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D. Patanè,1* G. Barberi,1 O. Cocina,1 P. De Gori,2 C. Chiarabba2
The continuous volcanic and seismic activity at Mount Etna makes this volcano an important
laboratory for seismological and geophysical studies. We used repeated three-dimensional
tomography to detect variations in elastic parameters during different volcanic cycles, before and
during the October 2002–January 2003 flank eruption. Well-defined anomalous low P- to S-wave
velocity ratio volumes were revealed. Absent during the pre-eruptive period, the anomalies trace
the intrusion of volatile-rich (Q4 weight percent) basaltic magma, most of which rose up only a few
months before the onset of eruption. The observed time changes of velocity anomalies suggest that
four-dimensional tomography provides a basis for more efficient volcano monitoring and shortand midterm eruption forecasting of explosive activity.
epeated seismic tomography Efourdimensional (4D) tomography: in space
and time^ can be used to reveal variations of elastic properties within rock volumes.
This approach has been used in geothermal and
volcanic areas (1, 2) and in hydrocarbon surveillance (3), in order to monitor gas concentration and migration and to track changes during
exploitation, respectively. Seismic velocity variations depend on the characteristics of the rock
(such as mineralogy, porosity, fracturing, and
fluid saturation) and its physical conditions (such
as temperature and pressure) (4–7). In a volcanic
environment, the presence of fluids, cracks, and
gas, or their temporal variations within the plumbing system, may also change the elastic properties drastically and suddenly (8–10).
Mount Etna, a basaltic stratovolcano located
near a densely populated area, is commonly
considered to exhibit only effusive eruptions.
However, it is one of the few alkali-basaltic
volcanoes for which several violent explosive
(subplinian and plinian basaltic-type) eruptions
are documented (11). Recently, from 27 October 2002 to 18 January 2003, a flank eruption
(Fig. 1) was characterized by an intense explosive activity with column-forming fire fountains and fairly continuous tephra fallout. This
peculiar activity was fed by the uprising of a
new intrusion of volatile-rich basaltic magma,
containing CO2-rich gas of deep derivation
(910 km) (12, 13). Because repeated seismic
tomography may be a reliable indicator of the
migration of fluids in active volcanoes (2),
this approach may allow the detection of the
transient presence of magmatic intrusions that
are rich in gas and provide a valuable tool for
future forecasting of Mount Etna_s volcanic
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activity. However, some problems may arise
when a tomographic study is applied to evaluate the temporal variations of elastic parameters, because the resolution of velocity models
may differ by inverting contiguous short-period
data sets. Moreover, the dimension of resolvable features may be higher than that of ra-

pidly changing local anomalies, and normally
we lack independent evidence for physical
phenomena that change elastic parameters
over time. Conversely, if a long-period data
set is used in the tomographic analysis, the
spatial distribution of the anomalies may be
biased or obscured by averaged values when
the volcano is characterized by highly eruptive dynamics.
In our study, the use of a large number of
permanent seismic stations and the abundance of local earthquakes, occurring both
before and during the eruptions, guarantee a
consistent and high-resolution velocity model.
We analyzed the seismicity (Fig. 2) recorded at
the Mount Etna Istituto Nazionale di Geofisica e
Vulcanologia–Sezione di Catania (INGV-CT)
computerized permanent seismic network (Fig. 1)
before and during the 2002–2003 flank eruption. The permanent network was composed of
45 stations, 5 of which were three-component
short-period (1 s) stations and three of which
were digital three-component broad-band (40 s)
stations. On 6 November 2002, a temporary
array composed of eight digital three-component
broad-band (60 s) stations was integrated into
the permanent network in the northern sector
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Fig. 1. (Right) Image of the summit of the Mount Etna volcano showing the ash plumes during one day
of the 27 October 2002 to 18 January 2003 eruption [image acquired by Digital Globe’s Quickbind-2
satellite (http://rst.gsfc.nasa.gov/Sect13/Sect13_4d.html)]. Eruptive fissures opened on the northeast and
south rifts of the volcano. Black lines, eruptive fractures; red areas, lava flows. (Top left) Structural map of
eastern Sicily showing the front of the Appenninic-Maghrebian chain (1) and the main faults (2). (Bottom
left) Map of the Mount Etna area indicating the seismic stations operating during the study period. The
black square indicates the summit of the volcano shown in the image on the right. The concentric white
curves represent elevation contours at 1000-m intervals.
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developed by Patan6 et al. (15). The input value
for the VP /VS ratio was 1.73, which is in
agreement with the results of Laigle (16). After
10 iterations, the variance improvement was
34.7%, with a final rms value of 0.20 s (table
S1). The reliability of the VP and VP /VS models
has been verified by the analyses of the fullresolution matrix (Fig. 3) and by synthetic tests
Esupporting online material (SOM) text^. This
inversion allows the improvement of even the
most recent tomographic results (15, 17) and
better definition of the shape and geometry of
the upper portion of high-velocity VP volume,
interpreted as a main solidified intrusive body
(15) (Fig. 3A). However, the most notable
result concerns the detection of anomalous
zones with low VP /VS values (18).
The VP /VS images, which present a satisfactory resolution Espread function (SF) e2^ between the depths of –4 and 2 km (Fig. 3B),

of the volcano. During the study period, some
stations were moved, depending on the location of seismicity.
First, we performed a tomographic inversion
of the whole data set (10 August 2001 to 18
January 2003) to define the 3D P-wave velocity
(VP ) and the structure of the P- to S-wave
velocity ratio (VP /VS ). A total of 712 wellconstrained earthquakes Eroot mean square
(rms) time residuals e0.2 s; horizontal (Erh)
and vertical (Erz) hypocentral location errors
e1.0 km; azimuthal gap of the stations e120-^,
8587 P-wave arrivals, and 2293 S-wave arrivals
were inverted to model a grid 2 km by 2 km by
1 km with the use of SIMULPS-14 software
(14). On the digital seismograms, the measured
time pickings were precise to È0.01 s, and
phase arrivals were checked by polarization
analysis, especially for the S waves. The starting
velocity model was derived from the 3D model
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clearly highlighted two anomalous regions characterized by low VP /VS values (as small as 1.64).
These were located in the central-southern and
northeastern part of the volcanic edifice, where
geodetic data modeled the dike intrusions of
2002–2003 (19, 20) (Fig. 3B) and beneath the
eruptive fracture systems (Fig. 1).
Because the VP /VS ratio can be very sensitive to factors that may change with time
during the magmatic cycles, we separately
analyzed the pre-eruptive (10 August 2001 to
25 October 2002) and the eruptive (26 October 2002 to 18 January 2003) seismicity. We
further subdivided the pre-eruptive period
into two time intervals because geochemical observations, ground deformation measurements obtained via Global Positioning
System (GPS) technology, and seismicity evidence (Fig. 2C) (20) indicated that there was
a recharging phase, which started in April
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Fig. 2. (Left) Maps of (A) 1D epicentral locations (gray circles) and (B)
related W-E cross sections across the summit craters for 712 selected
earthquakes that were recorded during the pre-eruptive and eruptive
periods. In (A), the sum of the rays contributing to the solution at each
grid node that was defined for the inversion is represented by the density
contours for both P (red lines) and S waves (blue lines). (C) The plot
versus time of focal depths for the whole data set (gray circles), ground
deformation time series related to a central-western GPS baseline (20)
(blue line), and SO2 flux daily measurements (red line). t/d, metric tons
per day. Note (i) the increasing rate of ground deformation since April
2002 (light gray area); (ii) the slight increase in SO2 flux since August;
and (iii) the very high value of SO2 flux (up to È30,000 t/d) measured
during the eruptive period (dark gray area). Fig. 3. (Right) Velocity
models for VP (A) and VP/VS (B) in the well-resolved layers. The white

822

11 AUGUST 2006

VOL 313

contours indicate the regions of the model with SF values G2 and where
the resolution is good (SOM text) (27, 28). The gray lines are elevation
isolines (every 1000 m). The black dots in the Vp model (A) are the
earthquakes relocated with the 3D velocity model. The W-E cross section
of the VP model crossing the grid center (red horizontal line) is reported
in the –7-km layer. In the top left square of (B), historical eruptive
fissures (orange lines), major faults (black lines), and the surface
projection of the 2002–2003 dike intrusions (gray rectangles) modeled
by geodetic data (19, 20) are shown.
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Fig. 4. W-E cross sections showing the variation of the VP /VS ratio during the pre-eruptive periods [(A)
and (B)] and the 2002–2003 eruption (C). The vertical black rectangle in (C) indicates the location of
the 2002–2003 dike intrusion, as modeled by geodetic data in the southern flank (19, 20). The white
and red lines indicate the well-resolved regions of the model with SF values G2 and derivative weight
sum values 950, respectively (SOM text).
2002, following an approximate 8-month period of deflation at the end of the 2001 flank
eruption.
For these inversions and for each epoch, we
verified the reliability of the VP /VS models
(SOM text) as described above, by using both
the analyses of the full-resolution matrix (Fig.
4 and fig. S1) and synthetic tests (fig. S2). In
west-to-east (W-E) cross sections for the different analyzed periods (Fig. 4), we observed a
substantial change of VP /VS anomalies through
time. During the 2002–2003 eruption, strong
anomalies with low VP /VS values were revealed beneath the central-southern and northeastern parts of the volcanic edifice. Conversely,
high or normal VP /VS values were found in the
same region during the deflation after the end of
the 2001 eruption (Fig. 4A) and the pre-eruptive
recharging period (Fig. 4B). The time change
of VP /VS anomalies revealed a variation of both
fluid and fluid pressure in the shallow layers
(depth G5 km), due to the uprising of magma
from greater depth that started only a few
months before the onset of the 2002–2003
eruption (13, 21).
Geochemical and petrological features of
the erupted lavas (13, 22), and evidence for
the expulsion of a large volume of pyroclastic
products E40  106 m3 to 50  106 m3 with an
explosive index of È0.55 (22)^ during the
eruption, support the hypothesis that these
low VP /VS volumes are related to the intrusion
of volatile-rich EQ4 weight % (12, 13)^ basaltic
magma.
During the eruptive period, we observed
wide regions with high VP /VS anomalies mainly
located beneath the eastern and southeastern
flanks of the volcano (Fig. 4C). It is widely
accepted that melt-filled inclusions result in a

high VP /VS ratio (8–10), even if the effects of a
partial melt on seismic wave velocities are still
poorly known. However, the possibility of a
partial melt cannot be entirely excluded from
having occurred inside the regions of high
VP /VS values, especially near the central craters
and southward where the magma intruded
during 2001 (23). We hypothesize that the
high VP /VS anomalies are related to the rapid
migration of fluids from the intrusion zone into
the fractured regions beneath the eastern and
southeastern flanks (24). In these regions,
crack density increases because of the intense
fracturing occurring both during the preeruptive and eruptive periods (see the location
of seismicity in Fig. 2).
On the basis of the geophysical evidence
presented here, we believe that the extensive
application of 4D tomography could be widely
used in volcanic monitoring and in the prediction of violent explosive eruptions generated by
gas-rich magma. However, this technique requires high-quality, densely positioned, threecomponent seismic networks, which were not
available during previous large eruptions at
Mount Etna and are not in place at most volcanoes worldwide.
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15. D. Patanè, C. Chiarabba, P. De Gori, A. Bonaccorso,
Science 299, 2061 (2003).
16. M. Laigle, A. Hirn, M. Sapin, J. C. Lepine, J. Geophys. Res.
105, 21,633 (2000).
17. C. Chiarabba, P. De Gori, D. Patanè, in Mt. Etna: Volcano
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