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Introduction

Mt. Vesuvius is potentially one of the most dangerous volcanoes in the world. It is located practically within the urban area of Naples and its activity is characterized by strong explosive eruptions, like the Plinian eruption that destroyed Pompei in 79 A.D. This volcano has been monitored by the Vesuvius Observatory (V.O.), which has been conductive geophysical and geochemical monitoring since 1841. Starting this time, Mt. Vesuvius has experienced only open conduit eruptions, with some effusive eruptions (see http://www.ov.ingv.it), the last of which (in 1944) was followed by conduit closure and return to an apparently dormant state. From the long historical record it can be hypothesized that Mt. Vesuvius might erupt the next time with a new sub-Plinian eruption.

If an eruption is considered imminent an evacuation plan will be activated for more than 700,000 people living in the "red" zone at the base of this volcano. The start of the evacuation plan is based on a conceptual eruptive model essentially based on the sub-Plinian eruption of 1631, which is well described in many historical chronicles as well as recent publications (e.g. Nazzaro, 1998). The essence of this model is the hypothesis that the next sub-Plinian eruption will be preceded by significative precursors, including seismicity, ground deformation and geochemical changes. Possible seismological precursors include increasing volcanic tremor and/or LP events that could accompany  pressure changes caused by rising of magma. Monitoring effects are followed closely by the Government Commission, which has the responsibility of taking the decision to evacuate.

Arrays (also known as seismic antennas) are specifically used in seismology when it is necessary to track sources generating  non-impulsive signals, like those of volcanic tremor and LP events. An antenna samples the wavefield in time and space, allowing the decomposition of the observed signal into one or more incident plane waves characterized by the two horizontal components of the slowness vector. The estimate of these two components for each coherent wave-packet composing the seismic signal allows an unambiguous definition of apparent velocity and back-azimuth. When applied to volcano monitoring, these techniques offer a powerful tool to track the temporal and spatial evolution of magmatic or hydrothermal sources. Examples of application of these methods to volcanic signals are reported, for example, for Kilauea (Saccorotti et al., 2001), Stromboli (Chouet et al., 1997), Deception Island (Ibanez et al., 2000), and Mt. Vesuvius (Saccorotti et al., 2001).

At Mt. Vesuvius a temporary array was in operation for about 6 months in 1998 (V.O. Open File Report n. 1-1999 – on line at www.ov.ingv.it; Saccorotti et al., 2001). Results from this study exclude for the investigated time period the existence of volcanic tremor and LP events in the background seismicity, which was mainly characterized by volcano-tectonic events with a very slow rate of occurrence (1 event per week in average) and low magnitude (Del Pezzo et al., 2004 and references therein). The results obtained using data collected by this temporary array demonstrated its usefulness for monitoring purposes at Mt. Vesuvius, motivating the installation of a permanent array. Consequently, as first step we deployed a small 4-station antenna that constitutes the first part of a new multi-sensor array that will be soon permanently installed (Fig. 1). The quadripartite array also has the aim of discriminating illegal fisherman blasts or quarry shots that may show waveform and spectral content similar to those of LP events. These artificial events cannot be located with ordinary techniques due to the unfavorable signal-to-noise ratio present at the urban seismic stations of the V.O. network. Using the results of the array techniques, analysts can easily discriminate artificial events from LP events simply because the ray parameter vector for artificial events will not point toward the crater. 
This report describes the new array and preliminary analysis of data from the first year of operation, confirming the usefulness of the array as a monitoring tool. We were able to retrieve the kinematic properties for the transient signals routinely recorded at the array (VT earthquakes, landslides, man-made blasts); we discriminated a number of artificial explosions (illegal sea- or quarry-blasts); we detected a unique (at present) LP event that occurred on July 20, 2003, just a few days after the installation of the array; and we confirmed the absence of  volcanic tremor.

The data-set used for the present analysis is fully available upon request at e-mail address: petrosino@ov.ingv.it.

Seismic activity and seismic waveforms.

The permanent monitoring network operating at Mt. Vesuvius and the background seismicity characterizing this area have been described in a number of papers (Castellano et al., 2002, Del Pezzo et al., 2004 and references therein). In Fig. 1 we summarize redrawn from  Del Pezzo et al. (2004) the distribution of seismic stations and the spatial distribution of earthquakes. The earthquakes shown in these figures are all clearly classified shallow volcano-tectonic events. 

Non-natural seismic events are also present in the background seismicity (Scarpetta et al. 2004), mainly related to blasts from a mine located eastward from Mt. Vesuvius and from illegal fisherman shots that are fired in the sea-water of Naples bay, south-westward of Mt. Vesuvius (informal communication of harbour authorities). These last events produce waveforms similar to those of LP events recorded on other volcanoes; they generally show a band-limited spectrum, with predominant spectral peaks in the 1-6 Hz frequency range (Fig. 2 and 3). A way to discriminate this kind of non-natural seismic events from the volcano-tectonic earthquakes has been recently proposed by Scarpetta et al. (2004) who set up a neural network trained to classify the signals based on the spectral properties of the waveforms. In addition to the artificial explosions, the network records signals from the most energetic landslides that occur inside the volcano crater or at the Mt. Somma flanks (Mt. Somma is the old caldera rim). In this case signals are non impulsive and recorded at the summit stations. They can be discriminated from other kind of events via visual examination of their waveforms and spectral content, which is generally broader compared to that of the blasts, with spectral peaks spread over the 3-16 Hz frequency band.  A classification of the landslide-generated signals has been possible due to a large number of reports referring to the temporal correlation between the visual observation of a landslide (from people staying at the crater) and the occurrence of the signal recorded at the seismic network. 

 The quadripartite array

The seismic array was installed on the south-eastern flanks of Mt. Vesuvius on June 2003 near network station BKE, about 1 km from the crater and at elevation of about 800 m. Initially, 2 vertical Geotech S13 seismometers (BE1 and BE2) were installed near the pre-existing 3-D Geotech S13 seismometer BKE to form a tripartite array with triangular geometry and a maximum aperture of 200 m. In November 2003, after the installation of a vertical Geotech S13 seismometer (BE3) in the center of the triangle, the array became quadripartite. The 3-D sensor is installed in an old reinforced-concrete bunker, together with an analog data logger and radio; the vertical sensors are cable connected with the data logger, and installed at the bottom of 0.5 meters deep holes with concrete bases. The 1-Hz natural frequency Geotech seismometers are damped at the 70% of the critical value. The power for all the instruments is supplied by two 75-Watt solar panels. In case of cloudy weather, 4 lead batteries are able to supply power for about 8-10 days. An analog signal is radio transmitted after frequency modulation to the monitoring center of V.O. in Naples, where it is demodulated, sampled at 100 s.p.s. with a 16 bit A/D Converter (IASPEI standard) after anti-alias low-pass filtering at 25 Hz. The data are stored in SUDS format on PC hard disk. Absolute timing is provided by the DCF signal (77.5 kHz).

Frequency-slowness/ polarization analysis 

a) Array response

The array response depends on the ability of the sensor configuration to correctly sample the seismic signal. The beam-pattern plot is obtained using (Capon, 1969)
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where 
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 represents the response of the array to a vertically incident, monochromatic plane wave. The rule of thumb generally used in accepting the range of useful solutions in array analysis is given by the inequality
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representing the average inter-distance among the nearest sensors.

b) Kinematic properties of the wavefield

We routinely use two techniques for array analysis: MUSIC and ZLCC. The MUSIC technique was utilized for the first time in volcano seismology by Goldstein and Chouet (1994) and by Chouet (1997). It is well reviewed in Chouet (1996) and described in number of papers (see e.g. Saccorotti et al., 2001 and references therein). MUSIC works in frequency domain and provides the possibility of multiple source detection. In theory, the number of sources, 
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some authors use an empirical approach well known in Information Theory known as the Akaike criterion (Chouet, 1996). For simplicity, in our application we fix the number of possible sources to 2.

The ZLCC method works in time domain. It was applied to seismic signals for the first time by Frankel et al. (1991). A detailed description of methodology and error estimate is reported in Del Pezzo et al. (1997) and in Saccorotti and Del Pezzo (2000).

Both methods retrieve the components of the vector slowness from the dominant peak of the slowness spectrum, and hence the ray parameter and azimuth respectively from
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where 
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We apply the array techniques in consecutive time windows with durations equal to twice the wavelength and sliding of one wavelength. We consider as significative all the solutions with a wavelength λSol satisfying the inequality (2) and with a beam-power greater than 0.75.
We tested both MUSIC and ZLCC methods for a selected sample of data and obtained similar results. Therefore in the next section we report only the results from the MUSIC technique.   

c) Polarization analysis and wave types

We investigate the polarization properties of the signals using the time domain approach developed by Montalbetti and Kanasevich (1970). The method is described in the appendix of Ibanez et al. (2000). Polarization analysis allows the discrimination of the wave types composing the signal. We calculate the covariance matrix, C, for the signal recorded  at the three-component station of the  array in the same consecutive time windows used for the array analysis. We deduce the wavefield composition through the pattern of the time behavior of the following parameters, obtained  from the diagonalization of C:

· the rectilinearity, defined as 
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 being the eigenvalues of C);
·  the incidence angle, β, between the polarization vector  and the vertical axis; 

· the difference between the azimuth of the wave vector (array evaluated) and the azimuth ψ of the polarization vector.

Data analysis


To demonstrate the ability of the array to retrieve the kinematic parameters of the wavefield of the seismic signals and discriminate natural from the artificial sources, we describe the results from the application of the array methods to a suite of signal types recorded at Mt. Vesuvius:

1 – Volcano-tectonic earthquakes 

2 – Landslides

3 - Artificial explosions (quarry blasts and fisherman shots)

4 - The LP  event

5 - Noise

1 - Volcano-tectonic earthquakes

Seven volcano-tectonics events were analyzed to check the reliability of the determination of the kinematic parameters of earthquakes occurring on Mt. Vesuvius. The events used for the analysis were selected on the basis of a magnitude threshold criterion, by choosing those earthquakes recorded at the array in the period December 2003 - November 2004 with a duration magnitude greater than 1.5. For each signal we selected a 5-s-long time window (including P and S wave arrivals) starting about 1 second before the P-wave onset. After filtering in a 8 Hz wide frequency band, centered at 4 Hz, we applied MUSIC technique.

The results indicate that the first wave packet (P-waves) of all the analysed VT earthquakes propagates with an apparent velocity ranging from 2500 to 5000 m/s, with a back-azimuth from the crater area (Fig. 4 and 5). This is in agreement with the locations obtained for the same events using the ordinary location technique applied to the data recorded by the permanent V.O. seismic network. Moreover, the polarization analysis coupled with array analysis allows us to identify the arrival times of the different phases P and S for the analyzed VT earthquakes (Fig. 5).

2 - Landslides 

The most energetic seismic signals generated by landslides occurring inside the volcano crater or at Mt. Somma flanks were selected for the array analyses. Of 15 waveforms associated with rock falls only 3 show a very high signal-to-noise ratio. In particular, a landslide on 6 December 2004 was so energetic that its signal (except for the first arrivals) almost entirely saturated the instruments. Consequently we applied the MUSIC method using a 5-sec time window containing only the unsaturated part of the signal. The obtained results highlight a well defined wave-packet propagating from the crater area with an apparent velocity ranging from 1500 to 5000 m/s. The waveform composition deduced from the polarization analysis reveal a dominance of Rayleigh waves (Fig. 4 and 6). 

3 - Artificial explosions

To test the ability of the array to resolve the azimuthal direction of the source of transient signals and hence to discriminate between volcanic events coming from the crater area and artificial blasts occurring in the densely urbanized area surrounding Mt. Vesuvius, we applied MUSIC technique to a data set of presumed artificial explosions recorded during December 2003. During this month, the array detected about 80 seismic signals that were classified as possible quarry or sea blasts on the basis of the visual inspection and of the spectral content of the waveforms. Also the recurrence of these events at a particular time of day (for the mine blasts) or night (for the sea shots) suggests the artificial nature of their source.

For each of the two classes of presumed man-made explosions we selected 10 signals with a high signal-to-noise ratio and applied MUSIC technique to a 10-s-long time window starting about 1 second before the signal onset, filtering at 2.5 Hz with frequency bandwidth of 5 Hz. All of the quarry blasts show back-azimuth vectors pointing south-eastwards, towards the direction of a mine (Fig. 4). The polarization analysis shows a complex pattern of the waveform that is compatible with a strong  Rayleigh wave contribution (Fig. 7). Conversely, for the other class (sea-shots) of signals we obtained backazimuth vectors pointing southward and south-westwards suggesting sea blasts occurring in the Gulf of Naples, mainly along the shoreline between Portici and Torre Annunziata (Fig. 4). The polarization analysis shows that Love (or SH) waves dominate in the coherent portion of the signal (Fig. 7). The first arrivals (wave packets) of both quarry and sea blasts are characterized by quite low apparent velocities ranging from 1000 to 1900 m/s (Fig.  7). 

4 - LP earthquake

Following the classification of Chouet, low frequency (or long period, LP) earthquakes are characterized by a narrow frequency content, generally limited to the 1-5 Hz band, and are related to the magmatic and/or hydrothermal activity of volcanoes. 

On 2003 July 20, the V.O. seismic network recorded at almost all the stations located on Mt. Vesuvius a seismic signal with peculiar features. By visual inspection the waveforms of this event appear quasi-monochromatic (Fig 8). This was confirmed by a spectral analysis revealing a main spectral peak in the 3-4 Hz frequency band for all of the seismic traces recorded by the different stations of the network (Fig. 8). The seismograms reveal emergent onsets, consequently the location obtained using ordinary network techniques is highly uncertain. The most probable source location for this event is close to the crater axis (about 1km horizontal error) with a depth in the first 4 km b.s.l.. An estimate of the duration magnitude yields 1.5, although this scale is not strictly applicable, having been calibrated for VT events (Del Pezzo et al., 2003). For this reason, we calculated the energy of this earthquake (details are described in appendix A) and converted this estimate using equation A5 into the equivalent Duration-Magnitude of 0.6.  

We used array techniques to infer the kinematic properties of the wavefield generated by this event. Although in July the installation of the array was limited to only 3 sensors (2 verticals and 1 3C), the waveforms recorded by the 3 stations showed a degree of correlation sufficient to give stable back-azimuth and apparent velocity values after the application of both ZLCC and MUSIC. The kinematic parameters calculated by using the two methods indicate that the first wave packets propagate from the crater area with a relatively high apparent velocity (2800-3500 m/s) (Fig. 9 and 5). Comparing these results with those obtained for the artificial signals, we exclude the possibility that the event of July 20 was a quarry blast or a sea shot since it has completely different kinematic parameters. Moreover, the polarization analysis evidences a P phase, followed first by an SV phase, then by an SH phase, and the last part of the signal is dominated by Rayleigh waves (Fig. 5).

These observation supports the hypothesis that the event of July 20 is a low frequency volcanic earthquake. It is the only LP earthquake recorded since June 2003 when the seismic array was installed.     

5- Noise

We checked the ability of the quadripartite array to retrieve the kinematic properties of the noise wavefield by analysing some noise samples. We selected 4 120-s-long time windows of seismic noise recorded during the night hours for 4 distinct days (5, 15, 27 July and 2 September 2004). As found by Saccorotti et al. (2001), excluding the component related to the marine microseismic noise, two main peaks (in the 1-1.5 and 3-4 frequency bands) characterize the spectral content of the seismic noise recorded at Mt. Vesuvius. On this basis, we applied MUSIC technique to consecutive, 10.24 s duration time windows, filtering the signals at the center frequencies of 1.4 and 3.4 Hz, with a band-width of 0.4 Hz.
For all four samples, the back-azimuth values are highly scattered, revealing the absence of a predominant direction of propagation of the noise wavefield (Fig. 4). This suggests the absence of any correlated noise and hence the absence of volcanic tremor due to persistently dominant sources. The polarization analysis reveals a complex pattern of the polarization parameters with a predominance of Raleigh waves (Fig. 6). The present results are in agreement  with those found by Saccorotti et al. (2001) using recordings from the 20-sensor temporary seismic array that operated in 1998. The dispersed azimuths are indicative of a strong scattered wavefield with no preferential direction of propagation, and/or the presence of multiple sources suggesting an anthropic origin of the noise.

Discussion and conclusions

The detection of LP earthquakes is crucial for volcano monitoring because these events could be related to hydrothermal and/or magmatic activity signalling a possible eruption. For Mt. Vesuvius, the discrimination of LP quakes from the background seismicity on the basis of the visual inspection of their waveforms and  spectral content is difficult as these events are similar to those generated by the frequent man-made blasts in the area. For the artificial seismic events as well as for the LP events the ordinary location techniques often fail to accurately locate the source. The retrieval of  kinematic properties from array analysis of the wavefield adds useful information to results obtained using ordinary location techniques with data from the permanent network. The most important information is the back-azimuth of the wave-packets recorded at the array; these can be estimated even in case of non-impulsive signal. This is the first element of discrimination, as the potential candidate source area of the LP events is the crater. Second, the detection of coherent energy patches with apparent velocity higher than that associated with surface propagation (typical of the shots) indicate a possible natural source (LP)  deeper than that of the quarry- or sea-shots. Using these criteria we classified the event recorded on July 2003 as an LP event.

Array techniques greatly helps also in retrieving the kinematic properties of the wavefield associated with different types of signals usually detected by the seismic network. For example, although the signals generated by rock falls are very peculiar being easily identified by the sole visual inspection and spectral analysis, the estimate of the kinematic properties of the wavefield makes the information needed for the discrimination more robust. The same happens for the less energetic VT quakes, that are generally recorded only by the stations closest to the crater. The kinematic properties in this case allows a reliable estimate of the time-picking of S-waves, adding this information to refine their location.
 Finally, the continuous routine analysis of the noise kinematic properties reveals to be essential in discriminating possible changes in the background noise level, confirming the usefulness of this kind of analysis. The next steps will be first the installation of more stations, configuring the array in a way more suitable to obtain more robust estimates of the apparent wave vector components. Then the application of routine and possibly on-line application of the array analysis.  
Appendix A

The Duration Magnitude of the VT earthquakes is routinely estimated at V.O by using the following equation derived for OVO station  (Del Pezzo et al., 2003):
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where  DOVO  is the seismogram duration measured at OVO.  

A similar equation was also derived for BKE station:
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where DBKE  is the earthquake duration at BKE.     

However, the application of this scale to the LP events gives results that are not directly comparable with those for VT quakes, as VT quakes generate a seismic coda with different frequency content and duration.

Moreover the use of the empirical formula (A1) leads to an increasing uncertainty in the estimate of the Duration Magnitude with decreasing energy of the earthquakes due to the strong influence of the noise level on the evaluation of the coda length.

To avoid the above problems we introduce an “Equivalent Duration Magnitude” (EDM) scale based on the estimate of the signal amplitude from the displacement spectrum. The use of  this scale is recommended to calculate the Duration Magnitude of both LP or low energy VT earthquakes whose duration can be biased by the noise level. To obtain this new scale, we use a selected data set of VT earthquakes recorded at BKE station. We calculated the vertical component velocity spectrum corrected for the instrument transfer function and estimated the rms amplitude, Arms by using the Parseval theorem. We calculated the energy by using the equation: 
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where h is the source-receiver distance, c the wave velocity, t0  the signal duration, T0 is the predominant period,  is the medium density. A0V is estimated from rms amplitude by A0V = 20.5 Arms whilst T0 from the velocity spectral peak frequency. The corresponding energy magnitude was calculated by:
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Then we assume that:
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and estimate the coefficients a and b with least squares. It results that 
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Figure captions

Fig. 1 - On the left, the epicentral and hypocentral locations of the seismicity recorded at Mt. Vesuvius in the last 10 years is reported. On the right, the topography and the seismic subnet of Mt. Vesuvius is reported. Triangles represent analogical stations; black stars indicate the position of the temporary digital 3D stations; the crossed star indicate the dilatometer site. The rounded rectangle indicate the array site. Coordinates are UTM.
Fig. 2 – Examples of waveforms (vertical component) recorded at BKE station: a) VT earthquake, b) landslide, c) quarry blast, d) sea shot.

Fig. 3 – Examples of spectra of: a) VT earthquake, b) landslide, c) quarry blast, d) sea shot, e) seismic noise.

Fig. 4 – Spatial distribution of the backazimuth vectors obtained from MUSIC analysis for: a) VT earthquake, b) landslide, c) quarry blast, d) sea shot, e) seismic noise filtered in the 1.2-1.6 Hz frequency band, f) seismic noise filtered in the 3.2-3.6 Hz frequency band.
Fig. 5 – Examples of the results obtained applying MUSIC technique and polarization analysis as a function of lapse time for a VT earthquake (on the left) and the LP earthquake (on the right). From the bottom to the top: 1) seismogram of the vertical component, 2) apparent slowness, 3) backazimuth, 4) slowness spectrum power, 5) rectilinearity, 6) difference between the azimuths of the wave vector and the polarization vector, 7) incidence angle between the polarization vector and the vertical axes. The  2), 3) and 4) behaviour has been obtained by MUSIC technique, the others, performing the polarization measurements. The squares in the panels 2) and 3) mark the significative solutions with 
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 and with a beam power greater than 0.75. 
Fig. 6 – The same of Fig. 6 for a landslide (on the left) and a sample of seismic noise (on the right)).

Fig. 7 – The same of Fig. 6 for a quarry blast (on the left) and a sea shot (on the right).

Fig. 8 – Seismograms of the LP earthquake occurred on 2003/07/20, recorded at the seimic array (upper panel) and spectra at the different station of the seismic network (lower panel).
Fig. 9 - Spatial distribution of the backazimuth vectors obtained from MUSIC analysis for the LP earthquake. The sectors highlighted in dark grey correspond to the directions of the first arrivals.   

Fig. 10 – Relation between Duration Magnitude and Energy Magnitude. 
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