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High-Precision Relative Locations of Two Microearthquake Clusters

in Southeastern Sicily, Italy

by Luciano Scarfı̀, Horst Langer, and Stefano Gresta

Abstract In November 1999 and January 2000, two microearthquake swarms
occurred in southeastern Sicily (Italy). They were analytically located in the depth
range 17–25 km, some kilometers northward from the buried front of a regional
foredeep, below the active thrust zone of the Sicily mountain chain. Their hypocentral
distribution showed two distinct clusters, and comparison of the waveforms revealed
clearly that the two swarms formed two distinct families of multiplet events. This
led us to (1) carry out a precise relocation relative to two chosen master events of
the families and (2) better define the geometrical structure of the two clusters. The
cross-spectral method was applied to obtain precise readings of the wave onsets. SH
wave onsets were used instead of P waves, as they showed clearer onsets and a good
signal-to-noise ratio. Residuals of the relative locations showed small values, no more
than several meters on average. The vertical extent of the two relocated clusters was
500 and 250 m, respectively, while the horizontal extent was 250 m. Hypocenters of
the first cluster clearly delineate a north-northwest–trending plane with almost ver-
tical dip, matching one nodal plane of the focal mechanism obtained as a composite
solution of all events of the cluster. Given the considerable gap angles, because of
unfavorable network geometry with respect to the events, the stability of our results
was tested carrying out a Monte Carlo experiment. Varying the onset times randomly
in the range of �5 msec, a dispersion of the locations less than 10 m in longitude
and less than 50 m both in latitude and depth was found. Similar results were obtained
when comparing relocations carried out with different master events. Thus, the over-
all geometrical characteristics of the clusters were not affected seriously by random
errors.

Considering the geostructural framework of the region, together with the location
and time evolution of the two clusters, fluids of plutonic origin are suggested as the
trigger mechanism.

Introduction

Earthquake distribution in a given area supposedly re-
flects underlying tectonic patterns, such as the orientation of
principal dislocations, the presence of active faults, and their
relation to structures visible at the surface. The creeping seg-
ments of large fault systems, such as the San Andreas Fault,
are traced by the distribution of hypocenters, and aftershock
sequences are assumed to be closely related to the fault ge-
ometry of the mainshock. In this article, we deal with earth-
quake activity developed on a scale of a few kilometers or
less. On this scale the interpretation of seismicity patterns in
terms of the geometry of tectonic elements is difficult, as
we have to be aware of the possibility that the distribution
of hypocenters is blurred by the errors in the standard lo-
cation procedures. These errors either inhibit the resolution
of the geometry of the underlying tectonic elements or, even
worse, may artificially create patterns that are an effect of

an unfavorable station configuration or unknown velocity
changes, rather than the genuine geometry of seismogenic
features. Here we analyze the earthquake locations of two
earthquake swarms that occurred in southeastern Sicily, con-
sidering the actual geometry of the local seismic network
with respect to hypocenter locations.

Earthquakes that are characterized by very similar
waveforms are named multiplets (or doublets if only two).
They have been interpreted as stress release on fault asper-
ities or clusters of asperities (Geller and Mueller, 1980;
Pechmann and Kanamori, 1982). Tsujiura (1983a,b) sug-
gested that such families of events are characteristic of earth-
quake swarms due to repeated slip on the same fault plane,
whereas foreshock–mainshock–aftershock sequences, fea-
turing more diverse waveforms, represent independent rup-
tures in a complex fault zone.
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These events have been associated with both tectonic
(e.g., Poupinet et al., 1984; Ito, 1985; Scherbaum and Wen-
dler, 1986; Console and Di Giovambattista, 1987) and vol-
canic activity (e.g., Frémont and Malone, 1987; Got et al.,
1994). Multiplets have also been used to measure time var-
iations of crustal parameters with high precision (Frémont,
1984; Fréchet, 1985; Poupinet et al., 1985) and for the im-
aging of tectonic structures of small extent (Deichmann and
Garcia-Fernandez, 1992). The location of earthquake fami-
lies relative to master events can be carried out with high
precision, under favorable conditions to an accuracy of a few
meters, which allows us to investigate small tectonic features
(e.g., Rowe et al., 2002) and/or accurate time migration of
foci in near real time (e.g., Phillips, 2000; Got et al., 2002).

In relative location procedures, one focuses on spatial
offsets between earthquake hypocenters rather than their ab-
solute position. If the hypocentral separation between two
earthquakes is small compared to the event–station distance,
then the ray paths between the source region and a common
receiver can be assumed to be similar along almost the entire
path of the ray. In this case, travel-time differences can be
attributed to the spatial offset between the two events,
whereas the absolute errors are of common origin except in
the region where the ray paths differ at the sources. Thus the
scatter of relative hypocenter clusters is considerably re-
duced with respect to absolute locations. Recently, Wald-
hauser and Ellsworth (2000) introduced a double difference
relative location algorithm that can be applied both to mul-
tiplet and nonmultiplet events. Their method inverts for all
relative travel-time differences, in effect treating every mem-
ber earthquake as a master event and finding a consistent
master–slave relationship for a complete catalog in terms of
relative hypocenter locations. The approach, however, is sta-
ble only with a sufficient number of travel-time readings and
a favorable station configuration (e.g., Ross et al., 2001).

Here we investigate the origin of two microearthquake
swarms in southeastern Sicily. In a previous article, Scarfı̀
et al. (2001) have shown that the two swarms form two
families of multiplets. The geometry of the earthquake clus-
ters is analyzed using relative locations based on a master-
event technique. First, we review the various pieces of evi-
dence for the existence of two distinct families by comparing
waveforms, analyzing the relation of P- and S-wave ampli-
tudes and carrying out composite fault-plane solutions.
Then, on the basis of these findings, we identify master
events by selecting the events that showed high cross-
correlation coefficients with the greatest number of events
belonging to a family.

The relocation of multiplet events is based on accurate
determination of the time differences dt of P or S phases for
different events at the same stations. Concerning the accu-
racy of time-difference determination, we take into account
arrival-time quality, which is of the order of milliseconds.
Among possible sources of time errors we essentially avoid
problems of noisy data by using SH waves instead of P
waves. However, small instrumental errors of time resolu-

tion may have escaped the attention of the analysts, and
(similar to the absolute locations) the configuration of the
seismic network with respect to the hypocenters may intro-
duce biases in the inferred geometry of the earthquake clus-
ters. We therefore check our relocation results by Monte
Carlo experiments, wherein we introduce random perturba-
tions to the phase differences and analyze the scatter of the
solutions. A comparison of the originally obtained residuals
in the relocation with those obtained using “noisy” time
differences gives us a rough idea about the upper limit of a
possible undiscovered inaccuracy of time resolution. We
verify the conclusions drawn from the Monte Carlo experi-
ment by exchanging the master events and comparing the
obtained relative positions of the earthquake family members.

Finally, the distribution of foci within the two accurately
relocated clusters is discussed in terms of both the regional
geostructural framework and possible earthquake-triggering
mechanisms.

Structural and Seismic Features of the Area

Eastern Sicily is characterized by a complex tectonic
setting in the frame of the collisional process affecting the
African–European convergent belt. The overall structure of
this active zone is made up, from north to south, of three
main structural units: the active thrust belt (Northern Chain),
the Gela–Catania foredeep, and the Hyblean Plateau (Lentini
et al., 1994; see Fig. 1). The Hyblean area is considered to
be part of the northern margin of the African plate that re-
mained as a relatively undeformed foreland during the
Neogene collisional process. It is bounded (Fig. 1) to the
east by a north-northwest–south-southeast–trending litho-
spheric fault system, the morphological evidence of which
is the Malta escarpment. It separates the Sicilian foreland
from the oceanic crust in the Ionian Sea (Scandone et al.,
1981; Ben-Avraham et al., 1995; Hirn et al., 1997). Another
main fault system of the Hyblean Plateau is the “Scicli–
Ragusa–Mt. Lauro line” zone (Fig. 1). Following Grasso and
Reuther (1988) this lineament forms a strike-slip fault zone
developing over a length of about 100 km from the Sicily
Straits to the northern margin of the plateau. The whole sys-
tem consists of three main right-lateral fault segments, trend-
ing north–south, and of second-order structures with north-
east–southwest, en échelon arrangement that accommodate
the shear deformation (Ghisetti and Vezzani, 1980). These
faults can be viewed as secondary structures; however, they
form a complex field of horsts and grabens whose strike
direction is about northeast–southwest. Moreover, they are
seismogenic (Azzaro and Barbano, 2000), and they played
an active role (Grasso and Reuther, 1988; Pedley and
Grasso, 1991) in the magmatism and volcanism that affected
the northern Hyblean margin from late Miocene to early
Pleistocene (Scribano, 1987). To the north, in the Gela–
Catania foredeep, the margin of the Hyblean Plateau is
down-bent by the northeast–southwest fault system under
the front of the Sicilian mountain chain, which is part of the
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Figure 1. (a) Simplified geologic map and (b) shallow (5 km) structural section of
southeastern Sicily. (Modified from Azzaro and Barbano, 2000).

Appennine–Maghrebian chain (Cogan et al., 1989; Yellin-
Dror et al., 1997).

The definition of seismogenic sources in this region has
been the subject of intense discussion (e.g., Bianca et al.,
1999; Sirovich and Pettenati, 1999; Barbano and Rigano,
2001) due principally to the few instrumentally recorded
earthquakes. The distribution of major historical earthquakes
(Fig. 2) gives no clear evidence for the identification of dom-
inant active seismic structures. Consequently, no unique in-
terpretation has so far been accepted. Among the earth-
quakes occurring in the time span from the ninth century
until the present, the largest (macroseismic magnitude ca. 7–
7.5) earthquake in southeastern Sicily occurred on 11 Jan-
uary 1693 (e.g., Azzaro and Barbano, 2000), causing the
destruction of many cities. In spite of considerable research
efforts devoted to this earthquake, its location and its pos-
sible relationship to tectonic structures are still unclear. The
other main event (macroseismic magnitude ca. 7) hit the
region on 4 February 1169. More recently, the shock on 13

December 1990 (MS 5.4) caused severe damage at a local
scale. Instrumental local recordings for this seismogenic area
have become available only since this last earthquake, whose
mechanism was an almost pure strike slip, with either left-
lateral motion on a north–south vertical plane or right-lateral
motion on an east–west, 62� N–dipping plane (Amato et al.,
1995).

The data we present here concern earthquakes occurring
the site of Ramacca, close to the thrust border between the
Gela–Catania foredeep and the nappes of the Northern
Chain. The only significant seismic event that has occurred
in the neighborhood of Ramacca is the shock on 23 Decem-
ber 1959 with a macroseismic epicenter about 10 km from
the earthquake swarms analyzed here. This earthquake pro-
duced slight damage over an area about 60 km long, striking
northeast–southwest. In spite of its moderate magnitude (M
4.7), it was well felt throughout Sicily, indicating a focal
depth of some tens of kilometers (Azzaro and Barbano,
2000).
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Figure 2. Map of the permanent Southeastern Sicily Seismic Network (SESSN) and
of the historical seismicity (Azzaro and Barbano, 2000).

The Data

The Southeastern Sicily Seismic Network (SESSN; see
Fig. 2) has been operating since 1994. It consists of nine
digital three-component stations, each equipped with short-
period Mark L4-3D seismometers having a natural fre-
quency of 1.5 Hz and a damping about 60% of critical. The
seismic signals are sampled at a frequency of 125 Hz and
transmitted by radio telemetry to the data acquisition center
in Catania. The corner frequency of the antialias filter is 51
Hz, and the amplitude resolution is formally 24 bits.

Our data set consists of 57 microearthquakes with local
magnitudes (ML) ranging from 0.7 to 2.5 (Table 1). Essen-
tially two swarms occurred: the first in November 1999 and
the second in January 2000 (Fig. 3). The first swarm of 16
events was recorded on 19 and 20 November 1999. The
latter one (37 events) occurred on 1 and 2 January 2000.
Isolated earthquakes followed on 3, 4, and 24 January.

Radiated seismic energy was estimated using Richter’s
(1958) empirical formula:

2logE � 9.9 � 1.9M � 0.024M ,L L

where E is the energy expressed in joules and ML is the local

magnitude. Figure 3 shows the seismic energy radiated from
each event, expressed as a percentage of the total energy
released during the two swarms. About 88% of the total
energy was released by only 11 earthquakes. These corre-
spond to earthquakes with magnitude above 1.6, six of which
occurred during the swarm of November 1999 and four on
the first days of January 2000. After a period of quiescence
of almost 3 weeks, the sequence finished with two events on
24 January, the second having a magnitude of 2.5. On the
whole, the data set corresponds to the characteristics of
earthquake swarms rather than sequences, as there is no
mainshock–aftershock relation.

Earthquakes in this study have been located using the
recently proposed minimum 1D velocity model for the Hy-
blean area, which consists of six layers and reduces both
residuals and errors of the location (Musumeci et al., 2003).
The locations are shown in Figure 4. They differ slightly (in
the order of the standard location error) from the ones pre-
viously obtained by Scarfı̀ et al. (2001), who had used a
more general four-layer velocity model. The events occurred
within the crystalline basement, below the thrust zone (Ragg
et al., 1999), close to the border of the Gela–Catania fore-
deep.
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Table 1
Earthquakes Analyzed in This Study, Their Locations and Their Relative Parameters

ID Date Origin time Latitude Longitude Depth ML rms ERZ ERH

1 1999/11/19 02:46:50.88 37.465 14.746 18.2 1.5 0.10 1.4 1.9
2 1999/11/19 02:48:00.53 37.467 14.746 17.7 1.0 0.09 1.3 2.0
3 1999/11/19 04:33:15.06 37.461 14.744 19.1 2.3 0.08 0.7 1.0
4 1999/11/19 04:35:38.46 37.460 14.745 18.5 1.1 0.09 0.7 1.3
5 1999/11/19 05:22:43.41 37.456 14.744 19.4 2.3 0.08 0.7 1.0
6 1999/11/19 05:51:32.19 37.456 14.746 18.6 1.0 0.07 0.7 1.3
7 1999/11/19 06:09:28.46 37.460 14.745 18.6 1.7 0.09 0.7 1.2
8 1999/11/19 06:26:45.24 37.460 14.746 18.1 2.0 0.10 0.6 0.7
9 1999/11/19 06:33:18.31 37.459 14.746 17.8 1.5 0.06 0.7 0.9

10 1999/11/19 06:50:41.26 37.460 14.743 19.1 1.5 0.05 0.9 1.5
11 1999/11/19 07:44:05.20 37.460 14.745 18.3 1.5 0.09 0.7 1.3
12 1999/11/19 11:47:25.41 37.468 14.747 18.1 1.3 0.10 1.4 2.2
13 1999/11/19 13:00:37.67 37.461 14.744 18.8 2.3 0.09 0.7 1.0
14 1999/11/19 13:04:47.45 37.459 14.744 18.9 1.9 0.09 0.7 1.3
15 1999/11/19 16:38:13.45 37.443 14.742 20.2 1.4 0.06 2.1 2.0
16 1999/11/20 05:57:42.35 37.470 14.747 16.9 2.0 0.10 1.2 1.3
17 2000/01/01 04:02:00.27 37.473 14.736 23.2 0.9 0.04 2.6 3.0
18 2000/01/01 04:02:46.77 37.483 14.738 21.6 1.4 0.03 0.8 1.6
19 2000/01/01 04:03:18.55 37.482 14.740 21.6 1.4 0.04 0.8 1.6
20 2000/01/01 04:04:27.24 37.482 14.740 21.5 1.5 0.04 0.8 1.6
21 2000/01/01 04:07:13.07 37.497 14.744 19.6 0.9 0.05 3.4 4.7
22 2000/01/01 04:08:54.04 37.481 14.740 21.6 1.1 0.04 0.8 1.8
23 2000/01/01 04:11:24.10 37.483 14.737 21.6 1.5 0.04 0.8 1.6
24 2000/01/01 04:15:02.11 37.482 14.739 21.4 1.3 0.04 0.8 1.8
25 2000/01/01 04:15:51.96 37.482 14.739 21.7 1.4 0.04 0.8 1.8
26 2000/01/01 04:19:16.84 37.482 14.739 21.6 1.0 0.04 2.3 3.1
27 2000/01/01 04:22:39.29 37.481 14.739 21.5 2.1 0.04 0.8 1.6
28 2000/01/01 04:25:07.19 37.483 14.739 21.5 1.4 0.04 0.8 1.6
29 2000/01/01 05:06:33.20 37.483 14.738 21.7 1.6 0.03 0.8 1.6
30 2000/01/01 05:41:01.93 37.486 14.735 22.9 1.4 0.07 0.9 1.6
31 2000/01/01 05:41:18.35 37.481 14.739 21.5 1.4 0.03 0.8 1.6
32 2000/01/01 05:42:23.54 37.483 14.739 21.7 1.3 0.04 0.8 1.9
33 2000/01/01 05:58:58.30 37.484 14.740 21.5 0.9 0.04 0.8 1.9
34 2000/01/01 06:22:06.30 37.482 14.739 21.6 1.0 0.04 2.3 3.1
35 2000/01/01 07:11:03.43 37.483 14.738 21.7 0.9 0.04 2.6 3.2
36 2000/01/01 07:13:01.65 37.483 14.737 21.5 1.9 0.04 0.8 1.6
37 2000/01/01 08:15:18.17 37.482 14.739 21.2 0.9 0.03 0.8 1.9
38 2000/01/01 09:57:08.10 37.437 14.744 25.3 0.8 0.04 10.5 5.9
39 2000/01/01 10:02:21.18 37.464 14.733 21.6 1.6 0.02 2.8 3.0
40 2000/01/01 10:03:02.87 37.481 14.739 21.7 1.7 0.03 0.8 1.6
41 2000/01/01 10:27:54.01 37.484 14.740 20.8 1.2 0.04 0.8 1.1
42 2000/01/01 10:33:45.81 37.485 14.741 20.9 0.9 0.04 1.8 1.7
43 2000/01/01 10:35:54.34 37.485 14.741 20.6 0.8 0.04 1.7 1.7
44 2000/01/01 23:00:15.09 37.484 14.740 21.1 1.3 0.05 2.2 2.8
45 2000/01/01 23:02:10.10 37.458 14.734 24.8 1.5 0.02 3.3 3.5
46 2000/01/02 07:20:28.81 37.481 14.744 20.1 0.9 0.01 2.1 3.1
47 2000/01/02 07:36:30.24 37.483 14.739 21.7 1.4 0.04 0.8 1.6
48 2000/01/02 07:53:43.72 37.484 14.739 21.6 1.8 0.04 0.8 1.6
49 2000/01/02 08:04:53.51 37.483 14.739 21.5 1.5 0.04 0.8 1.6
50 2000/01/02 08:38:08.84 37.482 14.739 21.6 1.4 0.04 0.8 1.6
51 2000/01/02 09:24:40.27 37.483 14.741 21.1 2.0 0.05 0.8 1.3
52 2000/01/02 10:28:38.02 37.482 14.739 21.6 1.3 0.04 0.8 1.6
53 2000/01/02 12:07:47.21 37.481 14.740 20.4 1.6 0.06 0.8 1.3
54 2000/01/03 04:28:18.58 37.482 14.740 21.4 0.7 0.04 2.3 3.2
55 2000/01/04 19:42:55.56 37.483 14.737 21.5 1.4 0.04 0.8 1.6
56 2000/01/24 15:51:46.69 37.441 14.743 20.8 1.1 0.06 2.2 2.4
57 2000/01/24 16:38:08.45 37.455 14.746 18.9 2.5 0.07 0.9 1.1

Master events are indicated in bold type, events belonging to family 2 in italics. ERZ and ERH are the standard
location errors in the horizontal and vertical direction, respectively.
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Figure 3. (a) Earthquake time distribution; (b)
relative radiated seismic energy by the single event.
100% corresponds to the total energy released during
the two swarms.

The Identification of Earthquake Families

A crude visual inspection revealed strong similarities of
waveforms among many events (Fig. 5). As a simple mea-
sure of similarity Scarfı̀ et al. (2001) used the maximum of
the cross-correlation function between the vertical compo-
nent seismograms, using time windows of 8 sec starting from
the first P-wave onset. They calculated the matrix of maxi-
mum cross-correlation coefficients for all events reported in
Table 1 The data set represented in the matrix was arranged
according to the chronological sequence with the exception
of the events of 24 January 2000. For the sake of clarity
these events were put on the tail of the ones of November
1999. The matrix of the cross-correlation coefficients is
graphically visualized in Figure 6 for station SR1. Similar
results were obtained for matrices of stations SR2 and SR3.
From the graph we identify clearly two rectangular areas
where high cross-correlation coefficients occur. These indi-
cate two distinct groups, since high correlation coefficients
are observed only inside the two rectangular areas, that is,
only among records that belong to the same families.

Scarfı̀ et al. (2001) compared the relation of vertical

component P-wave peak amplitudes and maximum horizon-
tal peak S-wave amplitudes. At all three key stations the
P/S-wave amplitude ratios of the events that occurred in No-
vember 1999 differ significantly from those of January 2000.
As already noted for the cross-correlation coefficients, the
events of 24 January show the same features as the events
belonging to the cluster of November 1999 (Fig. 7).

Grid Search Location

Looking at the picture of standard locations (Fig. 4), the
epicenters appear to align on north–south–trending planes
with an almost vertical dip. However, the characteristics of
the two Ramacca swarms as multiplet events raise serious
questions as to the picture obtained from the standard loca-
tion procedures, because the high degree of similarity among
multiplet events strongly suggests that the earthquakes form
clusters of small extent. On the other hand, the apparent
extent of the clusters inferred from the absolute locations
corresponds to about twice its error (of the standard location)
both in horizontal and vertical coordinates. Thus we suspect
that the geometry of the hypocenter clusters may be an arti-
fact introduced by the nonoptimal network configuration
with respect to the position of the foci, and the estimated
errors may be too small.

We examined the resolution capability of the SESSN
with respect to the Ramacca swarms, carrying out a grid
search location for selected events. For this purpose we de-
fined a 3D grid of points in a cube having 5-km sides sur-
rounding the hypocenter of each of the examined earth-
quakes. With a spacing of 150 m horizontally and 300 m
vertically, we obtain a total of 16,660 points, for which we
calculated theoretical travel times for P and S waves. Com-
paring these with the observed times, we constructed a cube
of the root mean square (rms) travel-time residuals obtained
for each of the 16,660 points. The point with the lowest
residuals is identified as the global optimum, whereas the
spatial distribution of the residuals yields a measure for the
stability of the location. Extended areas with low rms values
indicate an unstable solution, whereas narrow minima rep-
resent stable solutions.

In Figure 8 we have plotted three cross sections of the
rms residuals cube obtained for event 1. The cross sections
are oriented parallel to the Earth’s surface, vertically in the
east–west and north–south directions, respectively. All cross
sections are centered with respect to the global minimum. In
Figure 8 we immediately recognize a north–south–trending
zone with residuals of 0.1 sec or below, extending for about
1.5 km. In the vertical cross sections the minima define an
80� W–dipping plane, with an extension of about 2 km. In
north–south direction we note an inclination of the minimum
area of about 45�. Figure 8 is representative of all examples
examined with the grid search location. It resembles strongly
the shape of the clusters identified by the standard location
and confirms our hypothesis inferred from the similarity of
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Figure 4. Epicentral map (top right) and hypocentral distribution of the whole seis-
mic sequence, as inferred from absolute locations. Different symbols correspond to
various time periods of occurrence (see the legend).

the waveforms: that the hypocenters may be indeed situated
very closely together.

Multiplet Analysis

It is common knowledge that relative location proce-
dures of multiplet events yield an accuracy far above those
from absolute locations (e.g., Poupinet et al., 1984). The
general strategy of relative location is to determine accu-
rately the time differences dt of phases for different events
at the same stations and to locate the position of a “slave”
earthquake relative to a reference “master” event. In effect,
if both the slave and the master event were located exactly
at the same place, the time differences dt would be the same
at all stations and equal to the difference in origin times of
the two events, regardless of the absolute location uncer-
tainties.

A key problem of high-precision location is arrival-time
picking. Two methods that are commonly used, the cross-
correlation method (Deichmann and Garcia-Fernandez,
1992) and the cross-spectral method (Poupinet et al., 1984;
Frémont and Malone, 1987), point to the moment centroid.
In other words, they focus on the position of the part of the
fault radiating the most energy, rather than the first break,
which corresponds to the point where rupture begins. First
onset readings are based on the time when the first deviation
of the trace from the background occurs. The actual achiev-
able time accuracy is thus also a function of the sharpness
of the signal in relation to noise level and is limited by the
sampling rate. On the other hand, as the position of the mo-
ment centroid is determined from a window of finite length,
a resolution finer than the sampling rate can be achieved.
This also implies that relative earthquake locations may dif-
fer less than individual source diameters, that is, overlapping
sources may be identified.
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Figure 5. Comparison of events recorded at station SR2 (vertical component): (left)
three earthquakes of the first swarm; (right) events of the second one. Note the high
similarity of waveforms of events belonging to the same swarm.
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Figure 6. Graphical visualization of the correlation matrix obtained for station SR1.



High-Precision Relative Locations of Two Microearthquake Clusters in Southeastern Sicily, Italy 1487

The refined calculation of time differences dt between
master and slave events was performed following a method
in two steps as proposed by Frémont and Malone (1987).
After defining the window to be used., for example, the part
with the first P-wave arrivals, a coarse phase alignment of
the two traces is carried out in the time domain, taking into
account the time differences, where the maximum correla-
tion coefficient is obtained. In the second step we calculated
the cross spectra and corrected the time differences from the
slope of the phase of the cross spectra (see Frémont and
Malone, 1987).

First attempts at relative locations using P-wave onsets
failed, in particular for the lowest magnitude earthquakes, as
the P onsets were emergent at various stations (i.e., SR4,
SR5, SR6) and the signal-to-noise ratios were low. This in-
hibited a suitable phase alignment and made the cross-
spectral analysis unstable. S-waves, on the other hand, gen-
erally offered considerably better signal-to-noise ratios and
showed well-developed peaks (Fig. 9). With the cross-

correlation technique, which is sensitive to the maximum or
the centroid of the signal rather than to their first break, we
can use S-wave arrivals even though their true onsets may
be blurred by the P-wave coda or by P- to S-wave conver-
sions. The estimated arrival times can be used with an ac-
curacy comparable to the P-wave arrivals, as long as the
arrival times are picked at exactly the same phase (which is
the centroid of the S-wave train) in all seismograms recorded
at a given station. Indeed the purpose of the cross correlation
is to ensure that arrivals are determined identically for all
events (Deichmann and Garcia-Fernandez, 1992).

We rotated the horizontal components, decomposing the
signal into the longitudinal and transverse components and
considered the latter, which is assumed to consist of only
SH waves. Thus we avoid (or limit) the influence of possible
disturbances that may arise from P-SV conversions. We se-
lected event 8 (M 2.0) as master for family 1 and event 51
(M 2.0) as master event for family 2. The selection of the
master events was based on the signal-to-noise ratio and, at
the same time, the presence of as many as possible high
correlation coefficients with the other events within the fam-
ily. The time differences dt between the master and slave
events were obtained using a signal window of 256 points
(2.04 sec), corresponding to about 20 times the dominant
period of the S wave, which was �0.1 sec. The stability of
the dt estimate is improved by shifting the window four
times by an amount of 0.08 sec within the S-wave train and
taking the average of the values of dt obtained for each
window.

A measure of similarity between master and slave
events is given by the quality of comparison Q, which is
derived from the coherency C( f ), averaging the expression

2 2C( f ) /(l � C( f ) )

over the frequency band of interest (here between 1 and 20
Hz). In Figure 10 we show an example of two aligned dou-
blet events. On the whole we got Q values between 90 and
100, corresponding to a coherency close to 1 over wide fre-
quency bands.

Relative location of the two families was carried out on
the basis of time differences obtained for the SH waves. The
four unknown quantities (relative positions and difference
in origin times) were determined using a singular value de-
composition (for are explanation of the method, see Aki and
Richards [1980] or Fréchet [1985]). The parameters used in
the relocation technique are (1) takeoff angles and azimuths
of stations from the reference event computed by a tradi-
tional location, (2) the wave velocity, and (3) the time dif-
ferences dt. We obtain takeoff angles of more than 90� with
respect to the negative vertical at all stations. In all relative
locations we used an S-wave velocity of 3.6 km/sec around
the hypocenter clusters. This is the corresponding VS value
in the velocity model by Musumeci et al. (2003). The choice
of this value affects the size of the cluster linearly; for in-
stance, with an S-wave velocity 10% higher the cluster di-

Figure 7. Plot of P/S-wave amplitude ratios at
three key stations: (a) SR1, (b) SR2, and (c) SR3.
Diamonds, squares, and triangles indicate the differ-
ent periods of earthquake occurrence. The vertical
scale for SR1 is doubled. Note the different trends for
the events of November and January.
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mensions increase 10% as well. The shape of the cluster and
its orientation remain unaltered, however.

The relative relocations of the events in family 1 (swarm
of November 1999 plus the events on 24 January 2000) are
represented in an epicenter map and in two vertical cross
sections (Fig. 11). Sixteen events out of 17 could be relo-
cated relative to master event 8. The covariance matrix of
the relative hypocenter locations is a way to represent the
orientation of the “hypocenter cloud.” In Table 2 the covar-
iance matrices of the two clusters are represented in terms
of their respective eigenvalues and eigenvectors. They pro-
vide a rough idea about the shape and orientation of the
clusters. From both the plots one finds the 17 events arranged
along a north-northnwest–south-southeast–trending subvert-

ical volume with a vertical extent of about 500 m and hor-
izontal dimensions of about 200 and 80 m. From the rela-
tions between the largest and smallest eigenvalues (Table 2,
top) we deduce that the hypocenters form a fairly well de-
fined, slablike, planar element, whose thickness is less than
1/10 of its largest dimension. The eigenvectors reflect an
orientation of the hypocenters similar to the distribution visi-
ble in the plots (Fig. 11). If we consider the plane spanned
by the eigenvectors of k1 and k2, whose normal vector cor-
responds to the eigenvector of k3, we calculate a strike di-
rection of the hypocenter cluster of N17�W and a dip of
84� E.

Family 2 consists of 27 events. Twelve remaining earth-
quakes had insufficient data for the relocation. The relation

Figure 8. Plot of three cross sections of the residual cube obtained for event 1. The
cross sections are oriented parallel to the Earth’s surface (a) at 18.50 km of depth,
vertically (b) in East–West and (c) North–South direction; darker shades indicate lower
values of the residual, as reported (d) in the scale.
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of the largest to the smallest eigenvalue (Table 2, bottom)
indicates that the second cluster of hypocenters forms a more
stocky body, with a lateral extent about 30% of its largest
dimension. From the east-northeast–west-southwest section,
however, one may identify, among the diffuse hypocenter
cloud, a fairly tight linear element, whose orientation resem-
bles the plane defined by family 1. Considering again the
plane spanned by the eigenvectors of k1 and k2, and with the
eigenvector of k3 as the normal vector, we obtain a strike
direction of N19�W and a dip angle of 80� E. From the
eigenvalues we derive dimensions of about 300 m in the
northwest and about 250 m in the vertical direction (Fig.
12). The strong clustering of the foci is well evidenced in
Figure 13, where the comparison with results from absolute
location is shown.

As stated earlier, a more precise velocity model (Mu-
sumeci et al., 2003) was used here to relocate the events.
The computed azimuth and incidence angles of the first P
phases underwent changes at several stations with respect to
Scarfı̀ et al. (2001). We computed two composite fault-plane

solutions by combining the P-onset polarities of the two
families defined on the basis of waveform analysis and P/S-
wave amplitude ratios. The fault-plane solutions were ob-
tained using the program FPFIT by Reasenberg and Oppen-
heimer (1985); they are shown in Figure 14a. The events
of family 1 reveal a mechanism that can be interpreted as
right-lateral slip along a north-northwest–south-southeast–
trending plane. On the other hand, the earthquakes of family
2 show a normal faulting mechanism, also in this case along
a north-northwest–south-southeast–trending plane. A few
polarities in the composite solutions contradict the general
behavior of the families; these divergent polarity readings
are due to their poor quality because of the emergent onset
of first P-wave arrivals and the low signal-to-noise ratio.
Given the limited number of polarities and the azimuthal
gap, one can argue that the reliability of the fault-plane so-
lutions is low. In Figure 14b we show the composite fault-
plane solutions that were obtained using the coordinates of
the master events plus the relative offsets of the slave events.
Although we did not reinterpret the polarities (in the sense

Figure 9. Example of a three-component record at station SR5: (a) 10 sec signal;
(b) zooms of P and S first arrivals. Note the low signal-to-noise ratio for the P wave.
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of unifying polarities of events belonging to the same fam-
ily), the scatter of the data points in the stereographic pro-
jections is reduced. This is to be expected, as the differences
between events belonging to a family almost vanish. We
further note that the composite solutions of the two families
turn out to be more similar than the two solutions in Figure
14a. Indeed, the two similar fault-plane solutions that we
obtained may represent further evidence of a common mech-
anism responsible for the two distinct earthquake clusters.

Analysis of Location Uncertainties

The accuracy of time picking may depend on various
factors, such as limits of the time resolution of the clocks
and drift or variations in instrumental characteristics. The
time resolution of the clocks is reported by the manufacturer
of the data acquisition equipment to be as precise as 1 msec,
and the drift should be of minor importance, as the time
difference among the events within the clusters is largely
less than 1–2 days. The network characteristics remained

constant, as there was no replacement of instruments during
the time of interest. Other variations, for example, caused by
seasonal effects (temperature changes between winter and
summer), can be neglected, as both swarms occurred in the
colder season from November to January. However, the
shape of the hypocenter clusters resembles to some extent
the orientation of the rms minimum obtained carrying out
the grid search location earlier. One may suspect that some
uncertainties of time picking may have escaped the attention
of the operators, and the hypocenter cluster geometries may
be an artifact of the station configuration.

The relative location succeeded with small residuals,
typically no more than 1–2 m, for almost all slave events of
both families. Given the somewhat unfavorable distribution
of SESSN stations with respect to the two studied swarms,
one may suspect that the computed extension of the clusters
(and the related uncertainty) are partly an artifact of a non-
optimally constrained inversion. Therefore we have tested
the stability of our relocation by performing a Monte Carlo
experiment in which we conducted three random tests,

Figure 10. Examples of high-precision time picking at three stations (SR1, SR5,
SR9), with event 8 as master and event 14 as slave event. (a) Overall view of the S
phases at the three stations, (b) zoomed-in image of initial alignments, (c) zoomed-in
image of realignments, (d) the four cross spectra (dotted lines) and coherency spectra
(solid lines) obtained for the four shifted windows (see text). Note the almost flat
coherency spectra in the frequency range between 0 and 15 Hz. Q values are understood
as averages over the four windows.
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choosing three events with the lowest, intermediate, and
highest residuals, respectively. We repeated relative reloca-
tions, adding random uncertainties to the originally obtained
travel-time differences dt in the ranges of �100, 20, and 5
msec. The statistics of our Monte Carlo experiment are sum-
marized in Table 3. In all cases the Y (latitude) and Z (ver-
tical) components exhibit the greatest instability, whereas
the X (longitude) shows only minor scatter. This is again not
surprising, considering the somewhat unfavorable station
configuration with respect to the Ramacca swarms. The re-
location experiments where the inaccuracy of phase differ-
ences was assumed to be up to 100 and 20 msec, yield
significantly higher residuals (i.e., 18–26 and 3.4–6 m,
respectively) than the original relocation without random
perturbation (residual less than 2 m). When an inaccuracy

of time picking in the range of �5 msec is assumed, the
residuals remain on the same order of original ones, that is,
1–2 m. In this case the solutions scatter with a standard de-
viation of about 50 m in the Y and Z directions, which is on
the order of the second eigenvalue of family 1, but signifi-
cantly less than the dimensions of family 2 as inferred from
its three eigenvalues. The scatter of less than 10 m in the X
direction is of the same order as the lateral extent of family
1 but by far less than that of family 2.

In a further step of the experiment we repeated the re-
location, changing the master events in both families. In par-
ticular, we replaced master event 8 (Table 4) with event 3
in family 1 and event 51 with event 27 in family 2. In Table
4 we report the relative changes of relative coordinates for
both families, expressed with respect to the original master

Figure 11. Relative locations of family 1 using the cross-spectral technique without
adding random perturbations to time pickings; (a) map view and (b, c) vertical cross
sections. The master event is indicated with a solid circle. The error bars represent the
uncertainties of the relative locations as inferred from the Montecarlo experiment with
an inaccuracy of time picking of up to 5 ms (see also Table 3).



1492 L. Scarfı̀, H. Langer, and S. Gresta

events. Except for two single events, the differences of the
relocations are of the same order as the scatter of solutions
found in the Monte Carlo experiment using an assumed time
inaccuracy of 5 msec. In other words, the dimensions of
family 2 in the vertical and north–south direction are signifi-
cantly larger than the uncertainties inferred by comparing
relocations using two different master events. The same
holds for the vertical extent of family 1 of about 500 m,
whereas its horizontal extents are rather narrow.

Discussion and Conclusions

Southeastern Sicily has been struck several times by
devastating earthquakes (M up to 7.5) in the past millen-
nium. Accurate interpretation of seismicity patterns in this

Table 2
Eigenvalues, Dimensions, and Eigenvectors

k(m2) (m)2 k� eT

Family 1*
21239 288 0.1344 �0.1404 0.9809

1897 87 �0.2575 0.9509 0.1714
99 20 �0.9569 �0.2757 0.0917

Family 2†

6487 161 0.2159 �0.8623 �0.4580
1878 86 0.2892 �0.3916 0.8735

564 47 �0.9326 �0.3210 0.1649

The three components of the eigenvectors are the direction cosines mea-
sured to three axis x1 (east–west), x2 (north–south), and x3 (vertical).

*Corresponding strike and dip of planar element: N17�W; 84� E
†Corresponding strike and dip of planar element: N19�W; 80� E

Figure 12. The same as in Figure 11, but for family 2.
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region is therefore important for assessing the potential for
large earthquakes. The main purpose of this work has been
to reconstruct the source geometry of two seismic swarms
that occurred in November 1999 and January 2000 at the
site of Ramacca.

From standard location techniques, the two swarms
form two north–south elongated hypocenter clusters cen-
tered at depth of about 19 and 22 km, respectively. At first
glance, one could interpret the north–south alignment as a
hypothetical northern continuation of the Scicli regional
fault system, buried under the thrust nappes of the northern
mountain chain. It can be shown, however, that the apparent

shape of the two hypocenter clusters is probably an artifact
of the nonideal station configuration of the network with
respect to the location of the swarms. From the analysis of
many very similar waveforms we conclude that most events
of the swarms are multiplet events, clustered closely to-
gether, with similar extensional focal mechanisms. The first
family included 16 events and occurred in November 1999
plus two on 24 January 2000. The other family occurred at
the beginning of January 2000.

As standard location procedures fail to resolve the ge-
ometry of closely spaced earthquakes, we have performed
high-precision relative locations following the method by

Figure 13. Comparison of absolute (left) and relative (right) locations for the two
earthquake families; (a) epicenter map, (b) West–East and (c) South–North vertical
cross sections. The symbols are the same as in Figure 4.
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Figure 14. Composite fault-plane solution mech-
anism (lower hemisphere projection) of the two earth-
quakes families (� for compression, O for dilata-
tion). (a) using absolute locations, (b) using relative
locations.

Table 4
Variations in Relative Coordinates for Both Families Obtained

by Changing the Master Events

Family 1 Family 2

ID X (m) Y (m) Z (m) ID X (m) Y (m) Z (m)

1 �7.6 31.96 �20.05 18 4.16 �18.19 �3.84
2 �5.18 16.14 �17.84 19 5.53 �8.75 �11.7
3 0 0 0 20 1.4 6.6 10.22
4 1.1 �12.53 �3.43 22 4.05 �14.72 �5.45
5 �8.21 75.69 �27.97 23 �3.2 3.68 15.49
6 �2.57 �17.35 �3.36 24 1.24 4.4 2.98
7 �1.94 �5.16 3.94 25 �0.41 �1.07 4.62
8 �2 4.44 �0.99 26 5.69 �20.37 �7.83
9 �4.01 6.68 2.82 27 0 0 0

10 �8.7 5.55 6.5 28 11.56 �123.14 �57.89
11 �6.68 50.07 �4.02 29 �11.75 8.82 32.01
12 �11.66 25.08 9.83 30 �0.94 10.23 10.3
13 �12.01 �81.63 22.39 31 �0.39 �9.51 2.89
14 �10.76 2.9 15.91 32 �2.99 14.07 30.03
16 �13.47 45.67 �25.73 34 1.23 �2.84 22.83

36 �3.22 �11.59 4.98
39 2.98 �7.36 �6.72
40 �1.47 �3.72 5.31
41 �2.98 2.44 15.54
47 2.07 �12.94 7.19
48 3.91 �6.96 0.87
49 0.64 �4.66 10.43
50 �4.04 �4.19 15.98
51 1.8 �4.06 �0.76
52 �2.69 �1.41 �1.29
53 �5.38 �9.54 17.34
55 �0.91 8.36 2.19

Table 3
Statistics of the Monte Carlo Experiment

rX (m) rY (m) rZ (m) Res. (m)

dt � max 100 msec
Event 3 124.98 667.46 696.96 26.04
Event 7 129.83 443.88 620.38 18.27
Event 13 113.79 565.86 457.04 24.62

dt � max 20 msec
Event 3 25.48 135.51 140.62 6.00
Event 7 24.81 99.09 118.65 3.46
Event 13 21.53 127.58 86.84 6.00

dt � max 5 msec
Event 3 6.02 34.10 34.69 2.17
Event 7 7.14 22.94 32.03 1.15
Event 13 7.15 68.13 27.93 2.29

The standard deviation is in the X, Y, and Z axes and in residuals of the
relative locations (see text for further explanations).

obtained two tight clusters. We express their spatial dimen-
sions in terms of the eigenvalues and eigenvectors of the
covariance matrices calculated from the coordinates relative
to the master event. The first cluster corresponds to a verti-
cally oriented planar volume with a vertical extent of about
500 m and horizontal dimensions of about 200 m and 80 m.
The second cluster forms a more stocky body with dimen-
sions of about 300 m and 120 m in the north-northwest–
south-southeast and east-northeast–west-southwest direc-
tions, respectively, and about 250 m in the vertical direction.

Despite the fairly low residuals, we must be aware of
possible biases introduced by the station configuration and
inaccuracy of time reading. In order to simulate the presence
of possible errors, we have carried out a series of Monte
Carlo experiments, adding a random number to time differ-
ences originally used in the relocation. From a comparison
of the original relocation residuals with those using per-
turbed time differences, we concluded that the inaccuracy
(if any) is not larger than �5 msec. Admitting such a ran-
dom perturbation, we get an actual inaccuracy of about
�10 m in longitude and about �50 m in latitude and depth,
which is about twenty to fifty times less than the formal
absolute location error. Similar results are obtained if we
compare relocations carried out with different master events.
In the end, we conclude that the inaccuracy of time differ-

Frémont and Malone (1987). For reasons of signal quality
we have used SH waves rather than P waves, obtaining ex-
cellent degrees of coherence, typically above 0.95 over wide
frequency ranges. Typically six stations could be used for
the relocations, obtaining residuals of 1 m (on average) and
no more than 2 m in the worst case. From the relocation we
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slightly more complex trend: an upward migration of foci
for the first 14 events only (about 110 m in 2 hr); then further
activation of the lower parts of the cluster extending through
the whole rupture volume (Fig. 15). The migration in the
vertical direction can be related to the characteristics of nor-
mal faulting inferred from the composite fault-plane solu-
tions. On the other hand, no substantial horizontal migration
of the foci is observed.

The migration of hypocenters as observed here has been
explained by Nishigami (1987), who proposed a cluster
source model with patches representing the areas on the fault
plane having relatively high strength. These asperities are

Figure 15. Time sequence of the relative depth with respect to the master events
for (a) family 1 and (b) family 2. Note the different vertical scales. For the absolute
time of the events, refer to Table 1.

ences should not exceed the range of �5 msec; therefore,
the extents of the seismogenic source regions beyond the
estimated uncertainties are not artifacts, but reflect the true
geometries of the families. In particular we find the vertical
extents of both families to be robust, as is the north–south
elongation of family 2. The shapes and orientations are thus
in agreement with trends inferred from the focal mecha-
nisms.

From the relative relocations we may trace the temporal
migration of hypocenters of the two families (Fig. 15). In
family 1 we note a clear shoaling of hypocenters (about
320 m in 14 hr) as the swarm progresses. Family 2 shows a
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expected to resist the complete sliding of the fault plane and
are to become the initiation points of subsequent ruptures
owing to the stress concentration. On the other hand, swarms
are often seen as a consequence of an increase of pore pres-
sure caused by fluid flow (e.g., Hill, 1977). As the strain
release is controlled by the fluid flow, no dominant earth-
quake may develop (see Scholz, 1990).

The hypothesis that the Ramacca swarms are related to
fluid flow may be supported by the intense basaltic volcanic
activity during the Late Cretaceous, upper Miocene, and Pli-
ocene that characterized (Fig. 1) the Hyblean Plateau (Scri-
bano, 1987; Grasso et al., 1990). A residual of this activity
is the geothermal fields of Mineo (Pedley and Grasso, 1991),
situated about 10 km south of the epicenters of the Ramacca
swarms (Fig. 2). These fields are characterized by a low-
enthalpy geothermal anomaly, with significant carbon di-
oxide sources. Moreover, geochemical surveys performed
after the 13 December 1990 local earthquake evidenced the
activation of fluid flow of deep origin, which moved upward
along regional structural tectonic elements (Dall’Aglio et al.,
1995).

Considering the focal depth (from 17 to 22 km) of the
clusters and the upward foci migration of the events, we
propose that movement of fluids of plutonic origin may have
provided the triggering mechanism for these swarms. The
distribution of fluid overpressures in the crust exerts a strong
influence in the style of faulting, and normal faults have been
shown to be easily activated by volumetric mesh structures
(Sibson, 1996).
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