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Brief Report 

Project title
Design and development of a seismic monitoring and alarm underwater network in areas highly exposed to seismic risk - Development of a first node in Eastern Sicily (SN-1)
Co-ordinator: Drs. Laura Beranzoli, Istituto Nazionale di Geofisica e Vulcanologia, Dept. Roma-2, Unit RIDGE, Via di Vigna Murata 605, 00143 Roma, ph.+39-06-51860418, fax .+39-06-51860338, e-mail beranzoli@ingv.it
Introduction
The project was aimed at establish a multiparameter seafloor observatory off-shore eastern Sicily and create the conditions of an optimal exploitation of the observatory data through revision of tectonic, geodynamic and seismicity frame of the eastern Sicily from the Tyrrhenian coasts to the southernmost Ionian coasts. The observatory data themselves are used for the knowledge updating and are analysed to demonstrate the increased monitoring capacity of a land-marine network. 
Accordingly, the project was based on technological and scientific research components and had the following general objectives:

1.
Development and deployment of a deep-sea multiparameter observatory (SN-1) for at least 6 months off-shore Eastern Sicily and validation of the system through the observatory data quality control and analysis; 

4.
Revision and updating of the knowledge of the tectonics, geodynamics and seismicity, of the Eastern Sicily and western Ionian Sea area through combination of traditional (e.g., tomography) and new methodologies and techniques  of data analysis to already data available from other studies  and through the acquisition of new observations also in marine areas.
3.
Evaluation of the improvement in earthquake locations determined by the integration of land network data and marine network data in sample areas of the north eastern Sicily using data from previous seafloor seismological monitoring campaigns.
The project also took advantage of the results of a parallel GNDT project coordinated by Dott. Argnani and titled “Evaluation of geological hazards in the seas around Italy: earthquakes, tsunamis and submarine slides” with reference to the geometry, kinematics and tectonic history of the Malta Escarpment.
Description of the activities
The project activities are based on different disciplines traditionally far from each other. The motivation of that resides in the manifold aspects involved in the completion and operation of a monitoring system at seafloor: as examples, the seafloor site selection asks for geological information of marine areas; the observatory design and system architecture has to be based on the types of sensors to be hosted by the observatory and on the sensor installation and measurements requirements fixed by the scientists to obtain reliable data; finally, the seafloor observatory data elaboration have to be framed in an up-dated/revised tectonic and geodynamic models of the area of interest. Accordingly the Research Units of the projects represent the different components needed for the completion of both the specific technical activities and the scientific ones. The Units have worked in close coordination according to an agreed schedule of activities.
The activities leading to the fulfilment of the project objectives can be schematically, grouped according to the following tasks:

Task A. Site Characterisation - Revision of published data, and collection and analysis of new data to provide an up-dated tectonic model of the eastern Sicily, as a frame for the seismological data of the SN-1 Observatory. New geological observations also from marine surveys off-shore eastern Sicily were necessary to select and characterised the candidate site for observatory deployment. Particular attention was dedicated to the identification and characterisation of seismogenic structures,  elaboration of suitable Earth models for hypocentre localisation which are considered fundamental elements for the hazard mitigation. 
Deliverables of these activities, like geotechnical parameters and morphology of the deployment site and Earth’s structure  models,  are input for activities mentioned below in Task B and C respectively.
Task B. Design, development, test and operation of the SN-1 seafloor observatory – The design of the SN-1 observatory took into account the technical solutions conceived and adopted in the GEOSTAR and GEOSTAR-2 projects which developed an innovative multiparameter autonomous seafloor monitoring systems successfully validated during a long-term mission in 2000-2001. The SN-1 observatory was developed in accordance to specific requirements for the safe management from the sea surface through MODUS vehicle developed in the GEOSTAR projects, the periodical check of the observatory status,  and the proper sensor installation to acquire reliable data.  The seafloor observatory data are the input of Task C (e.g., analysis for the validation of the system). 
Task C. Data Processing and integration – This activity relates to data quality control, data analysis and, for seismological data, integration of land-based data and marine data both from SN-1 and from an Ocean Bottom Seismometer temporary network deployed in the southern Tyrrhenian basin. Outputs from this task could eventually suggest a revision of the observatory design (e.g., modification of sensors installation, input to Task B) and integrate the site characterisation (input to Task A). 

The links among the project tasks are represented in Figure 1.
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Fig. 1.- Scheme of the links among main tasks.
Task A – Site characterisation
Foreseen objectives: i) elaboration of an up-dated tectonic model; ii) Improvement of the spatial resolution of Vp and Vp/Vs tomographic models available for the lithosphere and uppermost mantle of Eastern Sicily and southern Tyrrhenian basin and  identification of seismogenic faults both on land and off-shore through the investigations of hypocenter locations, focal mechanisms and seismogenic stress; iii) elaboration of bathymetric map of the observatory deployment area and morphological and geotechnical feature setting of the area through methodologies of marine geophysics; iv) development of analogue experiments in laboratory for the simulation of slab processes.
Achieved objectives: the foreseen objectives were achieved.

Novel methodologies: new methods of analysis and combination of classical methods of analysis were applied to developed a laboratory for the analogue simulation of subduction and other geodynamic processes having an important role in the area of SN-1 deployment. A multidisciplinary approach by combining structural, neotectonic, seismological, magnetic and reflection seismic data was developed to unravel the seismo-tectonic evolution of the structures (e.g., the Tindari Fault and Hyblean foreland flexure).  Such an analysis is the first example in which these methods are combined to analyse the lithosphere flexure, which has been classically studied, to date, by gravity and deflection data and by physical and numerical modeling. Moreover, the laboratory for analogue experiments in the field of Earth sciences (e.g. subduction, orogenesis, basin development, and strike-slip belts) located in the Dipartimento di Scienze Geologiche of the University of Roma Tre, and made available by this project can be used for other experiments on subjects of interest for the Italian  Dipartimento della Protezione Civile.
Achievements 

i) Elaboration of an up-dated tectonic model - The most outstanding result from these studies is that the contractional strain between Africa and Eurasia in the western Mediterranean is presently accommodated across a compressional belt in the southern Tyrrhenian Sea and a compressional belt in the Ionian Sea. These belts are linked by a NNW-SSE accommodation zone along the eastern Sicily and western Ionian Sea. This accommodation zone includes epicentres of several, recent and historical strong earthquakes. The segmentation of the contractional belt and the formation of the relative accommodation zone are linked with the segmentation of the subducting slab due to its heterogeneous rheological properties. Fig. 2 shows schematically a possible evolution of the east Sicily accommodation zone since the Late Pliocene. 

Most of the data and relative interpretations discussed above are included in the listed publications. Some data and results are included in papers, which are submitted for publication or are in the final phase of preparation. The following are the most important achievements arising from our researches:
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Fig. 2 - Two-stage model for the evolution of the Tindari Fault within the complex Africa-Eurasia suture zone in Sicily and adjacent areas. (a) Likely tectonic setting at the Late Pliocene-Early Pleistocene time. At that time, the external thrust front of the Maghrebides-Apennines system was active in the Ionian Sea and southern Sicily by migrating towards the south and southeast. Extensional processes were active in the Tyrrhenian Sea (i.e. within the Marsili basin. The strike-slip Tindari Fault was reactivated under extension by back-arc processes. White arrows in the southeastern Tyrrhenian Sea indicate the extension direction as related to back-arc processes. (b) Present-day tectonic setting. The thrust front in the southern Sicily is inactive since at least 0.7 Myr. The northward migration of Africa (i.e. 1.7 mm/yr) is presently accommodated, to the east, along the S-verging thrust front in the Ionian Sea, and, to the west, along a N-verging thrust front (inferred from earthquake fault-plane solutions) in the southwestern Tyrrhenian Sea (i.e. to the west of the Tindari Fault). A NNW-trending, dextral accommodation zone in eastern Sicily, including the Tindari Fault, links 

these active thrust fronts. Black (contraction) and white (extension) arrow pairs show the seismogenic stresses. Note that volcanoes along the active contractional front in the southern Tyrrhenian Sea are presently inactive (i.e. Alicudi, Filicudi, and Ustica), whereas volcanoes along the accommodation zone are mostly active (i.e. Etna, Lipari, Stromboli and Vulcano).

- Analysis of the Tindari Fault. It is a regional structure located at the transition between ongoing contractional and extensional crustal compartments in the continental margin of the southern Tyrrhenian Sea. We used onshore structural analyses, an offshore seismic reflection profile, and earthquake data to constrain its geometry, kinematics, seismicity, and tectonic history. Results showed that this structure consists of a broad NNW-trending system of faults including sets of right-lateral, left-lateral, and extensional faults as well as early strike-slip faults reactivated under extension. The Neogene-Quaternary history of the Tindari Fault involved an early stage as a right-lateral strike-slip fault, probably a lateral-ramp of the Calabrian thrust sheets during their 
southward migration. Subsequently, the Tindari fault propagated down-dip into the underlying Maghrebian formations and was reactivated under extension for the influence of subduction-related processes that led to the formation of the Tyrrhenian back-arc basin. Seismicity and neotectonic data provide evidence that this fault is still active in its northern sector, mostly as an extensional dip-slip structure. Within the geodynamic context of the central Mediterranean region, we interpret the Tindari Fault as the northwestern segment of an accommodation zone linking the ongoing contractional belts in the Ionian Sea and southern Tyrrhenian Sea regions. Results and interpretations will be provided in a paper that is presently submitted to “Tectonics”.

-
Analysis of the Hyblean foreland flexure. To contribute to the understanding of the bending and subducting aptitude of continental lithospheres, we studied the deformational fabrics of the Hyblean Plateau in southeastern Sicily (Italy). The Hyblean Plateau is an isolated and complex forebulge structure lying on continental crust. It is located in front of a reentrant of the Maghrebian thrust-fold belt and is partly surrounded by two orogenic salients. We collected, analysed, and compared magnetic (anisotropy of magnetic susceptibility) and structural (joints, faults, and bedding attitudes) fabric data from Neogene carbonate rocks exposed atop the Hyblean Plateau. Results showed unidirectional fabrics developed in response to a NW-SE extension at the end of Early Miocene and beginning of the Middle Miocene, and duple-to-multidirectional fabrics developed in response to major NW-SE and NE-SW extensions from the Langhian onward. These results are interpreted as the evidence for the growth of a multiply plunging forebulge due to the presence of foreland crustal heterogeneities, which enhanced differential retreating processes and the subsequent formation of orogenic salients and reentrants. A semi-analytical model showed that the observed deformational fabrics may be penetrative and may have involved the carbonate sedimentary cover of the Hyblean forebulge for a minimum of ~2 km and a maximum of more than 5 km in thickness, thus reducing significantly the lithosphere flexural rigidity and enhancing its bending and subducting aptitude. The results obtained are consistent with the stress regime in the Hyblean region as inferred from earthquakes borehole breakout data. Results and interpretations will be provided in a paper that is presently submitted to “Tectonics”.
ii) Improvement of the spatial resolution of Vp and Vp/Vs tomographic models available for the lithosphere and uppermost mantle of Eastern Sicily and southern Tyrrhenian basin and  identification of seismogenic faults both on land and off-shore through the investigations of hypocenter locations, focal mechanisms and seismogenic stress - Tomographic analyses were performed by Thurber's SIMULPS method using P and S arrival times of local earthquakes recorded in south Italy between 1978 and 2001. The 3D distributions of P velocity (Fig. 3) and Vp/Vs ratio (Fig. 4) in the crust and upper LID beneath Calabrian Arc were determined with an accuracy (inversion grid spacing between 10 and 40 km) higher than obtained in the previous investigations (> 30 km). Velocity models from tomography (see papers in the publication list) brought improvements in the practice of hypocenter location and focal mechanism computation, leading to preliminary detection of faults which were active in the study area during the period of investigation (again, see papers in the publication list). The new data published on location, kinematics and dynamics of seismogenic faults improve the database needed for seismic hazard estimates in the study area, and this is a direct contribution to the activities of the Dipartimento della Protezione Civile.
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Fig.4 - Vp/Vs model obtained by tomographic inversion (Barberi et al., 2004). The number in the lowright corner indicates the depth b.s.l. in kilometers. The white curves contour the zones where Spread Function values are less than 2.0
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A new 3-D model was also obtained for the deep P-wave velocity structure of the Southern Tyrrehenian Subduction Zone using, for the first time, teleseismic waveforms recorded by marine instrumentation during the TYDE experiment. We selected 40 teleseismic events of Mb greater than 5.5, recorded by both a temporary network of Ocean Bottom Seismometers and Hydrophones (OBS/H) deployed in the frame of the TYrrhenian Deep Experiment-TYDE (6-month campaign)  and the national seismological centralised network (RSNC). The final data-set consists of 2904 P and 314 PKPdf  phases. The PKP events are used to improve the sampling of the target volume, because characterized by the near-vertical incidence angles. The upper mantle structure is reconstructed down to 500 km depth by a nonlinear inversion of the relative residuals computed with respect to the reference 1-D velocity model AK135 (Kennet et al., 1995). We obtained a tomographic model with a higher resolution and larger extension than previous models thanks to the inclusion of the TYDE recordings. The tomographic reconstruction confirms the presence of the Tyrrhenian slab imaged as a high-velocity body extending from the uppermost mantle down to the bottom velocity model with dip 70°-75° NW (Fig. 5). The geometry of the slab is characterized by a lateral extension of about 200 km in the depth interval 150-300 km, where is concentrated most of the deep seismicity. At upper most mantle depths, the fast structure has smaller lateral dimensions (about 100 km). Moreover, this new inversion points out a wide low-velocity zone, facing the steeply dipping fast structure, from the lower crust down to about 450 km. This feature suggests a 

Fig. 5 - Distribution of the RSNC network and the TYDE OBS/H temporary network  used in the tomographic inversion (left panel) and P wave velocity anomalies along the NW-SE vertical cross section through the 3-D velocity model.
pronounced thermal anomaly induced by the slab retreat and the subsequent up-welling of asthenospheric material in the Tyrrhenian basin.
iii) Off-shore site selection for the observatory deployment - The expected objectives of off-shore Site selection were achieved by the elaboration of bathymetric map of the deployment area together with morphological and geotechnical features through methodologies of marine geophysics. A specific sea cruise was performed by means of the R/V Urania in the Ionian Sea, off Catania town. The acquisition of depth data was obtained through very high resolution CHIRP profiles (sub-bottom profiles) which provided both bathymetric profile and seismo-stratigraphic images down to few meters under the sea-floor. The investigated area, between 15°20’-15°35’ Long. Est and 37°15’-37°37’ Lat. Nord, was selected considering both the existing bathymetric and geological maps, both the scientific literature. 7 N-S CHIRP profiles and 8 E-W CHIRP profiles were acquired, in more than 160 Nautical Miles and 32 hours of data acquisition. The morphology is characterised by a subplanar area, reaching –2075 meters of depth at the coordinates 37°29’N 15°25’E, bordered at west and north by a steep scarp. Eastwards the seafloor rises with a slight dip, while south of this area is present a small relief with the top a little below –2000 meters. A wide flat area at –2100 meters, slightly dipping towards SSE, characterises the area south of the relief. CHIRP profiles didn’t put in evidence any rocky outcrops from the seafloor. Erosive phenomena prevail in some areas, mainly due to the deep water bottom currents, while somewhere else the sediment deposition is testified by a dense stratification. Two gravity cores, realised in sub-planar areas, present some decimetres of semi-fluid sediments over sill strata. The length of cores does not exceed 80 centimetres, due to the increasing consistency of the sill hampering the corer advance.

According to the cruise observation and measurements the selected site for the observatory deployment was 37° 26,53312’ N, 15° 23,58716’ E.
A regional detailed bathymetric coverage was obtained through the use of Multibeam instruments. Furthermore, analysis of reflectivity of the seafloor helped to recognise whether the processes related to the generation of geological structures have been recently active or whether the structures are sealed by normal marine sedimentation. The most outstanding feature of the off-shore eastern Sicily area is the development  of the basin-floor Messina Canyon together with its tributaries. In addition, both the Sicilian and Calabrian margins are further cut by a large number of smaller canyons that often  feed into the basin-floor canyons. Given the objective of identifying  faults systems that presently affect the seafloor, the availability of a detailed bathymetry  was a critical factor in discerning between sediment transport pathways and tectonic lineaments. This led to the identification of a NW-SE (N140°) fault that affects the seafloor  across the entire surveyed area (~100 km). Fault throw  is generally in the order of 100 m, down to the southwest. In point of fact, the basin-floor canyon system however becomes an important aid once a tectonic lineament is individuated. In effect, although the Messina Canyon does not  seem to develop along fault lines, it is considerably affected by the fault in that it deviates radically from its generally southwardly course to a fault directed trend. 
iv) Analogue experiments on the subduction of the Ionian lithosphere. A set of experiments developed to simulate the complex Ionian subduction system, which involves both oceanic and continental lithosphere, showed that the deformation of the overriding plate depends, among other factors, on the velocity of both the overriding and the subducting plates and, most important, on the rheological heterogeneity of the subducting plate (i.e. oceanic-to-continental lateral transition). In particular, deformations tend to localize along the transition from oceanic to continental crusts. These results are consistent with the seismological data on the Ionian area and with the results provided by Dr. A. Argnani in the framework of the GNDT project “Evaluation of geological hazards in the seas around Italy: earthquakes, tsunamis and submarine slides”. Results will be provided in proper papers, which are now in preparation.

Task B – Design, development, test and operation of the SN-1 seafloor observatory
Foreseen objectives: i) Observatory set-up: selection of suitable material and development of the observatory frame, development of the Data Acquisition and Control Unit (DACS) using, selection of the sensors and installation of the sensors, integration of the whole system, tests in dry and wet condition, mission simulation and check of the status and scientific data acquired during the tests. ii) long-term mission carrying out.
Achieved objectives: the foreseen objectives were fully achieved.
Novel methodologies: The observatory frame manufacturing made use of special techniques for the working and welding of light alloy materials. The use of very low power consumption electronic and the selection of low power sensors represent a new approach to the realisation of complex autonomous marine long-term monitoring system. An alternative procedure for the proper installation of the seismometer on the seafloor was adopted and validated and can be exported to other similar experiments.

Achievements 

i) Observatory set-up - The observatory design and development were based on the following requirements. 

· dimension and weight suitable for the arrangements of sensors and devices, and for the management through MODUS (Mobile Docker for Underwater Sciences), a special underwater vehicle developed in the previous GEOSTAR projects allowing an assisted deployment/recovery from the sea surface (see  Fig. 6 for a scheme of the operation);
· type of materials to be resistant to high pressure and to the corrosive effect of the sea water;

· low power consumption electronics to extend as much as possible (more than 6 months) the power autonomy provided by a battery pack suitable to the frame.

· accommodation of a specific device for the seismometer decoupling from the observatory frame and the proper coupling to the ground.
An additional activity concerned the development of a prototype of gravity meter for marine application devoted also to the acquisition of low frequency seismological signals down to 10-5 Hz. For the sake of shortness, gravity data are reported in the Observatory Data section (pag. 21).

The complete sensor equipment is reported in Table 1.

Table 1

	Sensor
	Model
	Sampling rate

	Three- comp. broad band seismometer1
	Guralp CMG-1T
	100 sample/s

	Hydrophone
	OES E-2PD
	80 sample/s

	Gravity-meter
	Prototype developed by IFSI-CNR2
	1 sample/s

	Three-comp. Single point

Current meter
	Falmouth 3ACM-CBP-D
	2 sample/s 

	Conductivity, Temperature and Pressure sensor (CTD)
	Sea Bird SBE-37
	1 sample/12 m

	On the shelf sensors 
	Different suppliers
	Different sampling rate according to the mission phase.


1Provided by GEOSTAR project                                                    2INGV-IFSI agreement
A special device for the proper seismometer installation, already developed within GEOSTAR projects, was adopted and refined. The device is a seismometer housing kept fastened to the observatory frame till the landing on the seafloor. Once completed the observatory deployment, the housing is dropped from a height of 30 cm above the observatory’s foot plane in order to fulfil the ground coupling. This procedure represent an alternative to the deployment procedures commonly adopted at present which can be identified in two main categories: the free-falling installation procedure, and the burial installation procedure. The first procedure is quite fast and, in the descent, only takes advantage of the negative buoyancy of the seismometer module without any control on the module orientation and on the landing site. The recovery of those systems is usually performed by pop-up procedure and thus they need to be sufficiently light. The latter procedure  is considered the best one with respect to optimal signal-noise ratio but can only be performed by means of Remote Operating Vehicles (ROV) driven from land to dig a proper hole in the seafloor, and install the sensor inside through ROV’s handling devices. Of course, also the recovery need the use of ROVs. This procedure is very expensive and feasible in particular conditions. 
The procedure for the deployment of  SN-1 seismometer was validate by means of the data processing (see Task C). The procedure, although not requiring the use of traditional ROVs, guarantees an assisted deployment, images of the deposition site and sensor orientation through a compass. 
The integration of the different devices and sensors inside the observatory was performed by systematic tests of the interface devices. 

The test phase of the system was considered crucial for the accomplishment of the long-term seafloor mission and specific test procedures were fixed to verify sensor functionalities, proper interfacement among sensors and Data Acquisition and Control System (DACS), interfacement with MODUS, and functionality of the acoustic system. Single sensors and devices were also pressure tested.  The tests of the complete system were performed both in laboratory and in basin simulating periods of mission.

ii) Long-term mission - The logistics to perform the marine operations was searched in accordance to requirements of adequacy and safety with respect to controlled deployment/recovery procedure and positioning at seafloor (e.g., dynamic positioning, sonar, navigation system). The planning of the mission was based on a detailed scheduled including the preparatory activities to the mission (assembly and final checks), the accurate selection of the technical personnel to be included in the sea operation team, the training in harbour of the ship crew, specially of the ship captain, for an optimal interaction with the operative team and the correct management of the sea operations.

The deployment and recovery operations confirmed the complete feasibility and reliability of the observatory management from the sea surface through MODUS down to more than 2100 m w.d.. Monthly inspections during the mission on the deployment site by means of a ship of opportunity allowed the check of the observatory functioning through the acoustic communication system (Fig. 7)
Within 2004, the SN-1 observatory will be redeployed in the same area  and by means of an underwater electro-optical cable already available and managed by the Italian Istituto Nazionale di Fisica Nucleare for the NEMO (Neutrino Mediterranean Observatory) pilot experiment,  will be powered from land and will transmit the acquired data in real time to an on-shore station. The connection to the cable will be achieved by means of a special junction box already developed by INGV with institutional funds. 
[image: image7.jpg]41°00"

39°00"

12000

14000

Figwe

16°00"

18°00"





Fig. 6 - Operational scheme; the management of the system is performed from a ship: an operator drives MODUS during the operations. 
The scheme also depicts the next installation in the same area of the first mission of SN-1, in synergy with the NEMO pilot project (NEutrino Mediterranean Observatory). 
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Fig. 7 - SN-1 managed by MODUS during the deployment (left picture). The periodical acoustic checks were performed through an acoustic surface unit (upper-right picture) equipped with an acoustic transducer (bottom-right picture).

Task C – Task C.
Control of the data quality, data analysis and, for seismological data, integration of land-based data and marine data for sample areas.
Foreseen objectives: i) Evaluation the quality of the observatory data also through multidisciplinary approach; ii) evaluation of the contribution of the observatory data to the local seismicity monitoring; iii) analysis and integration of the seismological  observatory data with the land based data and evaluation of the improvements of hypocenter locations through the integration of a marine and land seismological data for samples areas.
Objects achieved: The foreseen objectives have been fulfilled
Novel methodologies: The availability of a deep-sea observatory ready to be operated in a permanent way and integrated in the existing networks represent an opportunity to imrove the present monitoring capability of the land network.
Moreover, a multidisciplinary data analysis procedure was drawn up for the validation of the seismometer installation procedure adopted in SN-1 observatory.  In particular the analysis is based on the exploitation of the current meter data and on the use of a the seismological signals coherence function estimated using multiple-taper analysis to characterise the noise sources in the site. The procedure will be assumed as a standard in next similar experiments and is the subject of a paper in the final phase of preparation.
Achievements 

i) Evaluation of the quality of the observatory data using a multidisciplinary approach - The analysis of the observatory data has the twofold aim to validate the proper installation of the sensors (especially of the seismometer) and the data acquisition procedure with special regard to the unique time reference provided by the seismometer’s clock.
Analysis of the observatory data has demonstrated the reliability of the observatory Data Acquisition and Control System (DACS) managing the data flow from the sensors to the hard disks: only few gaps were found in the data streams of the highest sampling sensors (seismometer and gravity meter), each gap matching exactly the signal duration of a data package. The data loss of the seismological data has been estimated < 0,5%, which is an optimal result considering the operative condition of the system (stand-alone). Clock time error over 6 months working period was estimated of the order of 50  ms. 

The data from oceanographic sensors installed on the seafloor observatory (current meter and CTD sensor) where considered in order to characterise the seawater current regime at the deployment site and to estimate the water current effect on the seismological signal to improve the signal-noise ratio using appropriate filtering techniques. In the SN-1 site, the water velocity current measurements provided by the current meter, have shown a north-south component (Vy) in general larger (values ranging 1-15 cm/s) of a factor of about 2 than the east-west (Vx) and Vertical components (Vz) (values ranging 2-8 cm/s). This suggest that the seawater regime of the water current at SN-1 site is driven by the alternate flow of the water masses from an to the Tyrrhenian basin through the Messina Strait located north of the observatory site. As expected, the horizontal components are noisier than the vertical. 
The analysis of the seismological background seismic noise is a fundamental aspect for the validation of the seismometer installation quality. 

The noise power spectral density (NPSD) was calculated using a classical Welch periodogram on a 3 hour period. The NPSD shows two typical microseismic peaks around 0.2 Hz. (Fig. 8).On the less noisy vertical component the secondary microseismic peak is visible as well as the “low noise notch”. In the quiet period preceding Etna’s activity, noise spectra analysis shows that for all 3 components NPSD has values within Peterson’s noise model curves, at all frequencies for the vertical component and in the interval 0.05 Hz to Nyquist frequency (50 Hz) for the horizontal components. 

Noise at low frequencies (below the microseismic band), especially on the horizontal components, seems to be caused mainly by sea-floor  currents. Currents flow around the instrument, increasing the overall acceleration acting on the seismometer, especially on the horizontal plane (W. C. Crawford and S. C. Webb, 2000). Such effect becomes important for the vertical component when the instrument is not precisely levelled. In the case of SN-1 seismometer, auto-levelling has a precision within 0.2 degrees.
Due to the observations on the water current measurements and the related considerations exposed above (very strong currents in the N-S direction), we expect currents to play an important role. Coherence analysis of the seismometer components is useful to infer the different background noise sources (W. C. Crawford and S. C. Webb, 2000). Complex coherence is estimated using a multiple-taper analysis using Slepian nπ  prolate functions (Thomson, 1982). With this technique it is possible to optimise spectral resolution and calculate confidence levels for calculated coherence. We applied the Multi Taper Method  (MTM) algorithm 
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Fig. 8 - Examples of noise power spectral density computed over 100 s of the SN-1 observatory seismological recordings before Etna 2002 eruption (left), during eruption (centre), after the eruption (right). The noise signal of the vertical component is well inside the Peterson model lines also during the noisy period; the horizontal components follows the Peterson’s model in the frequency range 0.1 Hz – 50 Hz (Nyquist) while deviation from the model can be observed for the horizontal components in the frequencies < 0.1 Hz. 
developed by  J. Park as modified by M. Mann (Mann and Lees, 1996). For major details see also Mann and Park (1993) and  Vernon et al. (1991).
Figure 9 shows the magnitude squared of the complex coherence (continuous line) and the 95% confidence level (segmented line). Our analysis shows coherence between the vertical and NS components, at frequencies below the microseismic peak, strong  coherence around 10-3 Hz  and moderate coherence around 10-4.
An ulterior coherence analysis confirms a relation between the NS components of the current-meter and the seismometer at frequencies. Figure 9 shows the magnitude squared of the complex coherence and also the 95% confidence level. 
[image: image11.jpg]Tyenin S o
i Se

Topogaphy (e

B
H

00
Distanoe 4m)

4 2 2 4 0 o1 2z 3 4
Veladty Pt stons (%)



[image: image12.png]



[image: image13.jpg]Shore station

(Catania)
GEOSTAR
cable and winch

=
N
\_

N

/ Seismic
N2 Observatory

‘ experirent /





Fig. 9 – Magnitude squared coherence between Y current meter and seismometer components (upper-left panel); X current meter and seismometer components (upper-right panel).

Z and Y seismometer components (bottom-left panel).
This last result shows that the strong N-S currents have an effect which is independent from the turbulence just around the seismometer case. Coherence analysis shows that both turbulent local current and general current regime affect the noise spectra. Also it shows that tilt is an important cause of noise on vertical seismometer component. Further steps can be the subtraction of coherent signal from the horizontal components associated with tilt to improve the signal-to-noise ratio at low frequencies.
ii) evaluation of the contribution of the observatory data to the local seismicity monitoring - Recordings of SN-1 seismometer were analysed in order to prepare a triggers bulletin containing the time readings of seismic waveforms. The observed seismic waveforms were subdivided in three main categories: teleseisms, regional events (S-P time > 17 seconds, corresponding to an hypocentre distance of  ≈ 120 km), local events (S-P time < 17 seconds). We checked some regional, national and worldwide bulletins to verify if the triggers observed had a correspondence with located seismic events. Table 2 presents a check on 103 days period of the SN-1 triggers bulletin. The total of the triggers observed were subdivided in three categories: A) Triggers of events located from land regional, national or worldwide seismic networks, and reported on seismic bulletins. B) Triggers of events recorded from few land stations and not located, but reported on seismic bulletins as single station triggers. C)  Triggers of events detected by SN-1only. More than 15% of events recorded but not located by land networks (cat. B), could have an hypocenter adding the SN-1 recordings to the existing waveforms. A significant amount (42%) of local, low magnitude seismicity is not recorded by land networks. It means that the actual knowledge of the seismogenic sources in coastal and off-shore areas of the Eastern Sicily is incomplete.
Table 2
	
	A
	B
	C 

(SN-1 only)
	SN-1 total triggers 

(A+B+C)

	Teleseismic

Events
	  21
	-
	-
	21 (2%)

	Regional Events
	157

	   9

	 12
	178 (18%)

	Local 

Events
	240

	141

	394

	775 (80%)

	Total
	418 (43%)
	150 (15%)
	406 (42%)
	  974 (100%)


iii) analysis and integration of the seismological  observatory data with the land based data and evaluation of the improvements of hypocenter locations through the integration of a marine and land seismological data for samples areas - In the analysis of local seismicity, the readings of time arrivals from both OBS/H and land-stations have been considered to localize seismic events. Three clusters of events representative of the seismic activity of the area, both crustal and deep, have been identified. Figure 10 shows the location of the events of the clusters, obtained through the use of OBS-OBH readings.
The analysis of the integrated data set of the seismicity off-shore and on-shore (Fig. 10), obtained from the combined land-OBS/H seismic network, has improved locations in term of rms residuals, azimuthal gap, and both epicentral and hypocentral errors. Moreover, other two clusters have been focused on and analysed: the first one includes some local events that could be located only by integrating the few available land-stations readings with OBS/H readings (green symbol in Fig. 10); the second one comprises local events that have been detected only from OBS/H stations (blue circles in Fig. 10).
In particular, the last cluster underlines the importance of an OBSN (Ocean Bottom Seismometer Network) in a deep basin area to reveal its unknown intense micro-seismicity, permitting to better understand both the tectonic and geodynamic picture of the area. 
Conclusion

The project has developed and validated a seafloor observatory, namely SN-1,  for geophysical and oceanographic measurements able to be integrated in the land network. 
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Fig. 10 – Location of the seismicity of the southern Tyrrhenian Sea by integration of land network and OBSN. Deep events (black circle), and the sequences of Ustica (red circle) and Nebrodi-Peloritani (yellow circle) are shown. Green circles are events that could be located only by integrating the few available land-stations readings with OBS/H readings, while blue circles mark events only detected by the OBS/H stations.

The novel seismometer installation procedure adopted in SN-1 to be a reliable alternative with respect to the other more common procedures.  The multiparameter approach to the data processing through the use of coherence analysis reveals to be a powerful to for the improvement of the signal-to-noise ratio. 

Seismological data from SN-1 provided a significant contribution to the monitoring of local seismicity also showing the presence of an abundant seismicity in the Ionian sector which is not presently detected by land stations.
The observatory is now ready to be deployed again in the same site of the first mission and connected to the INFN underwater cable, becoming the first European cabled multiparameter seafloor observatory. Moreover, SN-1 site has been identified as one of the node of European Seafloor Observatory NETwork (INGV participates as partner), funded by the European Commission and aimed at promoting a European seafloor network of observatories from the Baltic Sea to the Black Sea. 
The analysis of the data from a temporary OBS/H network integrated to land data  deployed in the Tyrrhenian sea revealed the significant improvement of the monitoring and localisation of the seismicity. 

A multidisciplinary approach by combining for the first time structural, neotectonic, seismological, magnetic and reflection seismic data, both published and new, was developed to identify significant structures and unravel their seismo-tectonic evolution also with the contribution of local and teleseismic tomography.  
The off-shore surveys of marine geophysics produced a regional detailed bathymetry leading to the identification of an extended ( NW-SE (N140°) fault that affects the seafloor  across  (~100 km) radically deviating the Messina Canyon. 

The project was the fruit of extraordinary efforts of the different technological and scientific components and has confirmed the prominent role of Italy with respect to the seafloor monitoring.  
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Teleseismic Event –20:09:11 2002 October 12, Mw 6.9, Depth 534 Km, Lat. –8300 Long. –71.740 Distance 92°53’; Brasil. Top: The seismogram starts at 20:16:40. Onset of some P red line) and S seismic phases is clearly recognisable. Left: Zoom of the first high-frequency P-waves onset.
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Regional Event: - 04:36:53 2002 October 20, Ml 4.0, Depth 3 Km, Lat. 35.830 Long 22.110; GREECE (Creta Island). P, S and T waves are clearly recognizable.
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Local Event:  - 16:39:47 2002 October 20, Ml 4.1, Depth 5 Km, Lat 37.605 Long 15.214; Offshore Etna. 
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Etna seismic activity: 1 hour of seismometer recording starting from 01:00 UTC, 2002 October 27, showing the low magnitude seismic activity related to the starting phase of the 2002-2003 Etna eruptive period. 28 events were recognised on this record during the waveform analysis.
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Power Spectral Density of a local event of Md- 2.1 recorded by the seismometer on 26 December, 2002
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Power spectral density of the 26 December, 2002 in the range 1 Hz - 50 Hz.

Gravity meter data (acceleration) – Top: recordings of numerous Etna earthquakes of the 27 October 2002. Bottom: registration of an earthquake occurred in Alaska from November 02,  18:00 UTC  to November 03, 18:00 h UTC. For comparison both of seismograms, the vertical scale is limited by value of 5 ×10-6 g (g= 980 m/s2) although the most intensive amplitude of the Etna record reaches the amplitude of 1.5 ×10-4 g.

Sea water current components in cm/s Vx (top) Vy (centre), Vz (bottom) vs time. Time is in s x105. Spikes with hourly occurrence affect the signal.
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Fig. 3 -  P-wave velocity model obtained by tomographic inversion (Barberi et al., 2004). The number in the lower-right corner indicates the depth b.s.l. in kilometers. The white curves contour the zones where Spread Function values are less than 2.0. Plots a, b and c also show the earthquakes of the 1978-2001 database located using the same tomographic model and separated according to depth ranges (0-10, 10-20 and 20-30 km). Red arrows indicate seismicity at the transition between Sicily and southern Tyrrhenian tectonic units. Yellow arrows show seismicity corresponding to faults in the southern Tyrrhenian sea.
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