 020 020 024 021 <023 2019 019 018 021 -0.019 0.8 -0.19 -028 030|094 007 096 094 093 092 0.96
43020 022 023 021 -022 007 019 009 021 019 020 049 023 -025|002 096 096 094 094 092 094
44021 023 026 -0.24 -028 024 023 -023 -028 025 022 -026 -025 027|088 080 087 087 093 093 084
46 019 -020 022 021 -023 -008 018 019 -020 -0.19 -0.19 019 -027 -0.29 | 091 095 096 095 092 090 0.96
47 019 022 024 021 -024 018 020 020 -025 022 -021 -0.22 -025 027 | 092 095 095 097 095 096 0.95
48 020 022 024 022 -024 009 021 020 -025 022 -021 023 023 -0.26 | 095 097 095 005 097 697 0.93
49 -020 -020 024 2020 025 -0.19 010 020 D23 -022 -022 -021 026 028 | 094 097 095 097 097 096 0.94
51021 -023 025 022 -024 -019 021 021 -024 023 021 022 -0.27 028|094 097 097 099 096 097 096
53 021 023 025 024 025 020 023 022 025 -022 021 023 024 -026]| 091 093 003 093 094 091 091
5018 020 -021 021 023 017 020 022 024 021 019 022 023 025|088 091 094 094 089 089 0.94
55 021 -022 023 023 025 022 022 021 025 022 021 -023 -024 026090 091 091 090 093 090 085
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