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1.	 Introduction

The Calabrian arc (fig. 1) is the most arcu-
ate southern part of the Mediterranean orogenic 
belt. The arc connects the E-W and the NW-SE 
trending branches of the belt, which are repre-
sented by the Maghrebian and the southern 
Apennines chains, respectively. The most im-
pressive tectonic feature of the arc is a promi-
nent normal fault belt that extends, more or less 
continuously, for a total length of about 180 km 
along the inner side of the arc (Tortorici et al., 
1995). The morphological features of the fault 

escarpments suggest slip rates of 0.8-1.1 mm/yr 
for the last 700 k.y. and values of 0.6-0.9 mm/
yr for the last 120 k.y., indicating a uniform rate 
of faulting since the Middle Pleistocene (Tor-
torici et al., 1995). The different normal fault 
segments separate the main Pliocene-Pleis-
tocene basins from the uplifted mountain rang-
es (Tortorici et al., 1995). The study area (fig. 
1) is a ca. 40 km long section of the Calabrian 
arc that includes the Gioia-Tauro basin and the 
Aspromonte mountain range. In particular, the 
Gioia Tauro basin (fig. 1) is part of a system of 
basins that border the Serre-Aspromonte to-
ward the western coast of southern Italy. It is 
characterized by the Cittanova fault (hereafter 
referred as CF), a well exposed west dipping 
high-angle normal fault about 20 km long, 
which separates metamorphic and igneous 
rocks to the east from sedimentary marine and 
continental successions to the west (Galli and 
Bosi, 2002). In the field, the CF appears both as 
a single ~10 m high scarp or as smaller multiple 
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1783 earthquakes were a catastrophic and de-
structive sequence for an area more than 100 
km in length and 30 km in width (Tyrrhenian 
coast and front of the Aspromonte-Serre Range). 
The CF is generally identified as the superficial 
expression of the seismogenetic structure of the 
February 5, 1783 earthquake (Galli and Bosi, 
2002). However, the lack of geological evi-
dence concerning middle-upper Pleistocene ac-
tivity of the CF has led some authors to ques-
tion its present activity and to search for an-
other seismic source elsewhere. Valensise and 
D’Addezio (1994), among others, claim that the 
CF is the fossil trace of an inactive fault, or an 
ancient coast line. The authors assume that the 
fault controlling the geometry and the seismic-
ity of the Gioia Tauro basin is instead a blind, 
low-angle, east dipping fault system (Gioia 

scarpets, with a 1 to 3 m high frontal scarp that, 
in some places, has a free face (Wallace, 1977). 
It is composed of a dozen en echelon strands, 
1-3 km long which strike N40°E, with the ex-
ception of two N25°E relay ramps. Almost all 
the strands show a right step with respect to the 
northern ones (Galli and Bosi, 2002).

From a seismic point of view, the Calabrian 
arc represents one of the most active zones in 
Europe. It has experienced the strongest earth-
quakes affecting the Italian region over the last 
3 centuries (fig. 1): 1638 (Io=IX MCS), 1783 
(Io=X-XI MCS), 1905 (Io=X-XI MCS), 1908 
(Io=XI MCS) (e.g. Boschi et al., 2000; Monaco 
and Tortorici, 2000; Galli and Bosi, 2003). The 
strongest events (except those of 1638) oc-
curred in the southern sector, between the 
Messina and Catanzaro straits. In particular, the 

Fig.	 1.	 Map of the study area (modified after Tortorici et al., 1995) showing the location of the events selected 
in this study (grey circles inside the black rectangle). Historical earthquakes are also shown (stars). Triangles 
represent the stations of the seismic network operating from 1985 to 1994.
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1985 and April 1994. Until July 1992 the net-
work was equipped with one three component 
(DLV) and ten vertical component stations. 
After July 1992 also PDL and CST were run as 
three component seismic stations (Raffaele et 
al., 2006). Each station was equipped with 
Mark L4C and Mark L4C-3D seismometers 
(flat response between 0.8 and 30 Hz; Moia, 
1987) having a natural frequency of 1 Hz and a 
damping of 70% of critical. The data were sam-
pled with a sampling rate of 153.8 Hz.

Among 3741 events recorded during the 9 
years of the network’s operation, we selected a 
subset of 252 events from the ISMES catalogue 
within an area defined by a rectangle with coor-
dinates 38.16-38.65 latitude N° and 15.89-
16.30 longitude E° (fig. 1). The quality of the 
input data was improved by repicking the P- 
and S-phases. The earthquakes were then relo-
cated (table I) using the Hypoellipse code 
(Lahr, 1989) and the minimum 1D velocity 
model proposed by Raffaele et al. (2006). Final 
locations are affected by uncertainty less than 2 
km in epicentral coordinates (80% Erh≤1.0 
km), less than 3 km in focal depths (50% 
Erz≤1.0 km), and root-mean-square (rms) 
traveltime residual less than 0.25 s. Higher 
depth errors are mainly observed for the events 
occurring along the western coastal sector of 
the study area because of the largest azimuthal 
gaps. Since high-precision hypocentral coordi-
nates and reliable error-estimates are crucial for 
seismo-tectonic interpretation, we used the dif-
ferences between minimum 1D and 3D model 
locations (Raffaele et al., 2006) to verify the 
accuracy of hypocentral coordinates. These lo-
cation differences are rather small with an aver-
age location accuracy of about 0.3 km in hori-
zontal directions and about 0.8 km in depth for 
the selected well locatable events.

The spatial distribution of seismicity shows 
an Appenninic trend along a NE-SW direction 
(fig. 1). The hypocentral distribution of the 
events extends to about 25 km, with depth 
mainly concentrated from 10 to 25 km. The lo-
cal magnitude (ML) of the events was calculated 
following the procedure implemented in the 
Hypoellipse code (Lahr, 1989) which proved to 
give very similar magnitude values to those 
calculated following the standard Richter 

Tauro Fault). According to recent paleoseismo-
logical and archeoseismological studies (e.g. 
Galli and Bosi, 2002) the CF is still active and 
has produced several significant events in the 
Holocene and historical times.

The occurrence in the Calabrian arc of both 
intense Quaternary faulting and active crustal 
seismicity suggests that these phenomena might 
be related to each other. Therefore, with the aim 
of monitoring the seismic activity of the Gioia 
Tauro basin, a local seismic network was man-
aged, on behalf of ENEL (Italian national elec-
tricity board), from April 1985 to April 1994 by 
ISMES (Istituto Sperimentale Modelli E Strut-
ture), which provided for a catalogue of the re-
corded seismicity too. Despite the large amount 
of recorded local earthquakes over a 9-year 
time span, little effort has been made so far to 
carry out detailed researches on seismological 
topics. Recently, Raffaele et al. (2006) investi-
gated the three-dimensional velocity structure 
of the Gioia Tauro basin providing important 
constraints on the structural and geological fea-
tures. However, more studies and researches 
are needed to better understand and explain 
both tectonics and physical mechanisms occur-
ring in this seismically active area. As is 
known, the assessment of seismic hazard re-
quires information on both the nature of the 
earthquake source and on the medium where 
seismic waves propagate. In this framework, 
we attempt a systematic and detailed analysis of 
a 9-year time span, which includes the most 
complete and  largest dataset available to date 
in southern Calabria. Our goals are: i) to pro-
vide a dataset of well-constrained fault plane 
solutions and source parameters for a selected 
subset of earthquakes; ii) to give information on 
the distribution of stress direction and discuss 
the results in terms of spatial earthquake distri-
bution and tectonics; iii) to obtain a first esti-
mate of the seismic attenuation of P-waves 
which may provide important insights into the 
nature of heterogeneities in the study area.

2.	 Instruments and Data

A seismic network of 11 stations was in-
stalled in the Gioia Tauro basin between April 
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Table I.	 Location parameters of the 252 events selected from the ISMES catalogue, including local magnitude 
(ML), number of data (N), azimuthal gap (Gap), squared residual travel times (rms), Erh and Erz.

	 N°	 Date	 Orig. Time	 ML	 Lat. N°	 Long. E°	 Depth	 N	 Gap	 rms	 Erh	 Erz

1 14/04/1985 03:31:22.04 0.5 38.310 16.038 18.75 8 119 0.06 0.8 1
2 28/04/1985 22:01:49.64 0.5 38.376 15.994 13.5 7 127 0.08 0.7 0.7
3 28/04/1985 22:19:51.32 0.7 38.378 15.995 13.75 7 99 0.06 0.7 0.7
4 28/04/1985 22:41:03.14 1.4 38.374 15.991 13.43 10 128 0.07 0.5 0.7
5 20/05/1985 01:45:07.67 0.5 38.372 15.931 20.27 8 200 0.04 1 0.8
6 27/06/1985 22:27:58.56 2.0 38.405 16.016 58.13 9 89 0.09 1.8 2.1
7 19/07/1985 07:56:06.96 0.5 38.281 15.954 10.28 6 184 0.05 1.7 2.6
8 24/08/1985 17:56:37.65 1.0 38.319 16.019 12.59 8 132 0.07 1 1.9
9 31/08/1985 21:22:08.53 0.5 38.470 15.948 15.09 6 106 0.06 0.7 2.1

10 26/10/1985 16:52:03.04 1.2 38.279 16.008 17.47 8 117 0.05 0.9 1.3
11 27/10/1985 06:44:54.88 1.5 38.277 16.007 17.22 7 120 0.05 1 1.4
12 28/10/1985 18:41:47.79 2.2 38.294 16.047 18.88 11 149 0.07 1 1.3
13 13/11/1985 13:29:46.27 0.5 38.455 16.036 0.74 6 159 0.14 0.7 3
14 20/11/1985 17:07:22.24 1.7 38.288 16.038 18.49 9 143 0.05 0.7 0.8
15 11/12/1985 22:11:23.52 1.2 38.571 16.059 22.77 8 222 0.04 1 1
16 26/12/1985 00:46:51.07 0.6 38.361 16.059 20.63 8 80 0.04 0.8 0.8
17 27/12/1985 09:56:21.52 1.2 38.258 16.025 19.64 6 272 0.02 1.1 1.3
18 27/12/1985 18:00:10.63 2.0 38.263 16.024 19.33 11 214 0.06 0.7 0.8
19 27/12/1985 20:05:48.43 0.6 38.254 16.02 19.16 6 245 0.01 1.1 1.4
20 27/12/1985 20:07:31.85 1.2 38.264 16.02 19.33 9 176 0.05 0.7 0.9
21 27/12/1985 20:07:49.31 1.4 38.261 16.032 18.27 10 219 0.12 0.7 0.8
22 28/12/1985 14:52:24.25 1.9 38.264 16.026 19.79 10 214 0.06 0.7 0.8
23 29/12/1985 19:56:02.99 1.0 38.258 16.022 18.8 7 243 0.01 0.9 1.1
24 04/01/1986 02:37:06.54 1.6 38.262 16.023 19.02 11 215 0.06 0.7 0.8
25 30/01/1986 06:22:10.86 1.5 38.307 16.075 20.12 7 187 0.1 1.2 1.2
26 04/02/1986 22:44:05.52 0.7 38.322 16.06 16.56 6 125 0.04 1.3 2.2
27 05/02/1986 00:00:30.34 0.8 38.311 16.067 19.63 8 148 0.05 0.8 0.8
28 23/02/1986 15:33:29.42 1.5 38.260 16.022 19.21 8 221 0.02 0.8 0.9
29 23/02/1986 15:33:47.76 1.5 38.263 16.031 18.08 9 216 0.1 0.8 1.1
30 23/02/1986 15:42:31.76 1.2 38.260 16.029 18.23 9 218 0.1 0.8 1
31 24/02/1986 10:09:56.51 1.5 38.266 16.017 18.78 10 150 0.1 0.6 0.8
32 08/03/1986 03:11:28.64 1.3 38.263 16.029 18.1 12 216 0.09 0.7 0.7
33 08/03/1986 17:39:09.65 1.0 38.263 16.028 19.1 9 215 0.06 0.7 0.8
34 12/03/1986 03:34:09.64 2.4 38.260 16.022 18.66 11 206 0.08 0.7 0.8
35 12/03/1986 03:34:13.93 2.2 38.261 16.026 18.66 11 206 0.08 0.7 0.8
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Table I.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 Lat. N°	 Long. E°	 Depth	 N	 Gap	 rms	 Erh	 Erz

36 12/03/1986 03:36:04.43 2.2 38.262 16.027 18.64 11 204 0.07 0.7 0.8
37 12/03/1986 03:39:14.88 1.1 38.256 16.026 19.29 7 222 0.04 0.9 1.4
38 12/03/1986 03:54:00.19 1.9 38.259 16.022 18.87 11 217 0.06 0.7 0.8
39 12/03/1986 05:00:06.66 1.0 38.250 16.02 17.29 8 248 0.06 0.8 1
40 12/03/1986 05:49:58.83 0.9 38.257 16.022 18.89 6 244 0.02 1 1.5
41 12/03/1986 05:53:25.81 2.1 38.260 16.021 18.66 11 216 0.07 0.7 0.8
42 12/03/1986 06:58:59.54 1.7 38.257 16.017 18.61 9 213 0.07 0.7 0.8
43 12/03/1986 09:27:21.56 1.5 38.265 16.026 19.28 9 170 0.06 0.7 0.8
44 12/03/1986 15:21:38.95 1.4 38.261 16.022 19.11 9 216 0.06 0.7 0.9
45 12/03/1986 18:55:09.54 1.5 38.263 16.023 18.94 10 214 0.06 0.7 0.8
46 21/03/1986 06:01:18.65 1.9 38.261 16.02 19.28 10 215 0.06 0.7 0.8
47 01/04/1986 22:04:28.45 1.1 38.465 16.149 24.52 9 201 0.03 0.8 0.9
48 13/04/1986 03:56:22.62 1.0 38.431 16.031 17.18 6 162 0.01 1.5 1
49 17/06/1986 18:46:00.44 2.0 38.566 16.033 21.49 10 199 0.04 0.7 1
50 17/07/1986 07:30:31.86 1.2 38.257 16.023 18.72 7 244 0.02 0.9 1.1
51 29/07/1986 19:19:28.52 1.0 38.319 15.924 21.2 9 77 0.06 0.7 0.9
52 02/08/1986 11:20:52.40 0.9 38.324 15.92 22.01 6 127 0.04 1.1 1.1
53 02/08/1986 12:27:39.72 0.9 38.324 15.919 21.85 6 164 0.03 1.5 1.2
54 08/08/1986 19:30:52.80 0.6 38.284 16.04 19.47 6 155 0.02 0.9 1.1
55 24/08/1986 02:38:37.50 1.1 38.286 16.018 12.81 9 104 0.07 0.6 0.9
56 24/08/1986 02:52:31.69 1.1 38.257 16.023 18.27 8 244 0.02 0.8 0.9
57 24/08/1986 20:13:25.54 1.5 38.273 16.022 16.78 8 110 0.06 0.7 1.1
58 26/08/1986 06:54:18.47 1.6 38.263 16.028 19.54 8 215 0.07 0.8 1.1
59 26/08/1986 14:15:29.71 1.1 38.265 16.027 18.9 8 177 0.07 0.8 1.1
60 23/09/1986 20:20:35.27 1.1 38.365 16.141 15.37 8 191 0.06 0.7 0.8
61 19/10/1986 04:09:52.22 1.3 38.264 16.017 21.88 7 172 0.08 0.9 1.1
62 19/10/1986 23:38:14.83 1.0 38.264 15.887 15.27 6 214 0.05 1.5 1.8
63 20/10/1986 13:17:04.23 1.2 38.380 15.99 12.83 8 123 0.12 0.8 0.7
64 27/11/1986 19:26:51.38 1.1 38.251 16.009 21.16 8 223 0.06 0.9 1.2
65 13/12/1986 00:25:35.03 1.2 38.336 15.952 20.72 10 114 0.08 0.7 0.8
66 14/12/1986 01:08:56.81 0.7 38.391 16.117 9.58 6 148 0.02 0.9 1.9
67 16/12/1986 02:13:16.01 1.7 38.335 16.136 19.73 10 206 0.07 0.7 0.8
68 19/03/1987 20:23:05.35 0.7 38.424 16.189 9.96 7 238 0.09 0.8 1.3
69 14/04/1987 13:49:22.08 0.5 38.343 15.982 14.28 6 148 0.1 1.4 3
70 14/04/1987 13:53:47.53 1.4 38.334 15.981 21.28 9 101 0.04 0.9 1.1
71 16/04/1987 09:12:42.77 1.1 38.340 15.988 19.31 6 146 0.02 1.2 1.6
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Table I.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 Lat. N°	 Long. E°	 Depth	 N	 Gap	 rms	 Erh	 Erz

72 03/05/1987 04:07:40.12 1.7 38.592 16.01 20.94 9 235 0.08 0.8 1.1
73 12/05/1987 11:34:11.23 1.2 38.423 16.152 18.96 6 285 0 1.3 0.9
74 12/05/1987 11:36:06.70 1.4 38.420 16.145 18.97 7 281 0.04 1.3 0.8
75 12/05/1987 12:11:15.13 1.1 38.409 16.142 18.46 8 220 0.05 0.8 0.8
76 12/05/1987 12:11:59.94 1.4 38.407 16.147 19.3 6 194 0.04 1.2 1.3
77 12/05/1987 12:14:59.85 1.7 38.410 16.144 18.28 10 191 0.07 0.7 0.7
78 12/05/1987 12:17:39.33 1.5 38.404 16.141 17.67 11 188 0.09 0.7 0.7
79 12/05/1987 12:27:26.53 1.2 38.427 16.15 18.46 6 285 0.02 1.6 0.9
80 12/05/1987 12:28:38.11 2.0 38.409 16.137 17.7 11 183 0.06 0.7 0.7
81 12/05/1987 14:58:19.51 1.1 38.422 16.163 17.07 9 213 0.12 0.8 0.8
82 16/05/1987 01:14:47.55 1.3 38.489 16.089 21.78 8 132 0.05 0.8 0.9
83 16/05/1987 10:59:31.36 1.3 38.407 16.15 18.52 9 198 0.05 0.7 0.9
84 14/06/1987 18:24:08.19 2.0 38.442 16.2 21.06 10 236 0.08 1 0.8
85 28/07/1987 20:04:14.44 1.4 38.527 15.938 21.16 9 191 0.1 0.7 1.1
86 28/07/1987 20:05:59.39 0.9 38.528 15.917 19.4 6 209 0.04 1 1.7
87 19/08/1987 23:21:19.28 0.5 38.300 16.07 19.45 6 203 0.02 1 0.9
88 20/10/1987 20:06:39.73 1.2 38.474 16.049 20.8 7 159 0.01 1 1.1
89 18/12/1987 21:17:29.50 1.3 38.259 15.955 22.24 7 180 0.04 1.5 1.2
90 24/01/1988 01:50:50.12 3.0 38.350 15.941 18.55 8 79 0.05 0.7 2.5
91 24/01/1988 18:45:36.87 1.7 38.348 15.936 20.67 8 83 0.06 0.8 0.8
92 25/01/1988 16:24:37.82 1.7 38.352 15.93 21.29 7 89 0.03 0.9 0.9
93 27/01/1988 07:35:41.80 1.6 38.350 15.923 19.68 6 96 0.05 1 1.2
94 27/02/1988 05:11:14.75 1.5 38.333 15.943 21.36 6 188 0.04 1.4 0.9
95 17/04/1988 11:32:41.56 2.9 38.374 15.982 60.65 9 84 0.08 1.9 1.1
96 02/05/1988 02:41:02.81 1.6 38.346 16.072 16.95 8 170 0.04 0.7 0.7
97 15/06/1988 00:22:02.52 1.3 38.376 16.1 19.38 6 176 0.03 1.1 0.8
98 17/07/1988 02:32:13.27 0.9 38.298 15.995 20.57 7 102 0.04 0.9 1.1
99 17/07/1988 17:52:28.66 0.8 38.298 15.995 20.37 6 125 0.04 1.1 1.8

100 19/07/1988 09:50:24.37 1.3 38.347 16.095 15.62 6 193 0.07 0.9 0.9
101 21/07/1988 10:18:59.62 1.3 38.396 16.058 16.23 7 166 0.05 0.9 0.7
102 25/09/1988 02:37:02.95 0.6 38.292 15.996 21.6 7 103 0.05 1 1.8
103 18/11/1988 09:44:31.51 1.3 38.344 15.935 21.08 10 84 0.05 0.6 0.8
104 22/12/1988 11:13:50.37 1.2 38.543 16.127 23.98 6 244 0.02 1.1 1.3
105 11/01/1989 11:36:36.58 1.1 38.263 16.063 18.97 6 232 0.03 0.9 1.2
106 29/01/1989 19:50:47.89 0.7 38.466 16.002 14.74 11 85 0.06 0.6 1.3
107 07/03/1989 18:52:03.75 1.0 38.293 16.055 18.66 6 161 0.05 1.1 1.3
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Table I.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 Lat. N°	 Long. E°	 Depth	 N	 Gap	 rms	 Erh	 Erz

108 09/03/1989 16:41:41.39 1.5 38.442 16.179 19.29 7 235 0.06 0.9 0.8
109 29/05/1989 18:59:47.09 1.0 38.332 16.088 18.35 7 128 0.05 0.9 1.4
110 30/05/1989 00:33:46.14 0.7 38.329 16.093 19.54 6 136 0.04 1 1.2
111 04/06/1989 02:20:47.67 1.1 38.332 16.092 19.15 8 130 0.05 0.8 0.8
112 04/06/1989 22:36:21.41 1.5 38.332 16.091 19.11 9 130 0.06 0.7 0.7
113 04/06/1989 22:58:02.94 1.0 38.331 16.093 19.45 9 132 0.06 0.7 0.7
114 04/06/1989 23:56:18.07 1.2 38.331 16.094 19.51 9 132 0.05 0.7 0.7
115 04/06/1989 23:57:03.76 1.6 38.333 16.094 19.65 10 130 0.06 0.7 0.7
116 05/06/1989 04:09:21.01 1.6 38.332 16.093 19.78 10 131 0.06 0.7 0.7
117 06/06/1989 00:06:36.62 1.1 38.338 16.097 19.94 7 118 0.08 0.9 0.9
118 14/06/1989 20:20:22.97 0.6 38.332 16.095 19.08 11 131 0.07 0.7 0.6
119 14/06/1989 21:01:00.28 0.8 38.330 16.095 19.53 9 136 0.06 0.7 0.7
120 14/06/1989 21:18:58.92 1.5 38.326 16.092 19.37 8 141 0.04 0.7 0.8
121 14/06/1989 22:42:35.30 0.7 38.331 16.095 19.05 9 133 0.07 0.7 0.7
122 17/06/1989 04:11:00.73 1.6 38.326 16.094 19.43 7 144 0.04 0.8 0.8
123 17/06/1989 12:37:13.22 0.9 38.334 16.095 19.82 7 126 0.05 1.1 1
124 24/06/1989 01:03:57.11 0.5 38.326 16.09 19.49 7 140 0.04 0.8 0.8
125 21/08/1989 13:52:17.92 1.3 38.421 16.018 15.42 6 155 0.02 1 1
126 21/08/1989 13:58:04.08 1.1 38.423 16.018 15.78 7 157 0.03 0.9 0.7
127 26/08/1989 09:40:08.65 1.4 38.161 15.904 16.61 6 305 0.05 1.2 1.8
128 13/12/1989 18:35:49.30 1.9 38.366 16.093 11.14 10 104 0.04 0.5 0.6
129 21/12/1989 09:00:32.11 1.5 38.270 16.082 18.8 8 228 0.06 0.8 0.8
130 21/12/1989 11:20:23.95 2.2 38.264 16.002 16.58 9 173 0.05 0.7 0.8
131 21/12/1989 12:21:35.23 1.6 38.243 16.003 21.54 7 230 0.06 0.9 1.2
132 22/12/1989 11:20:46.12 1.2 38.240 16.009 21.21 7 234 0.05 1 1.4
133 31/01/1990 21:38:04.83 1.2 38.494 16.03 21.58 7 116 0.02 1 1.3
134 31/01/1990 21:38:17.50 1.8 38.491 16.024 21.71 10 111 0.03 0.6 0.9
135 01/02/1990 00:40:40.35 2.1 38.489 16.025 21.85 11 109 0.04 0.6 0.8
136 01/02/1990 00:47:27.58 1.6 38.491 16.029 21.94 11 113 0.03 0.7 0.7
137 01/02/1990 01:31:18.08 1.5 38.489 16.026 21.61 9 110 0.03 0.7 1
138 01/02/1990 03:17:57.13 2.1 38.489 16.025 21.73 10 110 0.03 0.6 0.9
139 01/02/1990 03:25:16.57 1.3 38.490 16.026 21.41 9 111 0.02 0.7 1
140 01/02/1990 03:36:09.93 1.2 38.490 16.025 22.01 10 110 0.03 0.6 0.9
141 01/02/1990 04:43:30.58 1.9 38.489 16.024 21.93 10 109 0.03 0.6 0.9
142 01/02/1990 04:53:20.05 1.3 38.490 16.028 21.01 8 112 0.02 1.1 1.3
143 01/02/1990 05:04:25.49 1.1 38.491 16.029 21.66 8 113 0.02 1.1 1.3
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Table I.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 Lat. N°	 Long. E°	 Depth	 N	 Gap	 rms	 Erh	 Erz

144 01/02/1990 05:46:02.16 2.1 38.489 16.023 22.23 11 109 0.04 0.6 0.9
145 01/02/1990 06:12:50.19 1.6 38.488 16.024 21.92 10 108 0.03 0.6 0.9
146 01/02/1990 06:54:18.82 1.9 38.487 16.023 22.12 10 107 0.03 0.6 0.9
147 01/02/1990 07:46:38.53 1.6 38.489 16.024 22.53 8 109 0.03 0.7 1
148 01/02/1990 08:56:54.99 1.6 38.475 16.018 16.04 10 95 0.07 0.5 1.2
149 01/02/1990 18:44:58.38 2.0 38.489 16.024 21.89 12 109 0.04 0.6 0.8
150 02/02/1990 02:48:35.13 2.0 38.490 16.024 21.35 12 110 0.05 0.6 0.8
151 02/02/1990 05:41:31.89 1.9 38.489 16.024 21.37 11 109 0.03 0.6 0.9
152 02/02/1990 20:12:47.40 1.1 38.494 16.033 21.18 8 118 0.02 0.9 1
153 02/02/1990 23:01:36.98 0.6 38.391 15.999 13.24 10 62 0.05 0.4 0.6
154 02/02/1990 23:01:57.77 0.8 38.394 16.006 13.49 6 154 0.03 0.8 0.7
155 03/02/1990 23:25:23.83 1.1 38.489 16.021 22.16 11 108 0.06 0.6 0.9
156 11/02/1990 21:02:30.34 1.1 38.498 16.026 22.65 6 193 0.02 1.1 1.8
157 11/02/1990 21:29:07.67 1.2 38.493 16.031 21.56 7 115 0.02 0.8 1.1
158 28/02/1990 22:09:46.68 2.4 38.444 16.066 20.96 12 79 0.05 0.6 0.7
159 12/03/1990 19:10:16.12 1.3 38.501 16.125 22.51 9 204 0.03 0.9 0.9
160 16/05/1990 21:33:08.97 1.1 38.245 15.976 21.14 6 216 0.05 1.1 1.3
161 10/06/1990 03:35:05.70 1.8 38.435 15.965 16.08 12 91 0.07 0.4 0.7
162 10/07/1990 20:03:40.77 1.0 38.297 16.085 20.56 7 188 0.06 0.9 1.1
163 29/09/1990 20:39:35.05 2.2 38.382 16.165 16.06 11 218 0.08 0.7 0.6
164 29/09/1990 21:39:11.39 2.5 38.388 16.136 11.97 11 181 0.07 0.5 1
165 29/09/1990 23:47:34.17 1.1 38.392 16.177 12.82 6 228 0.17 1 1.1
166 26/11/1990 03:27:20.77 1.6 38.470 16.153 20 8 205 0.04 1.2 0.8
167 10/12/1990 04:15:15.48 1.4 38.539 16.049 24.76 8 205 0.06 1.1 1
168 31/01/1991 06:57:55.05 2.0 38.371 16.083 13.39 6 93 0.02 1 2.1
169 10/03/1991 10:35:10.98 1.7 38.432 16.148 9.12 10 197 0.12 1.1 1.2
170 20/04/1991 03:26:20.14 1.5 38.345 15.938 21.67 8 129 0.06 0.9 1.1
171 24/09/1991 19:52:59.67 1.6 38.564 16.041 18 6 201 0.06 1.5 2
172 25/09/1991 20:14:56.94 1.7 38.493 16.143 17.86 7 244 0.08 1.6 1
173 29/11/1991 13:54:26.37 1.6 38.257 15.958 10.35 6 186 0.07 1.9 2
174 13/12/1991 21:51:57.84 1.5 38.564 15.983 15.82 7 149 0.07 1.4 1.4
175 19/04/1992 02:35:55.35 2.2 38.283 16.061 19.86 12 187 0.07 0.7 0.7
176 20/04/1992 05:19:12.00 2.0 38.277 16.059 19.97 10 197 0.07 0.7 0.8
177 16/05/1992 02:22:27.20 1.9 38.334 16.039 57.34 9 99 0.04 1.7 1.1
178 16/05/1992 02:52:56.20 1.4 38.483 16.049 21.73 10 112 0.02 0.6 0.8
179 23/05/1992 01:04:56.21 2.3 38.470 15.948 13.59 12 105 0.12 0.6 0.9
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Table I.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 Lat. N°	 Long. E°	 Depth	 N	 Gap	 rms	 Erh	 Erz

180 08/07/1992 05:35:54.28 2.1 38.287 16.045 16.95 11 187 0.14 1.5 0.8
181 02/08/1992 00:03:15.14 1.2 38.274 15.999 14.92 6 139 0.14 1.2 2.1
182 03/08/1992 04:37:14.52 1.9 38.280 16.013 13.24 11 103 0.14 0.7 0.9
183 10/08/1992 22:12:19.42 1.6 38.290 15.997 15.45 11 105 0.08 0.6 1.1
184 12/08/1992 03:36:52.20 0.7 38.343 16.081 9.87 8 106 0.04 0.9 2.1
185 11/09/1992 12:05:31.43 2.2 38.280 16.029 12.28 11 135 0.09 0.8 1.2
186 11/09/1992 21:16:48.29 1.3 38.273 16.033 12.59 8 160 0.07 0.8 1.4
187 11/09/1992 21:30:43.36 2.1 38.262 16.04 15.39 12 220 0.07 0.6 0.8
188 11/09/1992 21:34:12.69 1.5 38.259 16.038 12.8 12 203 0.13 0.6 0.8
189 11/09/1992 21:36:46.91 2.0 38.265 16.043 13.54 11 218 0.08 0.8 0.8
190 11/09/1992 21:40:37.08 1.7 38.266 16.034 12.5 10 205 0.1 0.8 1.3
191 11/09/1992 21:44:12.83 1.6 38.264 16.039 14.47 9 208 0.06 0.9 1.3
192 11/09/1992 21:54:18.75 1.0 38.267 16.036 13.98 7 198 0.08 1 1.7
193 11/09/1992 21:59:09.57 1.1 38.270 16.042 16.61 10 195 0.14 0.6 1
194 11/09/1992 22:00:38.98 2.1 38.276 16.029 12.04 11 139 0.09 0.8 1.2
195 11/09/1992 22:01:23.17 1.6 38.261 16.038 14.16 10 221 0.07 0.9 1.3
196 11/09/1992 22:25:24.05 1.5 38.262 16.038 14.53 9 219 0.06 0.9 1.3
197 11/09/1992 22:53:51.68 1.1 38.268 16.04 13.65 9 204 0.07 0.8 0.9
198 11/09/1992 23:00:46.96 0.7 38.319 16.016 1.86 7 97 0.21 0.9 1.4
199 11/09/1992 23:58:05.50 1.0 38.280 16.028 11.18 7 132 0.07 1.4 2.3
200 12/09/1992 00:02:07.72 1.0 38.262 16.041 14.91 9 221 0.07 0.9 1.3
201 12/09/1992 00:09:17.40 0.8 38.263 16.04 13.29 9 219 0.09 0.4 0.8
202 12/09/1992 00:48:10.56 0.5 38.319 16.015 1.83 6 134 0.22 0.9 1.6
203 12/09/1992 01:58:10.93 1.0 38.280 16.028 10.81 8 131 0.07 1.2 1.6
204 12/09/1992 03:03:25.90 0.9 38.268 16.036 13.1 7 196 0.06 1 1.7
205 12/09/1992 03:29:06.56 1.1 38.267 16.044 12.48 10 211 0.09 0.8 0.7
206 12/09/1992 04:27:17.23 1.3 38.270 16.043 12.28 9 198 0.09 0.8 0.7
207 12/09/1992 05:37:42.28 1.2 38.261 16.037 14.29 9 220 0.07 0.9 1.3
208 12/09/1992 05:38:21.74 1.2 38.320 16.02 0.01 7 97 0.25 0.7 2.5
209 12/09/1992 05:38:36.19 1.4 38.258 16.038 14.48 9 223 0.07 0.9 1.3
210 12/09/1992 06:15:30.92 0.9 38.316 16.025 0.85 6 101 0.21 0.4 3
211 12/09/1992 06:35:34.98 1.1 38.319 16.019 0.05 7 97 0.24 0.7 2.3
212 12/09/1992 07:22:15.96 0.8 38.320 16.019 0.01 7 97 0.25 0.8 2.7
213 12/09/1992 10:02:11.58 0.8 38.270 16.04 14.14 6 195 0.06 1.1 1.6
214 18/09/1992 01:23:12.64 1.5 38.272 16.031 12.55 10 155 0.07 0.8 1.3
215 18/09/1992 03:56:35.45 1.0 38.269 16.034 13.22 8 183 0.05 0.9 1.4
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Table I.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 Lat. N°	 Long. E°	 Depth	 N	 Gap	 rms	 Erh	 Erz

216 18/09/1992 04:48:24.98 1.5 38.273 16.032 12.56 9 157 0.06 0.8 1.3
217 19/09/1992 14:31:17.14 1.2 38.317 16.051 15.38 8 124 0.04 0.8 1.4
218 29/10/1992 21:16:32.60 1.3 38.382 16.14 14.76 10 187 0.05 0.7 1.3
219 11/11/1992 04:48:34.60 1.0 38.502 15.958 13.22 6 133 0.03 1 2
220 04/12/1992 19:32:02.12 0.5 38.440 16.014 11.55 6 174 0.06 1.3 3
221 07/12/1992 04:06:00.46 1.5 38.272 16.031 14.58 10 156 0.1 0.7 0.8
222 16/01/1993 13:20:39.96 0.5 38.275 16.013 12.82 6 118 0.05 1.2 2.1
223 06/03/1993 09:07:16.22 2.2 38.416 16.201 15.27 8 248 0.06 0.9 1.5
224 10/04/1993 20:50:10.97 1.9 38.337 16.12 17.11 11 117 0.07 0.7 1.2
225 23/04/1993 02:46:32.05 1.0 38.438 15.919 12.98 10 152 0.1 0.8 1.4
226 11/05/1993 06:36:07.15 1.2 38.302 15.932 16.31 10 88 0.09 0.8 1.1
227 02/06/1993 08:26:14.41 2.1 38.535 16.053 17.35 10 174 0.06 0.6 1.4
228 24/06/1993 05:50:10.83 1.3 38.313 16.023 16.13 6 138 0.03 0.9 1.6
229 30/06/1993 21:20:27.01 2.0 38.342 15.94 16.46 10 105 0.09 0.6 1.2
230 30/06/1993 22:07:50.91 1.8 38.339 15.938 16.94 9 133 0.09 0.7 1.2
231 30/06/1993 23:49:35.53 0.7 38.345 15.934 16.88 6 144 0.05 1.1 1.6
232 01/07/1993 18:52:19.12 1.1 38.343 15.937 16.91 7 147 0.05 1.1 1.6
233 01/07/1993 19:01:49.32 2.1 38.343 15.938 16.49 11 81 0.08 0.6 1.2
234 01/07/1993 19:43:11.91 1.1 38.342 15.937 16.96 9 104 0.06 0.9 1.4
235 01/07/1993 20:29:50.40 1.1 38.341 15.936 17.02 7 149 0.06 1.1 1.6
236 01/07/1993 20:34:56.45 1.3 38.341 15.941 17.82 8 150 0.04 0.6 1.5
237 01/07/1993 21:06:47.01 1.4 38.337 15.939 17.36 10 155 0.09 1 1.5
238 01/07/1993 21:41:53.12 1.4 38.343 15.94 16.41 11 79 0.08 0.6 1.2
239 01/07/1993 22:55:17.24 1.5 38.337 15.94 17.41 10 155 0.08 1 1.5
240 02/07/1993 00:18:23.24 1.3 38.347 15.946 15.78 11 105 0.1 0.6 1.2
241 02/07/1993 00:20:12.80 1.1 38.335 15.933 17.52 8 154 0.08 1 1.5
242 02/07/1993 01:03:54.61 1.9 38.344 15.941 16.53 12 79 0.09 0.6 1.2
243 02/07/1993 04:16:11.71 1.3 38.346 15.942 16.42 9 132 0.07 0.7 1.2
244 02/07/1993 12:40:16.91 0.9 38.364 15.974 0.45 6 134 0.19 0.4 3
245 02/07/1993 13:55:44.29 1.1 38.363 15.975 0.09 6 136 0.17 0.5 1.5
246 02/07/1993 16:17:51.98 1.5 38.326 16.018 11.92 10 89 0.05 0.5 1.3
247 15/07/1993 10:18:04.47 2.0 38.452 16.11 14.21 10 138 0.07 0.6 1.2
248 12/08/1993 01:03:41.90 0.5 38.275 16.035 12.79 6 161 0.04 1.3 1.9
249 13/08/1993 20:54:21.18 0.6 38.276 16.035 12.51 8 161 0.08 0.8 1.4
250 13/09/1993 11:51:20.14 0.9 38.299 16.04 16.04 8 133 0.19 0.8 1.4
251 18/12/1993 06:53:57.30 1.9 38.432 15.941 16.42 10 115 0.12 0.5 0.8
252 13/03/1994 14:02:49.43 2.8 38.450 15.891 43.59 10 199 0.1 1.5 1.4



779

Seismological investigations in the Gioia Tauro Basin (southern Calabria, Italy)

the smallest rotation around any arbitrary axis 
which brings one of the nodal planes, its slip 
direction and the sense of slip into an orienta-
tion that is consistent with the stress model. 
Each FPS receives two misfits, one for each 
nodal plane. If an a priori choice of the fault 
plane is not made, the nodal plane with the 
smallest misfit is assumed as the fault plane. 
The size of the average misfit provides a guide 
of how well the assumption of stress homoge-
neity is fulfilled in relation to the seismic sam-
ple submitted to the inversion algorithm 
(Michael, 1987). In the light of the results from 
a series of tests carried out by Wyss et al. 
(1992), Gillard et al. (1996), Cocina et al. 
(1997) to identify the relationship between FPS 
uncertainties and average misfit in the case of 
uniform stress, we assume that the condition of 
a homogeneous stress distribution is fulfilled if 
the misfit, F, is smaller than 6° and that it is not 
fulfilled if F>9°. For F values between 6° and 
9° the solution is considered acceptable, but it 
may reflect some heterogeneity. The statistical 
confidence limits established for possible stress 
orientations that are consistent with the ob-
served focal mechanisms may give an addi-
tional contribution because they generally tend 
to enlarge for increasing stress heterogeneity 
(Cocina et al., 1997). We computed the 90% 
confidence level using the statistical procedure 
described by Parker and McNutt (1980) and 
Gephart and Forsyth (1984). The size of the 
90% confidence limits will not be a criterion for 
preferring an inversion result, because it does 
not measure the quality of the result but rather 
the degree to which it is constrained.

In the present study, the Gephart and For-
syth (1984) inversion algorithm was applied to 
the 120 well-constrained fault plane solutions. 
If they are produced by a single stress tensor, 
then the variety among the fault plane solutions 
may be the result of the presence of planes of 
weakness with different orientations to accom-
modate the slip. On the other hand, the varia-
tion could reflect the inhomogeneity of stress 
within the crust.

Each of the FPS was assigned a weight 
(1=sufficiently constrained, 2=well constrained) 
based on a qualitative evaluation of the polarity 
distribution and score. Fault parameter uncer-

(1935) procedure (Di Grazia et al., 2001). The 
estimated ML ranges between 0.5 and 3.0.

3.	 Data analysis and results

3.1.	� Focal mechanisms and stress tensor 
analysis

Fault plane solutions (FPS) were deter-
mined using the FPFIT program (Reasenberg 
and Oppenheimer, 1985). The FPFIT program 
constrains the mechanism to be double-couple 
and performs a grid search over the available 
solution space. In order to obtain good azi-
muthal data coverage for each focal mechanism 
solution, seismograms were reread to check 
polarities and a minimum of 7 impulsive P-
wave first motions in different azimuth (9 on 
average) were considered for each selected 
event. The final dataset consists of 120 well-
constrained fault plane solutions (figs. 2 and 3; 
table II). In particular, 53% normal faulting, 
46% strike slip faulting, and 2% reverse fault-
ing mechanisms have been identified. The FP-
FIT program output also gives P- and T- axes 
orientation. The spatial distribution of deforma-
tion axes (fig. 2) shows for the P-axes a strong 
dispersion with a maximum in the N40°-60°E 
class. Conversely, the prevalence of the T-axes 
in the N300°-320°E is well evidenced.

To determine stress directions from fault 
plane solutions, we used the Focal Mechanism 
Stress Inversion (FMSI) computer program de-
veloped by Gephart and Forsyth (1984) and 
Gephart (1990). This method is based on the 
following basic assumptions: 1) stress is uni-
form in the rock volume of the seismic sample 
investigated; 2) earthquakes are shear disloca-
tions on pre-existing faults; 3) slip occurs in the 
direction of the resolved shear stress on the 
fault plane. Four stress parameters are calcu-
lated: three of them define the orientations of 
the main stress axes s1, s2, and s3, the other is 
a measure of relative stress magnitude 
R=(s2‑s1)/(s3‑s1). Moreover, a variable misfit 
(F) is introduced to define discrepancies be-
tween the stress tensor and the observed fault 
plane solutions. For a given stress model, the 
misfit of a single focal mechanism is defined as 
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Fig.	 2.	 Fault plane solutions (lower hemisphere equal-area projection) of the 120 best constrained events. For 
each mechanism the date (year, month, day), the origin time (hour, minute), the focal depth in km (z) and the 
magnitude (ML) are reported. P and T denote the P- and T-axes position. Open circles and crosses indicate dila-
tations and compressions, respectively.
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Fig. 2. (continued)
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Table II.	Focal parameters of the 120 selected events. Strike, Dip, Rake, Azimuth and Plunge are given in de-
grees. Δ is the error referred to the nodal plane.

	 Paxis	 Taxis

	 N°	 Date	 Orig. Time	 Np	 Strike	 Dip	 Rake	 ΔStr	 ΔDip	 ΔRake	 Azm	 Plunge	 Azm	 Plunge 

1 14/04/1985 03:31:22.04 7 355 5 40 15 10 15 311 42 139 48
4 28/04/1985 22:41:03.14 8 335 10 20 13 13 10 306 41 145 48

12 28/10/1985 18:41:47.79 10 185 30 -160 13 10 10 17 47 145 29
14 20/11/1985 17:07:22.24 8 10 75 -110 10 10 20 255 56 116 27
18 27/12/1985 18:00:10.63 9 175 85 -160 3 3 10 41 18 307 10
20 27/12/1985 20:07:31.85 8 185 35 -120 20 10 10 350 69 116 13
21 27/12/1985 20:07:49.31 8 270 90 -20 5 10 10 223 14 317 14
22 28/12/1985 14:52:24.25 9 190 35 -120 20 10 10 355 69 121 13
24 04/01/1986 02:37:06.54 10 195 35 -120 20 8 10 360 69 126 13
27 05/02/1986 00:00:30.34 7 40 75 -90 13 5 20 310 60 130 30
28 23/02/1986 15:33:29.42 7 345 75 -120 10 10 20 221 51 98 24
29 23/02/1986 15:33:47.76 7 355 75 -120 20 13 20 231 51 108 24
31 24/02/1986 10:09:56.51 7 345 75 -120 10 10 20 221 51 98 24
32 08/03/1986 03:11:28.64 10 350 80 -120 5 8 20 229 47 104 29
33 08/03/1986 17:39:09.65 7 345 75 -120 13 10 20 221 51 98 24
34 12/03/1986 03:34:09.64 10 265 50 -40 10 20 10 240 53 142 6
35 12/03/1986 03:34:13.93 9 355 75 -130 3 8 20 225 45 114 20
36 12/03/1986 03:36:04.43 10 10 75 -120 8 10 20 246 51 123 24
38 12/03/1986 03:54:00.19 10 195 35 -120 18 8 10 360 69 126 13
41 12/03/1986 05:53:25.81 9 190 35 -120 18 10 10 355 69 121 13
42 12/03/1986 06:58:59.54 7 15 70 -120 13 13 20 247 55 127 19
44 12/03/1986 15:21:38.95 7 350 80 -110 20 13 20 237 51 97 32
45 12/03/1986 18:55:09.54 8 345 75 -130 13 10 20 215 45 104 20
46 21/03/1986 06:01:18.65 9 265 50 -40 13 20 10 240 53 142 6
47 01/04/1986 22:04:28.45 8 45 70 -70 5 5 20 344 60 120 22
49 17/06/1986 18:46:00.44 9 105 35 -10 10 20 20 81 41 321 31
57 24/08/1986 20:13:25.54 7 140 70 -180 10 13 5 3 14 97 14
58 26/08/1986 06:54:18.47 7 350 80 -110 20 10 20 237 51 97 32
60 23/09/1986 20:20:35.27 7 55 60 -130 5 5 10 272 55 172 7
65 13/12/1986 00:25:35.03 8 230 65 -130 10 13 5 92 52 348 11
67 16/12/1986 02:13:16.01 9 160 35 -110 10 10 20 310 74 84 11
72 03/05/1987 04:07:40.12 8 85 65 -60 20 5 5 38 59 154 15
75 12/05/1987 12:11:15.13 7 155 25 -150 13 20 15 333 52 110 29
77 12/05/1987 12:14:59.85 9 5 75 -140 18 8 10 231 38 129 15



783

Seismological investigations in the Gioia Tauro Basin (southern Calabria, Italy)

Table II.		 (continued).

	 Paxis	 Taxis

	 N°	 Date	 Orig. Time	 Np	 Strike	 Dip	 Rake	 ΔStr	 ΔDip	 ΔRake	 Azm	 Plunge	 Azm	 Plunge 

78 12/05/1987 12:17:39.33 9 160 25 -160 3 10 5 347 48 122 33
80 12/05/1987 12:28:38.11 10 15 70 -80 8 0 20 301 64 97 24
81 12/05/1987 14:58:19.51 8 20 65 -70 8 3 20 324 64 95 18
84 14/06/1987 18:24:08.19 9 155 25 -100 20 5 20 265 69 73 20
85 28/07/1987 20:04:14.44 7 65 25 -70 10 5 10 116 67 320 21
90 24/01/1988 01:50:50.12 8 145 55 -30 20 5 10 113 44 17 7
96 02/05/1988 02:41:02.81 7 5 70 -100 20 13 20 259 64 103 24

111 04/06/1989 02:20:47.67 7 190 10 -50 20 20 20 234 48 70 38
112 04/06/1989 22:36:21.41 8 5 70 -100 18 10 20 259 64 103 24
113 04/06/1989 22:58:02.94 7 45 70 -90 13 5 20 315 65 135 25
114 04/06/1989 23:56:18.07 7 315 30 -10 20 10 10 295 42 168 33
115 04/06/1989 23:57:03.76 9 35 75 -90 8 5 20 305 60 125 30
116 05/06/1989 04:09:21.01 9 35 75 -90 8 5 20 305 60 125 30
118 14/06/1989 20:20:22.97 9 55 70 -80 8 3 20 341 64 137 24
119 14/06/1989 21:01:00.28 7 315 30 -10 20 10 10 295 42 168 33
120 14/06/1989 21:18:58.92 7 40 70 -90 13 5 20 310 65 130 25
121 14/06/1989 22:42:35.30 8 35 75 -90 8 5 20 305 60 125 30
128 13/12/1989 18:35:49.30 9 345 85 -170 3 13 20 210 11 119 3
130 21/12/1989 11:20:23.95 8 45 65 -140 8 5 10 265 45 168 6
134 31/01/1990 21:38:17.50 8 65 20 -30 18 18 20 73 52 288 33
136 01/02/1990 00:47:27.58 9 105 10 -70 20 10 20 171 54 358 36
137 01/02/1990 01:31:18.08 8 95 10 -20 20 20 20 105 48 304 41
138 01/02/1990 03:17:57.13 9 90 15 -20 20 20 20 94 48 302 38
139 01/02/1990 03:25:16.57 8 95 10 -20 20 20 20 105 48 304 41
140 01/02/1990 03:36:09.93 9 90 15 -20 20 20 20 94 48 302 38
141 01/02/1990 04:43:30.58 9 90 15 -20 20 20 20 94 48 302 38
144 01/02/1990 05:46:02.16 10 120 15 -20 10 15 10 124 48 332 38
145 01/02/1990 06:12:50.19 9 90 15 -20 20 20 20 94 48 302 38
146 01/02/1990 06:54:18.82 9 115 10 -20 10 20 10 125 48 324 41
147 01/02/1990 07:46:38.53 7 190 85 -140 20 15 10 61 31 316 23
148 01/02/1990 08:56:54.99 8 65 30 -70 10 8 10 108 71 320 16
149 01/02/1990 18:44:58.38 11 120 15 -20 8 20 10 124 48 332 38
150 02/02/1990 02:48:35.13 11 340 75 -160 15 3 0 203 25 112 3
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Table II.		 (continued).

	 Paxis	 Taxis

	 N°	 Date	 Orig. Time	 Np	 Strike	 Dip	 Rake	 ΔStr	 ΔDip	 ΔRake	 Azm	 Plunge	 Azm	 Plunge 

151 02/02/1990 05:41:31.89 9 55 20 -100 10 8 10 162 65 333 25
155 03/02/1990 23:25:23.83 8 115 5 -30 20 20 15 140 47 329 42
158 28/02/1990 22:09:46.68 11 140 25 -60 10 8 10 176 64 28 22
161 10/06/1990 03:35:05.70 10 105 45 -40 10 13 20 87 55 342 10
163 29/09/1990 20:39:35.05 9 0 50 -160 3 3 0 210 40 314 16
164 29/09/1990 21:39:11.39 9 20 50 -40 18 5 10 355 53 257 6
166 26/11/1990 03:27:20.77 7 155 20 -140 8 8 15 316 55 104 31
167 10/12/1990 04:15:15.48 7 85 45 -60 13 5 15 74 69 334 4
169 10/03/1991 10:35:10.98 9 160 25 -90 20 5 10 250 70 70 20
175 19/04/1992 02:35:55.35 9 200 35 -100 20 10 20 327 78 117 10
176 20/04/1992 05:19:12.00 8 5 70 -110 15 13 20 246 60 110 22
178 16/05/1992 02:52:56.20 9 95 25 -50 8 5 5 118 60 335 24
179 23/05/1992 01:04:56.21 10 240 70 -40 10 13 10 197 42 297 11
180 08/07/1992 05:35:54.28 8 60 75 0 5 5 5 16 11 284 11
182 03/08/1992 04:37:14.52 9 195 80 -170 5 10 20 59 14 149 0
183 10/08/1992 22:12:19.42 8 75 45 -90 18 8 20 241 90 345 0
185 11/09/1992 12:05:31.43 10 10 70 -120 10 15 20 242 55 122 19
187 11/09/1992 21:30:43.36 10 130 30 -160 5 5 0 322 47 90 29
188 11/09/1992 21:34:12.69 9 15 75 -120 3 5 20 251 51 128 24
189 11/09/1992 21:36:46.91 8 140 15 -150 10 10 10 305 51 99 36
190 11/09/1992 21:40:37.08 8 75 85 -30 10 3 10 27 24 125 17
191 11/09/1992 21:44:12.83 8 25 75 -110 10 8 20 270 56 131 27
193 11/09/1992 21:59:09.57 8 165 65 -180 5 10 0 27 17 123 17
194 11/09/1992 22:00:38.98 10 250 85 30 8 5 5 20 17 118 24
195 11/09/1992 22:01:23.17 8 195 20 -60 18 10 10 238 61 82 27
196 11/09/1992 22:25:24.05 8 20 75 -110 13 8 20 265 56 126 27
197 11/09/1992 22:53:51.68 7 65 85 -30 10 5 5 17 24 115 17
200 12/09/1992 00:02:07.72 8 190 20 -60 18 10 10 233 61 77 27
201 12/09/1992 00:09:17.40 7 15 75 -50 13 8 5 325 45 76 20
205 12/09/1992 03:29:06.56 8 20 75 -110 10 5 20 265 56 126 27
206 12/09/1992 04:27:17.23 7 195 25 -60 18 10 10 231 64 83 22
207 12/09/1992 05:37:42.28 8 190 20 -60 18 13 20 233 61 77 27
208 12/09/1992 05:38:21.74 8 190 20 -60 18 10 10 233 61 77 27
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Table II.		 (continued).

	 Paxis	 Taxis

	 N°	 Date	 Orig. Time	 Np	 Strike	 Dip	 Rake	 ΔStr	 ΔDip	 ΔRake	 Azm	 Plunge	 Azm	 Plunge 

215 18/09/1992 03:56:35.45 7 175 70 -120 15 5 5 47 55 287 19
216 18/09/1992 04:48:24.98 8 185 70 -120 15 13 10 57 55 297 19
218 29/10/1992 21:16:32.60 9 230 15 160 8 18 10 82 38 234 48
221 07/12/1992 04:06:00.46 7 345 75 -160 20 15 10 208 25 117 3
224 10/04/1993 20:50:10.97 10 75 60 -70 10 8 20 26 68 151 13
225 23/04/1993 02:46:32.05 8 50 15 -90 20 10 20 140 60 320 30
227 02/06/1993 08:26:14.41 9 100 35 -60 10 8 10 115 69 349 13
229 30/06/1993 21:20:27.01 9 300 80 -150 15 15 10 166 28 69 13
233 01/07/1993 19:01:49.32 10 290 85 -140 10 8 0 161 31 56 23
236 01/07/1993 20:34:56.45 7 315 75 -140 10 10 5 181 38 79 15
237 01/07/1993 21:06:47.01 9 220 70 -20 10 10 10 179 28 88 1
238 01/07/1993 21:41:53.12 10 300 80 -150 10 8 5 166 28 69 13
239 01/07/1993 22:55:17.24 9 295 75 -150 8 8 5 159 32 63 9
240 02/07/1993 00:18:23.24 10 210 5 50 5 8 5 157 41 344 49
242 02/07/1993 01:03:54.61 11 65 90 90 3 5 10 155 45 335 45
246 02/07/1993 16:17:51.98 9 320 5 -20 10 20 20 335 47 164 43
247 15/07/1993 10:18:04.47 9 75 75 60 8 3 10 188 24 311 51
250 13/09/1993 11:51:20.14 7 190 30 -40 18 13 20 194 57 64 23
251 18/12/1993 06:53:57.30 8 65 50 -170 20 8 10 279 33 23 21

suggests that this dataset may be slightly con-
taminated by heterogeneity.

In order to test the stability of the results in 
this region, we also performed a second stress 
inversion by following both the criteria of ho-
mogeneity in the dataset (i.e. fault plane solu-
tion categories and P- and T-axes orientation) 
and the structural-geological setting of the area. 
Therefore, the dataset of focal mechanisms was 
divided into two subsets (fig. 3b,c and table III, 
datasets b and c) as a function of space based on 
the pattern of seismicity distribution along the 
surface geologic structure NE-SW trending of 
Cittanova normal fault system.

For each subset several tests were per-
formed using different grid steps and a large 
variety of starting values for the stress parame-

tainties range between 5 and 20 degrees, with 
the great majority of cases between 10 and 15 
degrees. The initial inversion consisted of a 
search of the entire range of possible stress 
orientations on a 10-degree grid using the ap-
proximate method. The regions of possible so-
lutions suggested by the approximate method 
were then searched more thoroughly using the 
exact method on a 5-degree grid. The ratio R 
was searched at intervals of 0.1.

First, the entire dataset of focal mechanisms 
was inverted. The inversion led us to find an 
approximately NE-SW vertical s1 and horizon-
tal s2 and s3 (fig. 3a and table III, dataset a). 
The stress ratio value (R=0.7) indicates an al-
most uniaxial deviatoric compression. The av-
erage misfit for this inversion is 6.2. This value 
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indication of a NW-SE extension in this part of 
the belt is confirmed. The inversion of the re-
maining 37 events, located westward and north-
westward of CF, gives again a horizontal s3, 
oriented approximately WNW-ESE, and a ver-

ters in order to check the reliability of the re-
sults. For the first investigated sub volume 
(along the CF, dataset b in table III and fig. 3b), 
we inverted 83 focal mechanisms obtaining an 
average misfit of 5.6. The previously described 

Fig.	 3a-d.	 Map and SW-NE (A-A’) and NW-SE (B-B’) cross sections of the earthquakes selected for stress 
tensor inversion. Lower-hemisphere projection of the orientations (stars) of the principal stress axes obtained by 
inverting the whole dataset (a) and the two different subsets (b) and (c). Gray areas indicate the 90% confidence 
limits of σ1 and σ3 orientations. d) Diagram (Schmidt net, lower hemisphere) showing fault planes and slicken-
sides measured along cataclastic belts of Cittanova fault. Large arrows indicate azimuth of the mean extension 
direction derived from a qualitative and quantitative analysis of the slickenside data sets (Tortorici et al., 1995).
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ceptable results and may indicate that this data-
set is not completely homogeneous.

tical s1 (dataset c in table III and fig. 3c). The 
average misfit is 6.0° which is the limit for ac-

Table III.	Results from Stress Inversion Runs. N, F and R are, respectively, the number of events, the average 
misfit corresponding to the stress solution found and the measure of relative stress magnitude. Deviatoric prin-
cipal stress axes, σ1, σ2, σ3, are the compressional, intermediate and extensional deviatoric axes, respectively. 
They are specified by plunges measured from horizontal and azimuth measured clockwise from north. For the 
corresponding dataset, see the text.

	 Dataset	 N	 F (°)	 σ1	 σ2	 σ3	 R

	 Pl(°)	 Az(°)	 Pl(°)	 Az(°)	 Pl(°)	 Az(°)

a 120 6.2 76 45 14 222 1 312 0.7
b 83 5.6 76 45 14 236 3 145 0.8
c 37 6.0 76 65 11 209 8 300 0.8

objective criteria of phase windowing; second, 
since only a very limited portion of the seismo-
gram is used, the effects of secondary arrivals 
due to waves diffracted by heterogeneities in 
the medium and site effects are minimized. 
Moreover, since the rise time method does not 
use wave amplitudes, correction for the instru-
mental response is not needed provided that the 
latter is flat in the dominant frequency range of 
the earthquakes (e.g. Zollo and de Lorenzo, 
2001). However, to take full advantage of this 
method it is essential that the shape of the pulse 
to be used is not greatly distorted by the seis-
mogram. Therefore, the most reliable results 
will be obtained using signals recorded with a 
high signal-to-noise ratio. Following this crite-
rion, from the entire dataset shown in fig. 1 and 
table I, we selected 110 earthquakes with mag-
nitude ranging between 1.0 and 3.0 and depth 
ranging between 10 and 25 km. A total of 607 
waveforms with clear P-wave onset, high sig-
nal-to-noise ratio and not affected by multipath-
ing during the first half-cycle of the wave, were 
considered suitable for the application of the 
rise time method. We did not perform the cor-
rection for the instrumental response because 
the filtering operated in the deconvolution can 
generate artificial signals (Mulargia and Geller, 
2003 and references therein). Moreover, since 
the frequency content of first pulses is always 
contained in the range where the response of 
the instruments is flat, rise times should be un-

3.2	 Evaluation of QP 

The method here used for QP estimate is 
based on the time domain formulation deriving 
from the classic rise time (or pulse-broadening) 
method (e.g. Gladwin and Stacey, 1974; Wu 
and Lees, 1996). It is based on the measure of 
the first P pulse width t in time domain, under 
the assumption that the quality factor Q is fre-
quency-independent. The pulse width t, for 
velocity records, can be defined as the time dif-
ference from the onset to the first zero crossing 
(fig. 4). For point-like impulsive sources it is 
expressed by the linear relation:

	 τ τ= +0 CT Qp/ 	 (3.1)

where t 0  is the original pulse width at the 
source, T is the travel time, QP is the quality 
factor of P-waves and C is a constant which is 
equal to 0.5 for a constant Q attenuation opera-
tor (Kjartansson, 1979). The linear relation be-
tween t and T/QP predicted by equation (3.1) 
holds for point-like sources. In fact, the only 
limiting assumption of this method is that it 
neglects the directivity effect of the seismic ra-
diation generated by a finite dimension seismic 
source (Zollo and de Lorenzo, 2001).

The rise time method is expected to give 
more reliable estimates of the intrinsic attenua-
tion than spectral techniques for several rea-
sons. First, the rise time is not affected by non-
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very close to the average QP obtained for the 
whole area. However, lower QP values are ob-
tained at stations DLV and ZMR and higher QP 
are found at stations CCL and STC.

Finally, we plotted t values vs. T for each 
event and computed the best fit straight line. 
Some of these fits are reported, as examples, in 
fig. 6. The events for which the slope of the 

affected by instrumental effects. The rise time 
of P-waves was measured on each vertical seis-
mogram using a semi-automatic procedure 
which computes the time interval between the 
onset of the P-wave and its first zero crossing.

We first plotted all t values vs. travel time (T) 
considering the minimum 1D velocity model 
proposed by Raffaele et al. (2006). A first obser-
vation consists of the positive trend of rise times 
vs. the travelled distances, even though some 
scatter in the data is observed (fig. 5). The disper-
sion of the data around the line of best fit may be 
due either to spatial variations in the attenuation 
properties of the ray sampled volume and/or to 
directivity source effects. Under the simplified 
assumption of a non-directive source we obtained 
an average estimate of QP as 84±8. Then, in order 
to estimate the intrinsic attenuation at each station 
site and to evidence possible lateral variations in 
the anelastic properties of the medium, we plot-
ted t values vs. T for each station. Table IV re-
ports the inferred estimates of QP at 10 stations 
(we did not include GTSM station because of the 
low number of data available), together with the 
relative standard deviation. The QP values ob-
tained at most of the stations are, within the error, 

Fig.	 4.	 Schematic picture of rise time as measured on a velocity seismogram.

Table IV.		 QP values and relative errors at each seis-
mic station.

	 Station Name	 QP±σ

CCL 100±24
CGT 56±16
CLT 86±30
CSB 77±19
CST 54±15
DLV 38±9
MTR 78±20
PDL 68±17
STC 149±53
ZMR 36±4
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Fig.	 5.	 Rise time plotted as a function of travel time. The best fit interpolating straight line is also shown.

Fig.	 6.	 Rise time vs. travel time for some events considered in this study. The best fitting straight line is also shown.
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mates, and therefore stress drop, are rupture 
velocity-dependent (e.g. Zollo and de Lorenzo, 
2001). The average rupture velocity of small 
magnitude events is usually poorly known. 
Theoretical and laboratory studies (Madariaga, 
1976) indicate that Vr varies between 0.6 VS and 

straight line described by equation (3.1) was 
negative have no physical significance and 
were discarded. A total of 89 events were con-
sidered. We obtained, for each event, a QP value 
ranging between 14 and 400 and an average QP 
=87, which is very close to the average value 
obtained from the linear regression of the whole 
dataset.

3.3.	 Source parameters estimate

For a circular crack, the source rise time, 
which represents the time duration of the slip-
ping on the fault, is related to the source radius 
L and the rupture velocity (Boatwright, 1980). 
We used the source rise times t0 calculated for 
each of the 89 events to estimate the source di-
mension L by using the following relationship:

	 t0 = L / Vr	 (3.2)

where Vr is the average rupture velocity here 
assumed equal to 0.9 VS, with VS the average 
S-wave velocity. Considering the average VS 
=3.6 km/s (Raffaele et al., 2006), the used Vr is 
3.24 km/s. We obtained source radii varying 
from a few meters to 200 m (table V).

For each event the seismic moment M0 was 
calculated from the estimated local magnitude 
ML (table V) by using the general empirical re-
lationship by Bakun and Lindth (1977):

	 Log M0 = 1.2 ML +17	 (3.3)

The estimated M0 values were plotted vs. 
source dimension in fig. 7a. The lines of con-
stant stress drop Ds were obtained by using the 
scaling relationship for circular earthquake 
sources (Keilis-Borok, 1959):

	
Ds =

7M 0

16L3

		

(3.4)

The stress drop of most of the events is low and 
concentrated between 0.1 and 10 bars, with an 
average value around 5 bars. Only few events 
have higher stress drop, up to 100 bars (figs. 
7a,b and 8; table V). It must be stressed that 
according to equation (3.2), source radius esti-

Fig.	 7a-c.	 a) Seismic moment vs. source dimen-
sions. The lines of constant stress drop are also re-
ported. b) Seismic moment vs. stress drop. c) Scaling 
relations seismic moment-source radius for dip-slip 
(black line) and strike-slip (black dotted line) source 
mechanisms.

a

b

c
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Table V.	 Source parameters of the analysed events.

	 N°	 Date	 Orig. Time	 ML	 L (m)	 M0 (N m)	 Δσ (bars)

4 28/04/1985 22:41:03.14 1.4 178 4.79E+12 0.37

8 24/08/1985 17:56:37.65 1 73 1.58E+12 1.77

10 26/10/1985 16:52:03.04 1.2 151 2.75E+12 0.35

11 27/10/1985 06:44:54.88 1.5 101 6.31E+12 2.72

12 28/10/1985 18:41:47.79 2.2 134 4.37E+13 8

14 20/11/1985 17:07:22.24 1.7 127 1.10E+13 2.35

18 27/12/1985 18:00:10.63 2 163 2.51E+13 2.55

20 27/12/1985 20:07:31.85 1.2 90 2.75E+12 1.65

21 27/12/1985 20:07:49.31 1.4 152 4.79E+12 0.59

22 28/12/1985 14:52:24.25 1.9 123 1.91E+13 4.48

23 29/12/1985 19:56:02.99 1 115 1.58E+12 0.46

24 04/01/1986 02:37:06.54 1.6 107 8.32E+12 2.96

28 23/02/1986 15:33:29.42 1.5 110 6.31E+12 2.07

30 23/02/1986 15:42:31.76 1.2 202 2.75E+12 0.15

31 24/02/1986 10:09:56.51 1.5 123 6.31E+12 1.5

32 08/03/1986 03:11:28.64 1.3 125 3.63E+12 0.82

33 08/03/1986 17:39:09.65 1 103 1.58E+12 0.63

35 12/03/1986 03:34:13.93 2.2 95 4.37E+13 22.54

36 12/03/1986 03:36:04.43 2.2 157 4.37E+13 4.96

38 12/03/1986 03:54:00.19 1.9 155 1.91E+13 2.23

39 12/03/1986 05:00:06.66 1 108 1.58E+12 0.54

41 12/03/1986 05:53:25.81 2.1 147 3.31E+13 4.61

42 12/03/1986 06:58:59.54 1.7 178 1.10E+13 0.85

44 12/03/1986 15:21:38.95 1.4 107 4.79E+12 1.71

45 12/03/1986 18:55:09.54 1.5 124 6.31E+12 1.43

49 17/06/1986 18:46:00.44 2 159 2.51E+13 2.74

50 17/07/1986 07:30:31.86 1.2 73 2.75E+12 3.15

55 24/08/1986 02:38:37.50 1.1 131 2.09E+12 0.41

56 24/08/1986 02:52:31.69 1.1 102 2.09E+12 0.86

57 24/08/1986 20:13:25.54 1.5 120 6.31E+12 1.59

58 26/08/1986 06:54:18.47 1.6 119 8.32E+12 2.18

59 26/08/1986 14:15:29.71 1.1 102 2.09E+12 0.87

60 23/09/1986 20:20:35.27 1.1 145 2.09E+12 0.3
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Table V.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 L (m)	 M0 (N m)	 Δσ (bars)

61 19/10/1986 04:09:52.22 1.3 104 3.63E+12 1.43

64 27/11/1986 19:26:51.38 1.1 101 2.09E+12 0.88

67 16/12/1986 02:13:16.01 1.7 117 1.10E+13 2.99

72 03/05/1987 04:07:40.12 1.7 145 1.10E+13 1.58

73 12/05/1987 11:34:11.23 1.2 102 2.75E+12 1.12

74 12/05/1987 11:36:06.70 1.4 117 4.79E+12 1.31

77 12/05/1987 12:14:59.85 1.7 114 1.10E+13 3.28

78 12/05/1987 12:17:39.33 1.5 178 6.31E+12 0.49

80 12/05/1987 12:28:38.11 2 136 2.51E+13 4.39

84 14/06/1987 18:24:08.19 2 138 2.51E+13 4.15

89 18/12/1987 21:17:29.50 1.3 72 3.63E+12 4.3

90 24/01/1988 01:50:50.12 3 217 3.98E+14 17.13

91 24/01/1988 18:45:36.87 1.7 157 1.10E+13 1.23

96 02/05/1988 02:41:02.81 1.6 111 8.32E+12 2.63

101 21/07/1988 10:18:59.62 1.3 137 3.63E+12 0.61

105 11/01/1989 11:36:36.58 1.1 122 2.09E+12 0.5

107 07/03/1989 18:52:03.75 1 106 1.58E+12 0.58

108 09/03/1989 16:41:41.39 1.5 135 6.31E+12 1.13

109 29/05/1989 18:59:47.09 1 48 1.58E+12 6.12

111 04/06/1989 02:20:47.67 1.1 110 2.09E+12 0.68

112 04/06/1989 22:36:21.41 1.5 134 6.31E+12 1.15

113 04/06/1989 22:58:02.94 1 109 1.58E+12 0.53

114 04/06/1989 23:56:18.07 1.2 150 2.75E+12 0.36

115 04/06/1989 23:57:03.76 1.6 113 8.32E+12 2.49

116 05/06/1989 04:09:21.01 1.6 87 8.32E+12 5.53

117 06/06/1989 00:06:36.62 1.1 133 2.09E+12 0.39

127 26/08/1989 09:40:08.65 1.4 89 4.79E+12 2.95

128 13/12/1989 18:35:49.30 1.9 101 1.91E+13 8.2

129 21/12/1989 09:00:32.11 1.5 117 6.31E+12 1.72

130 21/12/1989 11:20:23.95 2.2 140 4.37E+13 6.97

131 21/12/1989 12:21:35.23 1.2 106 2.75E+12 1.01

133 31/01/1990 21:38:04.83 1.8 148 1.45E+13 1.93
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Table V.	 (continued).

	 N°	 Date	 Orig. Time	 ML	 L (m)	 M0 (N m)	 Δσ (bars)

134 31/01/1990 21:38:17.50 1.6 134 8.32E+12 1.51

136 01/02/1990 00:47:27.58 1.5 92 6.31E+12 3.51

137 01/02/1990 01:31:18.08 2.1 58 3.31E+13 74.52

138 01/02/1990 03:17:57.13 1.3 86 3.63E+12 2.52

139 01/02/1990 03:25:16.57 1.2 121 2.75E+12 0.68

140 01/02/1990 03:36:09.93 1.9 139 1.91E+13 3.11

141 01/02/1990 04:43:30.58 1.3 154 3.63E+12 0.43

142 01/02/1990 04:53:20.05 1.1 174 2.09E+12 0.17

143 01/02/1990 05:04:25.49 1.6 168 8.32E+12 0.76

145 01/02/1990 06:12:50.19 1.9 73 1.91E+13 21.36

146 01/02/1990 06:54:18.82 2 197 2.51E+13 1.43

149 01/02/1990 18:44:58.38 1.9 170 1.91E+13 1.7

151 02/02/1990 05:41:31.89 1.1 26 2.09E+12 53.29

152 02/02/1990 20:12:47.40 1.2 85 2.75E+12 1.99

157 11/02/1990 21:29:07.67 2.4 213 7.59E+13 3.45

158 28/02/1990 22:09:46.68 1.3 124 3.63E+12 0.83

159 12/03/1990 19:10:16.12 1.1 111 2.09E+12 0.67

160 16/05/1990 21:33:08.97 1 49 1.58E+12 6

163 29/09/1990 20:39:35.05 2.2 208 4.37E+13 2.12

164 29/09/1990 21:39:11.39 2.5 161 1.00E+14 10.46

168 31/01/1991 06:57:55.05 2 137 2.51E+13 4.32

169 10/03/1991 10:35:10.98 1.7 132 1.10E+13 2.08

170 20/04/1991 03:26:20.14 1.5 134 6.31E+12 1.15

246 02/07/1993 16:17:51.98 1.5 20 1.58E+12 0.15

Possible differences among the scaling rela-
tionships of source parameters for earthquakes 
of different faulting mechanisms were also in-
vestigated. 

The plot of source radius vs. seismic mo-
ment for dip-slip and strike-slip fault mecha-
nisms is shown in fig. 7c.

0.9 VS. On the basis of equation (3.2), source 
radii have been rescaled by assuming Vr=0.6 
VS. The resulting average stress drop is 15 bars, 
against the 5 bars average value obtained as-
suming Vr=0.9 VS. Therefore, stress drop values 
of most of the analysed events remain low, even 
changing the velocity rupture.
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for the comprehension of earthquake source 
physics.

Epicentral distribution of selected dataset 
(figs. 1 and 3) displays a clustering of events 
along a NE-SW trend, which corresponds to a 
segment of the well-documented Cittanova 
fault. The NW-SE and SW-NE cross sections 
(fig. 3) indicate that the depth of seismicity 
generally extends to about 25 km, with depth 
mainly concentrated from 10 to 25 km. Look-
ing at the focal mechanisms of the events two 
main classes of solutions may be recognized: 
normal and strike-slip solutions. Normal slip 
solutions slightly prevail over the other. In gen-

4.	 Discussion and conclusions

Data from a 9-year time span recorded by 
a temporary network deployed in southern 
Calabria from 1985 to 1994 were analyzed 
for earthquake focal mechanisms, stress ten-
sor inversion, P-wave seismic attenuation 
and earthquake source parameters estima-
tion. Although the seismic activity analyzed 
in this study may not be representative of the 
seismic behaviour of the whole area, we be-
lieve that the findings of this study may have 
some noteworthy implications for the predic-
tion of the style of faulting of the region and 

Fig.	 8.	 Map and cross sections showing the spatial distribution of stress drop for the analysed events.
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indicating N140°E oriented extension (fig. 3d).
Analysis of focal mechanisms and seis-

mogenic stress regimes carried out at regional 
scale in southern Italy (Frepoli and Amato, 
2000a,b; Neri et al., 2003) and GPS results 
(Hollenstein et al., 2003; D’Agostino and Sel-
vaggi, 2004) corroborate the hypothesis that the 
regional stress in the study area is dominated by 
a NW extension.

As concerns seismic attenuation, we found 
an average QP =84±8, which is lower than the 
QP values observed in other tectonic areas (e.g., 
Giampiccolo et al., 2003). This suggests a high 
attenuation in southern Calabria which could be 
interpreted as due to a high degree of cracking 
and/or to the presence of fluids in the fractures. 
In addition, we observe some lateral variability 
of QP among closely located stations. Figure 9 
compares the QP values along the source-to-re-
ceiver path obtained at each station with the in-
formation on P-waves 3D velocity tomography 
performed in the region between 2 and 12 km of 
depth (Raffaele et al., 2006). In general, we ob-
serve a good agreement between both studies. In 
particular, high attenuation values (e.g. at sta-
tions DLV and CGT) well match with low VP 
volumes, whereas low attenuation (e.g. at sta-
tion STC) is found in correspondence of high VP 
regions. Raffaele et al. (2006) interpreted the 
observed P-wave velocity anomalies in terms of 
geologic characteristics of the region. Following 
their interpretation, the observed P-wave anom-
alies may be attributed to the different percent-
ages of major minerals in the rocks and to the 
respective single crystal velocities (Kern and 
Schenk, 1985). In fact, high contents of garnet, 
sillimanite, pyroxene and anphibole would pro-
duce high velocities and then low attenuation. 
On the other hand, material with low seismic 
velocities and high attenuation corresponds to 
rocks with low metamorphic grade. Moreover, 
the low QP observed in the proximity of the CF 
(e.g. at station DLV), corresponding to negative 
VP anomaly, is in agreement with the interpreta-
tion of a zone of intense fracturing of fault 
gouge (Raffaele et al., 2006). This favours the 
hypothesis that the CF is a fault zone which 
gives rise to seismic activity.

Finally, source parameters of the earth-
quakes analysed are of the same order as those 

eral, the choice of the fault plane is problemat-
ic, except when there is a clear morphological 
evidence of the fault at the surface and/or the 
epicentral distribution is well constrained and 
shows a clear elongation (Patanè and Privitera, 
2001). In our case, FPSs show prevalent rupture 
orientations occurring along ca. NE-SW direc-
tions (fig. 2), in agreement with the overall 
distribution of foci (fig. 3) and structural setting 
(fig. 1). Moreover, the spatial distribution of the 
deformation axes (fig. 2) shows a strong disper-
sion for the P-axes with a maximum in the 
N40°-60°E class. Conversely, the prevalence of 
the T-axes in the N300°-320°E is well evi-
denced. Both strike-slip and dip-slip solutions 
show deformation axes with dips generally less 
than 60°. No systematic variations of solutions 
with depth are observed.

The inversion of the whole dataset of focal 
mechanisms for stress tensor parameters gives 
an average misfit of 6.2° that, on the basis of 
the error analysis, is near the value between ac-
ceptable and suspect results (6°) (Cocina et al., 
1997). After dividing the entire dataset in two 
sub-volumes as a function of space, we found 
that the quality of the inversion was improved. 
In particular, the minimum compressive stress 
s3, estimated by stress inversion of the events 
located along the CF is horizontal and oriented 
N145E, while s1 is close to the vertical (76° 
plunge). The inversion of the 37 remaining 
events, located westward and northwestward of 
CF, again gives a horizontal s3, oriented ap-
proximately WNW-ESE, although with larger 
confidence regions.

The hypocentral distribution, the prevalence 
of focal mechanisms with fault planes striking 
about NE-SW, as well as the P- and T-axes dis-
tribution suggest that earthquakes occur along 
structures oriented ca. NE-SW, where surface 
evidence of this tectonic element is well recog-
nized, and that the local stress field acting in 
this sector of the Southern Calabria is preva-
lently transtensional and strongly controlled by 
local fault heterogeneities. Interestingly, struc-
tural analysis, carried out by Tortorici et al. 
(1995) within the cataclastic belt developing 
along the CF, show N25-45°E trending minor 
fault planes characterized by subvertical slick-
ensides (pitches ranging between 50° and 90°), 
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Fig.	 9.	 Comparison between absolute P-wave ve-
locity values (a-d) for the layers centred on 2, 5, 9 
and 12 km depth (modified after Raffaele et al., 
2006) and QP values (e) obtained along the source-
to-receiver path at each station. The thick black 
contour denotes the limit of reliable resolution. In a 
structures are indicated with dotted white lines.
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ner, independently of faulting mechanism (e.g. 
Stock and Smith, 2001).

In conclusion, based on the findings of the 
present study we believe that the seismic activ-
ity in the study period reproduced fairly well 
the general features of seismicity in this spe-
cific area, even though other important seis-
mogenic faults may have been inactive in such 
a relatively short period of time. In fact, seis-
mogenic stress found to act over a 9-year time 
span is coherent with the main stress field in-
ferred from geological data. This suggests that 
seismicity was produced by minor fault seg-
ments activated by the main stress field work-
ing in the whole region. However, to better 
constrain the seismotectonics of this high seis-
mic risk area more data are needed and a more 
accurate knowledge of the crustal structure 
through high resolution investigations (e.g. ve-
locity and attenuation tomographies) is re-
quired. To this end, continuing operation and 
technical improvement of existing earthquake 
monitoring networks (e.g. with a dense distri-
bution of digital three-component seismic sta-
tions in key areas) should be planned in the fu-
ture in order to improve the definition of spe-
cific structures and tectonic features.
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